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Summary 

Exposure to interpersonal violence not only affects individual’s physical health and 

safety but also increases their risk of developing psychiatric disorders. Experiencing 

interpersonal violence during pregnancy may also impact subsequent generations, 

which is evidenced by an increased susceptibility to childhood and adulthood health 

problems in the children and grandchildren. Although the importance of the prenatal 

environment is well reported with regards to future physical, emotional and behavioral 

outcomes, little is known about the molecular mechanisms that mediate the long-term 

consequences of early stress across generations. Epigenetic modifications, such as DNA 

methylation, have been suggested to be an important mechanism that might translate 

pre- and postnatal experiences into biological correlates and ultimately into 

psychological outcomes. To what extent maternal psychosocial experiences of stress 

during pregnancy are associated with DNA methylation changes in a genome-wide level 

is still unclear. Furthermore, few studies have investigated the impact of psychosocial 

stress during pregnancy across several generations. Accordingly, whether psychosocial 

stress during pregnancy affects DNA methylation of the grandchildren is currently not 

known. The present thesis addresses these questions by studying the impact of 

interpersonal violence during pregnancy on the children and grandchildren in families 

living in a region with high levels of community and domestic violence. Associations of 

lifetime exposure to interpersonal violence and DNA methylation, as well as stress 

related-disorders were also investigated.  

Following a general introduction about stress and DNA methylation in chapter 1, 

chapter 2 provides a review of current human studies on the impact of maternal stress 

during pregnancy on DNA methylation of the offspring. Although investigations of 

DNA methylation following prenatal stress are recent in humans, a growing number of 

studies have been showing that different adversities experienced during pregnancy 

might lead to variations in the DNA methylation in the offspring. Chapter 3 focused on 

testing the association between maternal experiences of interpersonal violence during 

pregnancy, in the form of intimate partner violence and community/domestic violence, 

on DNA methylation in the offspring. The findings suggest that prenatal stress 



 

 viii 

represents a source of individual variation in the epigenome and might account as a 

protective factor against the dysregulation of stress responses. Results revealed that 

maternal exposure to violence during pregnancy was associated with the methylation 

status of 25 CpG-sites that map to 20 genes including NR3C1 and FKBP5. Both genes 

have been studied extensively for their involvement in the HPA axis, a physiological 

pathway that mediates key elements of the stress response and is epigenetically 

dysregulated in several psychiatric disorders. Furthermore, in these genes, the direction 

of changes in DNA methylation by means of prenatal exposure to maternal stress have 

been previously reported to associate with lower levels of psychiatric symptoms, which 

might indicate a protective role of prenatal stress in highly violent environments. The 

transgenerational transmission of the effects of violence in families living in regions 

characterized by high levels of violence is a topic of greater interest and has not been 

well studied, especially over three generations. Chapter 4 examined the 

multigenerational effects of prenatal stress by investigating the impact of grandmaternal 

exposure to interpersonal violence on DNA methylation in the grandchildren. It was 

observed that the methylation of five CpG sites varied by means of the grandmother’s 

report of exposure to violence while pregnant. These findings significantly extend 

previous data showing that DNA methylation is affected by parental experiences before 

birth. On a molecular basis, the results highlight the importance of maternal wellbeing 

during pregnancy for the children, which might even be reflected in DNA methylation 

of the third generation. In chapter 5 the impact of lifetime exposure to community and 

domestic violence on DNA methylation of three generations was investigated. The 

results revealed that community and domestic violence was associated with decreased 

methylation of probes located in two protein-coding genes, BDNF and CLPX. In 

addition, the results suggest that DNA methylation changes associated with childhood 

exposure to violence might be maintained throughout adulthood or that both childhood 

and adulthood depict sensitive periods by means of DNA methylation in certain 

genomic regions. 

The present thesis contributes to advance the understanding of the molecular 

mechanisms underlying the impact of interpersonal violence on stress-related disorders 

and its multigenerational effects in the children and grandchildren. Furthermore, the 

present thesis highlights the importance of maternal wellbeing during pregnancy for 
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future generations and calls attention to pregnancy care as an opportunity to screen and 

offer early interventions to reduce the effects of interpersonal violence in the family.  
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Zusammenfassung 

Zwischenmenschliche Gewalterfahrungen beeinträchtigen nicht nur die körperliche 

Gesundheit und die Sicherheit des betroffenen Individuums, sondern erhöhen auch 

dessen Risiko psychologische Auffälligkeiten zu entwickeln. Darüber hinaus kann das 

Erleben von zwischenmenschlicher Gewalt während der Schwangerschaft auch die 

nachfolgenden Generationen beeinflussen. Dies äußert sich zum Beispiel in einer 

gesteigerten Anfälligkeit für gesundheitliche Probleme des Nachwuchses betroffener 

Mütter. Obwohl die spezielle Bedeutung der pränatalen Umwelt auf die physische, 

emotionale und soziale Entwicklung des Kindes gut belegt ist, sind die molekularen 

Mechanismen, welche die langfristigen Konsequenzen früher Stressexposition über 

Generationen hinweg vermitteln, weitestgehend unbekannt. Epigenetische 

Modifikationen, wie z.B. DNA Methylierung, stellen einen Mechanismus dar, welcher 

prä- und postnatale Erfahrungen in biologische Korrelate überführen und somit 

letztendlich die psychische Konstitution beeinflussen könnte. In welchem Ausmaß sich 

psychosoziale Stresserfahrungen während der Schwangerschaft in genomweiten 

Veränderungen in der DNA Methylierung der Nachkommen niederschlagen ist 

weitestgehend ungeklärt. Darüber hinaus untersuchten nur wenige Studien den Einfluss 

vorgeburtlichen psychosozialen Stresses über mehrere Generationen hinweg. Folglich 

ist derzeit nicht bekannt, ob das Erfahren psychosozialen Stresses während der 

Schwangerschaft die DNA Methylierung der Enkelkinder beeinflusst. Die vorliegende 

Arbeit untersucht diese Fragestellungen, indem sie die Auswirkungen 

zwischenmenschlicher Gewalterfahrungen während der Schwangerschaft auf Kinder 

und Enkelkinder untersucht, die in Regionen mit hohen Raten familiärer und 

außerfamiliärer Gewalt wohnen. Darüber hinaus wurde der Zusammenhang zwischen 

dem Erfahren zwischenmenschlicher Gewalt über die Lebensspanne hinweg und DNA 

Methylierung mit stressassoziierten Störungsbilder untersucht. 

Das erste Kapitel fasst den derzeitigen Wissenstand bzgl. des Einflusses vorgeburtlichen 

Stresses auf DNA Methylierung zusammen. Obwohl dies ein recht junges 

Forschungsfeld darstellt, ist der Zusammenhang zwischen dem mütterlichen Erleben 

verschiedenster Stressoren in der Schwangerschaft und Variationen in der DNA 
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Methylierung des Nachwuchses gut belegt. Das zweite Kapitel beschäftigt sich mit eben 

diesem Zusammenhang. Hier werden die Auswirkungen des mütterlichen Erlebens von 

sowohl Partnerschaftsgewalt als auch familiärer und außerfamiliärer Gewalt während 

der Schwangerschaft auf die DNA Methylierung des Nachwuchses untersucht. Die 

Ergebnisse weisen auf pränatalen Stress als eine Quelle individueller Variationen im 

Epigenom hin, welche einer Dysregulation der Stressreaktion vorbeugen könnten. Es 

zeigte sich, dass das mütterliche Erfahren von Gewalt während der Schwangerschaft mit 

dem Methylierungsgrad von 25 CpGs in Zusammenhang steht. Diese CpGs assoziieren 

mit 20 Genen, unter anderem NR3C1 und FKBP5. Die Involvierung dieser beiden Gene 

in die Regulation der HPA-Achse sind ausführlich belegt. Die HPA-Achse stellt ein 

physiologisches System dar, welches maßgeblich an der Stressantwort beteiligt ist und 

dessen Regulation aufgrund epigenetischer Komponenten in verschiedensten 

psychiatrischen Krankheitsbildern beeinträchtigt zu sein scheint. Die Richtung der hier 

belegten Zusammenhänge zwischen der Methylierung in diesen beiden Genen und 

Exposition mit pränatalen Stress konnte zuvor mit einer verringerten Symptomstärke 

psychiatrischer Krankheitsbilder in Verbindung gebracht werden – was auf eine 

protektive Funktion pränatalem Stresses in durch Gewalt geprägten Umwelten schließen 

lässt. Trotz der großen Relevanz, ist die transgenerationale Übertragung von 

Gewaltauswirkungen insbesondere in Familien, die in gewaltreichen Regionen wohnen, 

wenig erforscht. Dies gilt besonders für den Fall, wenn drei Generationen einbezogen 

werden. In diese Lücke tritt die anschließende Untersuchung. Das dritte Kapitel 

betrachtet die multigenerationalen Effekte vorgeburtlichen Stresses, indem es den 

Einfluss des großmütterlichen Erfahrens von zwischenmenschlicher Gewalt auf die 

DNA Methylierung der Enkel untersucht. In fünf CpG sites wird die unterschiedliche 

Methylierung in Bezug auf großmütterliche Gewaltexposition während der 

Schwangerschaft berichtet. Diese Resultate ergänzen bereits bestehende Erkenntnisse 

über den vorgeburtlichen Einfluss elterlicher Erfahrungen auf die DNA Methylierung. 

Auf molekularer Ebene verdeutlichen diese Ergebnisse, die Wichtigkeit des 

mütterlichen Wohlbefindens während der Schwangerschaft für die Entwicklung des 

Nachwuchses bis in die dritte Generation. Im vierten Kapitel wurden die Auswirkungen 

des Erlebens von sowohl extrafamiliärer als auch häuslicher Gewalt über die gesamte 

Lebensspanne hinweg auf die DNA Methylierung innerhalb von drei Generationen 
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untersucht. Die Ergebnisse zeigten das sowohl familiäre als auch außerfamiliäre Gewalt 

mit verminderter Methylierung in CpG sites, welche innerhalb der proteinkodierenden 

Gene BDNF und CPLX liegen, assoziieren. Zusätzlich legen die Ergebnisse den Schluss 

nahe, dass mit kindlicher Gewaltexposition assoziierte Veränderungen in der DNA 

Methylierung entweder bis in das Erwachsenenalter bestehen bleiben oder das sowohl 

die Kindheit als auch das Erwachsenenalter sensitive Phasen bzgl. der Methylierung 

bestimmter genomischer Regionen darstellen. 

Die vorliegende Arbeit trägt zum Verständnis der molekularen Mechanismen bei, 

welche den Auswirkungen zwischenmenschlicher Gewalt und dessen 

multigenerationalen Effekten für die Kinder und Enkel unterliegen. Darüber hinaus 

veranschaulicht diese Arbeit die immense Bedeutung des mütterlichen Wohlbefindens 

während der Schwangerschaft und verdeutlicht den Bedarf an vorgeburtlicher Vorsorge 

um etwaige Missstände frühzeitig zu erkennen und Maßnahmen einzuleiten, welche die 

schädlichen Effekte für die nachfolgenden Generationen in von Gewalt betroffenen 

Familien zu reduzieren. 
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 1 

1 Introduction 

1.1 Interpersonal violence, definition and epidemiology  

Violence is a major public health problem and its detrimental effects have been widely 

reported (Margolin & Gordis, 2000). Individuals exposed to incidences of interpersonal 

violence frequently experience difficulty in daily functioning and participation in social 

life (Margolin & Gordis, 2000; Schauer, 2015). Interpersonal violence occurs between 

family members and intimate partners or within the community. The first group 

includes child abuse, violence by an intimate partner, and elder abuse. Community 

violence includes youth violence, random acts of violence, rape or sexual assault, and 

violence in institutional settings such as school and workplaces (Krug, Mercy, 

Dahlberg, & Zwi, 2002). 

Intimate partner violence (IPV) is the most common form of violence experienced by 

women. It is estimated that one third of women worldwide experience IPV at some 

point in their life (Devries et al., 2013), and 2-13% experience IPV during pregnancy 

(Devries et al., 2010). Intimate partner violence includes acts of physical, sexual, or 

psychological abuse as well as controlling behaviors. Violence between intimate 

partners does not only affect the adults involved; numerous studies have demonstrated 

that children raised in chronically violent homes have an increased risk of experiencing 

different types of abuse and are more likely to develop a wide range of adverse 

psychosocial and behavioral outcomes (Holt, Buckley, & Whelan, 2008; Margolin & 

Gordis, 2000).  

Interpersonal violence is a leading cause of death among young people and results in 

several non-fatal health consequences, including negative physical, psychological, and 

social functioning (Krug et al., 2002). The worldwide prevalence of exposure to 

violence during childhood has been reported to be approximately 23% for physical 

abuse, 36% for emotional abuse, and 16% for physical neglect (Butchart, Mikton, 

Dahlberg, & Krug, 2015). There is increasing awareness of the high prevalence of an 
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individual’s exposure to community violence including armed conflicts, physical and 

verbal abuse, and seeing death or injured people in the neighborhood (Pinto & Assis, 

2013). Children living in poor neighborhoods of large urban centers are more likely to 

be exposed to community and domestic violence (CDV) (Peres, Cardia, & Santos, 

2006). These children are potentially exposed to traumatizing events on a daily basis, as 

both victims and witnesses.  

1.2 Violence and mental health outcomes 

Violence is one of the most common and severe sources of human stress. Stress may 

lead the individual to increasingly maladaptive responses with the potential for mental 

disorders (Elbert, Rockstroh, Kolassa, Schauer, & Neuner, 2006). Stress-related 

disorders are often mediated by dysregulation of the hypothalamic pituitary adrenal 

(HPA) axis, a key system in the stress defense cascade response (Schauer, Neuner, & 

Elbert, 2011). Repeated exposure to CDV, either as a victim or a witness, is a strong 

predictor of several chronic mental health problems, including post-traumatic stress 

disorder (PTSD), anxiety, depression, suicidal ideation, and alcohol or substance abuse 

(Catani et al., 2009; Fleitlich-Bilyk & Goodman, 2004; Foster, Kuperminc, & Price, 

2004; Hermenau et al., 2011; Martinez & Richters, 1993; Mullick & Goodman, 2005; 

Rieder & Elbert, 2013; Teicher & Samson, 2016). Exposure to violence is also linked to 

aggressive behavior and delinquency (Guerra, Rowell Huesmann, & Spindler, 2003; 

Herrera & McCloskey, 2001; McCloskey & Lichter, 2003).  

1.3 Intergenerational impact of interpersonal violence 

Substantial evidence suggests that experiencing interpersonal violence during 

pregnancy may also affect the developing fetus, resulting in increased susceptibility to 

childhood and adulthood health problems (Entringer, 2013; Spyridou, Schauer, & Ruf-

Leuschner, 2014). Prior studies have shown that stress during pregnancy is associated 

with autoimmune disorders and may increase the risk for cardiovascular, metabolic, and 

neuroendocrine pathology throughout adulthood (Entringer, 2013; Harris & Seckl, 

2011; Seckl, 2004). For instance, IPV during pregnancy is associated with 
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preeclampsia, premature birth, and low-birth weight (M. Gardner, Doyle, Johnson, 

Ramunno, & Baxter, 2012; Janssen et al., 2003; Silverman, Decker, Reed, & Raj, 

2006). Children of women with a history of victimization had higher levels of 

internalizing and externalizing problems as compared to the control group (Cannon, 

Bonomi, Anderson, & Rivara, 2009; Koverola et al., 2005; Yehuda et al., 2005). 

Maternal mood and traumatic experiences during pregnancy may increase the risk of a 

child developing attention deficit hyperactivity disorder, sleep disturbances, aggression, 

PTSD, depression, and anxiety (E. D. Barker & Maughan, 2009; Gunnar, 2005; 

Gutteling, Weerth, & Buitelaar, 2005; Heim & Nemeroff, 2001; Huizink, Mulder, & 

Buitelaar, 2004; Khashan, Abel, McNamee, & et al., 2008; Lemaire, Koehl, Le Moal, & 

Abrous, 2000; O'Connor, Heron, Golding, Beveridge, & Glover, 2002; Rice et al., 

2010).  

Taken together, exposure to interpersonal violence not only affects an individual’s 

physical health and safety but also increases their risk of developing psychiatric 

disorders (Ney, Fung, & Wickett, 1994). Furthermore, interpersonal violence is a source 

of stress even before birth, affecting the developing fetus and its future health outcomes. 

A better understanding of the mechanisms underlying the effects of early stress on child 

outcomes supports the development of potential effective strategies for promoting child 

mental health. 

1.4 Developmental origins of health and disease 

The transmission of maternal psychosocial stress effects to the unborn child is 

suggested to be, in part, mediated by alterations to the developing HPA axis system 

(Wadhwa, Dunkel-Schetter, Chicz-DeMet, Porto, & Sandman, 1996). Studies in animal 

models have shown that maternal prenatal stress leads to exaggerated stress responses in 

the offspring, indicating reduced negative feedback of HPA axis activity (de Vries et al., 

2007). Impaired feedback in HPA axis inhibition results in a diminished ability to turn 

off the HPA response, and a vicious circle of impaired ability to cope with stress 

(McEwen & Gianaros, 2011). The HPA axis mediates physiological responses to stress 

and the secretion of stress hormones, including the glucocorticoid cortisol in humans 

(McEwen, 2007). Glucocorticoid hormones are critical in the normal development of 
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the fetus as they are involved in the growth and maturation of many organ systems. 

Stress during pregnancy may cause increased transfer of maternal cortisol across the 

placenta, creating a stressful environment for the developing fetus (Moisiadis & 

Matthews, 2014a). Maternal anxiety, for example, was found to moderate cortisol levels 

in the maternal plasma and those in the amniotic fluid (Glover, Bergman, Sarkar, & 

O’Connor, 2009). This increased cortisol exposure is known to affect gene expression 

in fetal brain cells (Salaria et al., 2006). Association between amniotic fluid cortisol and 

an infant’s cortisol response has also been reported, providing support for the role of 

prenatal cortisol exposure in fetal programming of HPA axis functioning (O’Connor, 

Bergman, Sarkar, & Glover, 2013). The function of other systems is also affected by 

stress; for example, the immune system and its release of pro-inflammatory cytokines in 

the inflammatory response has also been shown to be modulated by stress (Haeri, 

Baker, & Ruano, 2013; Hepgul, Cattaneo, Zunszain, & Pariante, 2013; Wirtz et al., 

2007). It is interesting to note that not all individuals exposed to early adversities will 

develop poor outcomes. Psychiatric disorders are complex traits and their causes are 

poorly understood, however evidence suggests that they are influenced by genetic and 

environmental factors (Caspi et al., 2002; M. B. Stein, Jang, Taylor, Vernon, & 

Livesley, 2002).  

The fetal programming hypothesis states that the developing fetus adapts to changes in 

the early environment in utero with long-term effects on the phenotype (D. J. Barker, 

2004; Gluckman, Hanson, & Buklijas, 2010). These effects can shape brain structure 

and function as well as peripheral organ systems with long-term effects on physiology, 

behavior, and health outcomes (Glover, O'Connor, & O'Donnell, 2010). These 

alterations are suggested to have an adaptive value in the context of the immediate 

stressful environmental and in the future postnatal life (Youngson & Whitelaw, 2008). 

However, when there is a mismatch between characteristics of the early and subsequent 

environments, these changes may have implications for increasing vulnerability for 

disease (Daskalakis, Oitzl, Schächinger, Champagne, & de Kloet, 2012; Provençal & 

Binder, 2015). Some animal studies have suggested that chronic or repeated exposure to 

prenatal stress may confer a protective effect on postnatal reactivity (Fujioka et al., 

2001; Van den Hove et al., 2005). In humans, a modest but positive association has 

been showed between prenatal stress and motor, and mental development (DiPietro, 
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Novak, Costigan, Atella, & Reusing, 2006). For instance, infants exposed to maternal 

depression both during and after pregnancy showed similar developmental outcomes to 

those exposed at neither period, and improved outcomes when compared with those 

exposed only during or after pregnancy (Sandman, Davis, & Glynn, 2012). Therefore, 

prenatal stress programming is suggested to critically influence both stress vulnerability 

and resilience (ability to withstand stress and its health risks by adapting and 

overcoming adversity), thus leading to protective or detrimental effects throughout life 

(Babenko, Kovalchuk, & Metz, 2015). 

Taken together, the importance of the prenatal environment is well reported with 

regards to future physical, emotional and behavioral outcomes (D. J. Barker et al., 1993; 

Glover et al., 2010; Leung et al., 2010; Roseboom et al., 2001; Yehuda & Bierer, 2008). 

Although the link between early life stress and child outcomes has been shown, little is 

known about the molecular mechanism responsible for the long-term consequences of 

early exposure to interpersonal violence. 

1.5 Epigenetics 

Epigenetic modifications provide a potential mechanism by which the social 

environment is linked to changes in gene expression without changing the genome. 

These modifications may alter the levels of gene expression (either silencing genes or 

increasing transcriptional activity) (Champagne & Curley, 2011) and involve a broad 

range of phenomena (dosage compensation and genomic imprinting) and mechanisms 

(chromatin organization and histone modifications) (Jirtle & Skinner, 2007). Epigenetic 

studies of early stress in humans have focused mainly on DNA methylation, a 

biochemical process that involves the covalent addition of a methyl group to cytosines 

in DNA, preferentially onto CpG (cytosine-guanine) dinucleotides (Gapp, von Ziegler, 

Tweedie-Cullen, & Mansuy, 2014). Although DNA methylation was thought to be 

restricted to early embryonic development, nutritional (Lillycrop et al., 2008), chemical 

(Onishchenko, Karpova, Sabri, Castrén, & Ceccatelli, 2008), and a broad range of 

environmental exposures (Roth, Zoladz, Sweatt, & Diamond, 2011) occurring during 

the pre- and postnatal period have been show to impact epigenetic regulation of gene 

expression. In summary, epigenetic modifications may serve as a biological mechanism 
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through which the quality of the pre- and postnatal environment can be translated to a 

molecular level (Yehuda & Bierer, 2009).  

1.5.1 Early stress and DNA methylation 

Despite the occurrence of epigenetic reprogramming in mammals, i.e. most epigenetic 

marks are erased during germ cell development and in the early zygote, it is becoming 

clear that epigenetic profiles in some genes can be maintained (Gapp et al., 2014). 

Studies in animal models have shown that DNA methylation modifications can persist 

throughout life and have the potential to be transmitted to the next generations, if 

present in the germline (Roth, Lubin, Funk, & Sweatt, 2009; Skinner, Haque, Nilsson, 

Bhandari, & McCarrey, 2013; Weaver et al., 2004). For instance, licking and grooming 

during a rat’s first week regulates the extent to which the glucocorticoid receptor gene 

becomes methylated in the hippocampus (Weaver et al., 2004). Furthermore, it has been 

shown that epigenetic marks established early in life can be reversed in adulthood 

(Weaver et al., 2005).  

Although the study of epigenetic mechanisms on human behavior and development is 

recent, a growing body of research has shown that variations in DNA methylation of 

different genes, especially those involved in the HPA axis, are linked with early 

adversities and psychiatric disorders (Melas & Forsell, 2015; Monk, Spicer, & 

Champagne, 2012; Oberlander et al., 2008; Romens, McDonald, Svaren, & Pollak, 

2015; Serpeloni, Radtke, Hecker, & Elbert, 2016; Yehuda et al., 2015). Differential 

methylation of genes involved in HPA axis regulation provides a possible mechanism 

through which early adversities can be translated into gene expression. A study of 

suicide victims with a history of child abuse revealed an increase in site-specific 

methylation of a glucocorticoid receptor gene (NR3C1), in the hippocampus as 

compared to those without a history of child abuse (McGowan et al., 2009). In a 

different study, children exposed to physical maltreatment had greater methylation of 

the NR3C1 gene (Romens et al., 2015). Childhood adversities have also been associated 

with differential methylation in other genes, for instance: the proopiomelanocortin gene 

(POMC) (Hecker, Radtke, Hermenau, Papassotiropoulos, & Elbert, 2016), the FK506 

binding protein 5 gene (FKBP5) (Klengel et al., 2013), and the serotonin transporter 
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gene SLC6A4 (Kang, Kim, Stewart, et al., 2013).  

Increasing evidence for the role of epigenetic mechanisms in stress-related disorders has 

been reported (Klengel, Pape, Binder, & Mehta, 2014). For example, depression 

symptoms (Januar, Ancelin, Ritchie, Saffery, & Ryan, 2015) and suicide attempts in 

patients with major depression (Kang, Kim, Lee, et al., 2013) were associated with 

differential methylation of the BDNF gene, a neurotrophin involved in neurogenesis. 

PTSD has been associated with methylation in the FKBP5 (Mehta et al., 2013) and 

NR3C1 gene (Yehuda et al., 2015). Studies with individual’s prenatally exposed to 

famine during the Dutch famine at the end of World War II (The Dutch Hunger Winter 

Families Study) showed lower methylation of the insulin-like growth factor II gene 

(IFG2) when compared to their unexposed siblings (Heijmans et al., 2008). Many of 

these individuals suffered from metabolic alterations (Ravelli, van der Meulen, 

Osmond, Barker, & Bleker, 1999; Roseboom et al., 2001) and higher estimated 

incidence of schizophrenia and depression (A. D. Stein, Pierik, Verrips, Susser, & 

Lumey, 2009; Susser & Lin, 1992). Furthermore is has been suggested that DNA 

methylation levels may change following psychological therapy (Roberts et al., 2014; 

Yehuda et al., 2013). 

Up to this point, studies on the impact of prenatal psychosocial stress on DNA 

methylation have mainly focused on stress regulatory genes involved in HPA axis 

regulation (this topic is reviewed in the first chapter of this dissertation). For instance, 

prior candidate gene studies have shown that differential methylation in offspring has 

been associated with prenatal maternal mood, war-related events, and IPV (Conradt, 

Lester, Appleton, Armstrong, & Marsit, 2013; Devlin, Brain, Austin, & Oberlander, 

2010; Hompes et al., 2013; Mulligan, D'Errico, Stees, & Hughes, 2012; Oberlander et 

al., 2008; Radtke et al., 2011). While the functional consequences of these findings have 

yet to be investigated, these DNA methylation differences may suggest a possible role 

for epigenetic processes in the long-term effects of prenatal stress.  

1.5.2 Multigenerational epigenetic effects 

Epigenetic modifications induced by the environment can be transmitted not only to the 

offspring but may persist across subsequent generations (Yehuda & Bierer, 2008). The 
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intergenerational or parental effects include the impact of the in utero environment on 

the developing fetus as well as the effect on its germline, which might produce 

grandchildren. To differentiate the effects of prenatal stress across one generation from 

the effects across two generations in this thesis, I refer to the effects on the 

grandchildren as multigenerational (Sen et al., 2015). In the multigenerational effect, 

three generations may be disturbed by the adverse event. When a woman (G1) is 

pregnant, the fetus can be directly affected in utero (G2), as can the germline of the fetus 

(G3) (Figure 1.1). Transgenerational effects refer to an impact on generations that were 

not directly exposed to the initial signal or environment that triggered the change, such 

as the great-grandchildren (Heard & Martienssen, 2014).  

 

 

Figure 1.1: Illustration of multigenerational exposure to stress. G1 represents the 
pregnant woman, G2 the fetus, and G3 the germline of the fetus (future grandchild). 

Animal studies provide support for multigenerational and transgenerational epigenetic 

effects. In mice, exposure to chronic and traumatic stress during the first two weeks of 
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life alters behavioral responses across several generations (Franklin, Linder, Russig, 

Thöny, & Mansuy, 2011; Franklin et al., 2010; Weiss, Franklin, Vizi, & Mansuy, 2011). 

These alterations are independent of maternal care and are associated with methylation 

of different stress-related genes in the brain and sperm, as well as altered gene 

expression (Gapp et al., 2014). In guinea pigs, the impact of maternal nutrition during 

pregnancy on HPA axis function and heart structure can be observed in the first and 

second generations of offspring (Bertram et al., 2008). Rats exposed in utero to excess 

glucocorticoids showed reduced birth weight and glucose intolerance across two 

generations (Drake, Walker, & Seckl, 2004). Animal models also suggest an 

accumulation effect of prenatal stress over several generations on brain function 

(Skelin, Needham, Molina, Metz, & Gruber, 2015) and the physiological response to 

stress (Ward et al., 2013).  

Although there is increasing evidence of the impact of prenatal stress on the offspring’s 

DNA methylation, the current data in humans derives mainly from a two-generation 

study design, such as those using child-mother dyads. However, it has been suggested 

that the mother’s impact might persist across further generations. In humans, 

epidemiological studies support the role of grandparental adversities on grandchildren 

health outcomes (Painter et al., 2008; Pembrey et al., 2005). For instance, in Överkalix, 

Sweden, the paternal grandfather's nutrition was linked to the mortality risk ratio of 

their grandsons, while the paternal grandmother’s food supply was linked to the 

mortality risk ratio of their granddaughters (Pembrey et al., 2005). Another example is 

the effect of famine during grandmaternal pregnancy in the time of the Dutch Hunger 

Winter (1944–1945) on adiposity in grandchildren (Painter et al., 2008).  

The complexity of the impact of prenatal stress results from interactions between risk, 

as well as protective and mediating factors. The biological mechanisms that underlie the 

impact of interpersonal violence during pregnancy on child outcomes remain poorly 

understood. The question is to what extent stress systems are affected in individuals 

exposed to a culture of violence even before birth. The perpetuation of the effects of 

violence in families living in regions of high levels of violence is a topic of greater 

interest and has not been well studied in humans, especially in three generations. Here, 

using a genome-wide study association approach, I investigate the impact of 
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interpersonal violence in the form of IPV as well as domestic and community violence 

in the DNA methylation of the second and third generation. 

1.6 Scope of the thesis 

The underlying epigenetic mechanisms involved in the impact of interpersonal violence 

have recently begun to receive attention but is not well understood. Furthermore, it is 

not clear if the molecular mechanisms involved in the transmission of maternal 

experiences of interpersonal violence during pregnancy can cross generations. With 

recent technological advances in sequencing and interpreting genomic data, it is 

possible to investigate the association of stress on an epigenome-wide level (Rakyan, 

Down, Balding, & Beck, 2011). Genome-wide methylation studies allow the discovery 

of new signatures of stress, providing a better understanding of the complex pathways 

involved in different regulatory mechanisms susceptible to stress during pregnancy. In 

the present dissertation, I aimed at investigating the impact of interpersonal violence on 

DNA methylation using a genome-wide methylation approach.  

The three empirical studies reported were carried out with families living in São 

Gonçalo, a city located in the state of Rio de Janeiro, Brazil. São Gonçalo has a 

population of over 1 million, with a high proportion of low-income families and high 

levels of CDV (Assis, Avanci, Pesce, & Ximenes, 2009). For instance, a study of a 

representative sample of children living in São Gonçalo revealed that violence at home 

and in the community is a common practice (Pinto & Assis, 2013). Approximately 93% 

of the children experienced violence in the community and 44% experienced severe 

physical violence at home (Pinto & Assis, 2013). In a different study, 71% of the 

children and adolescent reported hearing gunshots, 37% saw gangs in the neighborhood, 

and 26% witnessed someone being arrested (Ximenes, Oliveira, & Assis, 2009). The 

city has high homicide rates of over 50 victims per 100,000 in the population (Pinto & 

Assis, 2013). Violence and accidents rank in fourth place among the causes of 

morbidity and mortality of women aged between 20–59 years (Avanci, Assis, & 

Oliveira, 2013).  

The present dissertation focuses on the impact of maternal experiences of IPV as well as 
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CDV during pregnancy on DNA methylation of the second and third generation. 

Furthermore, it investigates the impact of lifetime exposure to CDV on DNA 

methylation. The chapter 2 reviews the human literature studies on the impact of 

maternal prenatal stress on DNA methylation (Serpeloni et al., 2016). Candidate gene 

studies and genome-wide methylation studies were included. Chapter 3 focuses on the 

impact of maternal interpersonal violence exposure during pregnancy, in the form of 

IPV and CDV, on DNA methylation of the children. This chapter also examined the 

association between differential DNA methylation and PTSD, depression, and 

behavioral problems in the offspring. Chapter 4 addresses the multigenerational impact 

of grandmaternal exposure to interpersonal violence on DNA methylation of the 

grandchildren. Chapter 5 concentrates on the impact of lifetime exposure to CDV on 

DNA methylation in teenage youth. Using a candidate gene approach, it was 

investigated whether differentially methylated sites identified in the teenage youth were 

persistent through adulthood by examining the mothers and grandmothers. 

This thesis addresses the following main questions: 

1) To what extent does interpersonal violence during pregnancy affect DNA 

methylation of the children? (Chapter 3) 

2) Can grandmaternal experiences of interpersonal violence during pregnancy be 

transmitted to the grandchild? (Chapter 4) 

3) To what extent does lifetime experience of interpersonal violence influence genome-

wide methylation status in teenage youth living in a region with high levels of 

community and domestic violence, and do these alterations persist throughout 

adulthood? (Chapter 5) 
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2 Epigenetic biomarkers of prenatal maternal 

stress  

2.1 Abstract 

Diverse maternal experiences or mood disturbances before birth pose a substantial risk 

for poor lifetime mental health outcomes. DNA methylation variation in response to 

prenatal stress has been shown in animal model studies. Although prenatal time 

represents a sensitive period of development, little is known about the impact of 

maternal stress during pregnancy on DNA methylation during the life span in humans. 

In this review, we provide a brief summary of key human studies that bring evidence of 

DNA methylation in association with prenatal stress. We discuss common findings in 

the studies such as the type of maternal stress associated to offspring’s DNA 

methylation and plasticity/stability of epigenetic variations. We also suggest the 

contribution of additional candidate gene approaches and genome-wide DNA 

methylation profile, in order to further explore and define the relationship between early 

social environment, epigenetics, and long-term outcomes. The implications of maternal 

care on DNA methylation as well as the importance of maternal well being during 

pregnancy to prevent future health problems are considered. 

Keywords: Prenatal stress - Epigenetics - Maternal care - DNA methylation 

2.2 Prenatal Stress and Its Consequences for Health 

Adversities affecting children during early development, even prenatally, pose major 

risk factors for psychopathological development, ranging from depression, anxiety and 

substance use disorders to axes II diagnoses (personality disorders). Compared to non-

maltreated individuals, psychiatric patients with a history of childhood maltreatment are 

characterized by earlier disease onset, greater symptom severity, more comorbidities 

and poorer responses to treatments. Adversities during prenatal life have reliably proven 
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to elicit long-term effects. Epigenetic modifications in stress-response systems, such as 

the hypothalamic-pituitary-adrenal (HPA) axis, may be a driving force producing these 

maltreatment-induced disorders. There appears to be limited specificity in terms of 

disease etiology, as various types of prenatal adversities have been associated with 

various types of outcomes. Factors include social exclusion, maternal mood 

disturbances such as those related to anxiety or depression, bereavement (Khashan et 

al., 2008) or the experience of natural- (Laplante, Brunet, Schmitz, Ciampi, & King, 

2008) or men-made disasters  (Kleinhaus et al., 2013; Yehuda et al., 2005), daily hassles 

(Grizenko et al., 2012; Rice et al., 2010), smoking (Cornelius, Goldschmidt, De Genna, 

& Larkby, 2012; Wakschlag et al., 2010) or malnutrition (Painter et al., 2006).  

While most studies assess infant or child outcomes, manifestations of prenatal stress in 

adulthood also occur in adulthood, highlighting the long-term impact of prenatal stress 

(Betts, Williams, Najman, & Alati, 2015; Brown, Susser, Lin, Neugebauer, & Gorman, 

1995; Buchmann et al., 2014; Entringer, Kumsta, Hellhammer, Wadhwa, & Wüst, 

2009; Entringer et al., 2008; Neugebauer, Hoek, & Susser, 1999; Painter et al., 2006). 

Several studies report an association between prenatal stress and later behavioral or 

emotional problems, such as asocial behavior (Zohsel et al., 2014), hyperactivity 

disorder (Grizenko et al., 2012) aggression (Buchmann et al., 2014) or internalizing and 

externalizing behavior (Betts et al., 2015). Further consequences, the findings of which 

have been well replicated, include impaired cognitive function (Buitelaar, Huizink, 

Mulder, de Medina, & Visser, 2003; Entringer, Buss, et al., 2009; Entringer et al., 2008; 

Field et al., 2002; Huizink et al., 2004; King & Laplante, 2005; Laplante et al., 2008; 

Mennes, Stiers, Lagae, & Van den Bergh, 2006; Niederhofer & Reiter, 2004; Van den 

Bergh et al., 2005) and severe psychopathological states such as schizophrenia 

(Khashan et al., 2008; Susser & Lin, 1992; Susser et al., 1996; Van Os & Selten, 1998) 

or autism (Beversdorf et al., 2005; Kinney, Miller, Crowley, & Gerber, 2008). Finally, 

prenatal stress is associated with diverse findings such as sleep problems (Field et al., 

2002; O'Connor et al., 2007), obesity (Ravelli et al., 1998; Ravelli et al., 1999), 

dermatoglyphic asymmetry (King et al., 2009), mixed handedness (Glover, O'Connor, 

Heron, Golding, & Team, 2004) and immune function (Veru, Laplante, Luheshi, & 

King, 2014; Wright et al., 2010). 



Epigenetic biomarkers of prenatal stress 

 14 

Stress acts on several pathways such as the neuroendocrine and immune systems, which 

are in turn highly interwoven (Chrousos & Gold, 1992). Stressful early life events such 

as childhood physical and sexual abuse have been associated to long lasting alteration of 

hypothalamic–pituitary–adrenal (HPA)-axis activity (Carpenter, Shattuck, Tyrka, 

Geracioti, & Price, 2011; Heim et al., 2000; Schalinski, Elbert, Steudte-Schmiedgen, & 

Kirschbaum, 2015). Furthermore trauma related disorders such as PTSD present with 

both a marked reduction of regulatory T cells (Sommershof et al., 2009) as well as 

altered brain function (Elbert et al., 2011). Moreover dysregulation of these pathways is 

associated with various diseases and behavioral problems (De Kloet, Joëls, & Holsboer, 

2005). Accordingly, rather than focusing on a specific disease, many studies focused on 

investigating the physiological or neurological consequences of prenatal stress that 

place an individual at higher risk for disease development. Many studies report altered 

HPA-axis function in response to prenatal stress, which can be tilted the one way 

(elevated, Diego et al., 2004; Huizink et al., 2007; Van den Bergh, Van Calster, Smits, 

Van Huffel, & Lagae, 2008) or the other (flattening of the rhythm, Buchmann et al., 

2014; O’Donnell et al., 2013; Yehuda et al., 2005). Also brain development seems to be 

affected, as indicated by increased right frontal asymmetry (Diego et al. 2004), reduced 

gray matter density (Buss, Davis, Muftuler, Head, & Sandman, 2010) or differential 

white matter microstructural organization (Sarkar et al., 2014). Finally, physiological 

conditions increasing the vulnerability for metabolic or cardiovascular diseases, such as 

insulin resistance, decreased glucose tolerance (Ravelli et al., 1998) or increased blood 

pressure (Painter et al., 2006) have been reported after prenatal stress exposure. 

This wide range of health outcomes highlights the necessity of having a 

multidisciplinary, etiology-based approach in prenatal stress research, incorporating 

findings from fields such as mental health, immunology and physiology in order to 

more accurately gauge the averse effects of prenatal stress (O'Connor, Monk, & 

Fitelson, 2014). Understanding how maternal experience in the social environment can 

be embedded in offspring’s biology is of fundamental importance for creating effective 

interventions. 
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2.3 Adaptive Value of Prenatal Stress? 

Via the placenta, which directly connects the in utero environment to the maternal 

physiology, the fetus receives signals about the maternal environment. Fetal 

programming denotes the concept that such signals can permanently alter the 

development of the fetus and the child. Although research has mainly focused on the 

adverse aspects in terms of increased disease susceptibility, this process is thought to be 

adaptive as it enables the fetus to acclimate to both its current environment and the one 

into which it will be born. Maternal constraint, i.e. mechanisms avoiding the outgrowth 

of the fetus from the pelvic channel, exemplifies a classic example of the adaptive 

values gained by maternal signals (Gluckman & Hanson, 2004). In the context of 

nutrition, the developmental (or fetal) origins of adult disease have been proposed. This 

theory states that poor nutrition during fetal development places the individual at higher 

risk for the development of cardiovascular diseases and metabolic disorders in 

adulthood (D. J. Barker, 2004). Rather than exclusively attributing pathological 

consequences to physiological alterations induced by prenatal stress, the predictive 

adaptive response model assumes that these may be beneficial if the organism continues 

to be exposed to stressful conditions in later life (Gluckman & Hanson, 2004; 

Gluckman, Hanson, & Spencer, 2005). However, if the in utero environment fails at 

predicting the future environment, the organism is at heightened risk for developing 

unfavorable health conditions. Compelling evidence for this model was gathered when 

comparing the offspring of women pregnant during either one of two civilian famines of 

world war two, the Dutch Hunger Winter (1944-45) and the Siege of Leningrad (1941-

44). In the former case, food was soon available again while the population remained 

starving in the latter case. Accordingly, in the Dutch cohort, those children were more 

susceptible to a range of metabolic diseases including insulin resistance or obesity while 

the latter cohort seemed to be unaffected (Stanner et al., 1997). These contradictory 

effects were hypothesized to result from fetal adaptations to a poorly nourished 

environment such as insulin resistance ensuring energy allocation towards the brain. 

However, in a situation of plenty such conditions rather increase the vulnerability to 

metabolic diseases such as diabetes or obesity in individuals in a situation of plenty 

(Hales & Barker, 2001). While the aforementioned concepts and studies focus on 
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maternal prenatal food availability and cardiovascular and metabolic consequences, the 

effects of prenatal stress on neurodevelopment are also likely to reflect a predictive role 

in assisting the individual to survive in a dangerous environment. From an evolutionary 

perspective, it has been debated, for example, that increased levels of aggression, a 

feature found to be associated with prenatal stress (Buchmann et al., 2014), may be 

adaptive in dangerous environments. However, in our modern society, we are usually 

not confronted with the types of stressors that demand an increased willingness for the 

display of aggressive behavior (Glover, 2011). Accordingly, adverse effects of 

incongruence between the pre- and postnatal environment have been found in a model 

of maternal depression. Infants of mothers experiencing inconsistent levels of 

depressive symptoms show signs of impaired motor and mental development, even 

though the incongruence was due to improving maternal mental health following 

delivery (Sandman et al., 2012). 

2.4 Transmission of Prenatal Stress to the Fetus 

A crucial question in understanding the contribution of the maternal wellbeing during 

gestation in determining the children’s health concerns the transmission of maternal 

stress to the fetus, i.e. the biological correlate of maternal stress. The maternal HPA-axis 

constitutes a likely candidate. Glucocorticoids are critical in normal development of the 

fetus as they are involved in the growth and maturation of many organ systems. 

However exposure of the fetus to increased levels of cortisol, resulting for example 

from maternal stress, can lead to long-term “programming” of HPA function and 

behavior (Moisiadis & Matthews, 2014b). Indeed elevated cortisol concentration in 

amniotic fluid were associated with blunted HPA-axis responses to acute stress and 

higher basal cortisol (O’Connor et al., 2013). Furthermore, it predicted decreased 

cognitive abilities (Bergman, Sarkar, Glover, & O'Connor, 2010). However, due to the 

dynamics of placental CRH expression, the maternal HPA-axis functions differently 

during gestation rendering maternal cortisol exclusively mediating the effects of 

prenatal stress unlikely. In contrast to the cortisol-mediated feedback inhibition of the 

HPA-axis, cortisol triggers placental CRH expression culminating in exponentially 

increasing maternal CRH and concomitantly cortisol levels over the course of 
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pregnancy. Especially during later stages of pregnancy, the maternal HPA-axis becomes 

less responsive and the association between gestational stress and maternal cortisol 

levels is highly debated (for a review see O’Donnell, O’Connor, & Glover, 2009). 

Moreover, the placental enzyme 11β-dehydrogenase 2 (11β-HSD2) prevents the fetus 

from excess exposure to maternal cortisol by converting it into its inactive form 

corticosterone. Consequently, in utero cortisol levels can only partially reflect the 

mother’s cortisol levels and are substantially lower (Gitau, Cameron, Fisk, & Glover, 

1998). Lower placental 11β-HSD2-expression causing increased in utero cortisol 

concentrations has also been suggested to be involved into the transmission of prenatal 

stress. Indeed, placental 11β-HSD2 expression has been shown to be down regulated by 

means of prenatal maternal stress (O’Donnell et al., 2012), which seems to be 

epigenetically regulated (Conradt et al., 2013; Marsit, Maccani, Padbury, & Lester, 

2012). A simplified model of the HPA and Placental Stress System during pregnancy is 

illustrated in Figure 2.1. 

Figure 2.1: Prenatal Stress. During pregnancy, CRH is released from the placenta into 
both the maternal and fetal compartments. In contrast to the negative feedback 
regulation of hypothalamic CRH, cortisol increases the production of CRH from the 
placenta. Placental CRH (pCRH) concentrations rise exponentially over the course of 
gestation. In addition to its effects on pCRH, maternal cortisol passes through the 
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placenta. However, the effects of maternal cortisol on the fetus are modulated by the 
presence of p11β-HSD2 which oxidizes it into an inactive form, cortisone (Modified 
version from Sandman, Davis, Buss, & Glynn, 2011). 

The impact of maternal stress during pregnancy on the fetus involves complex 

pathways. In addition to the maternal HPA-axis, other mechanisms are also considered 

to meditate the effects of gestational maternal stress. However, whether these can 

account for later health outcomes remains to be determined. For instance, reduced 

uterine blood flow potentially restricting fetal oxygen supply has been considered a 

possible correlate of prenatal stress (Teixeira, Fisk, & Glover, 1999). Via blood vessel 

constriction, maternal catecholamines released following distress may account for this 

phenomenon (Resnik, Brink, & Wilkes, 1979). However, recent studies report only low 

or missing associations between prenatal maternal stress and uterine blood flow 

(Mendelson, DiPietro, Costigan, Chen, & Henderson, 2011), thus questioning the latter 

as a correlate for maternal stress. Levels of inflammatory cytokines, which have been 

shown to be elevated in gestational stressed women (Blackmore et al., 2011; Coussons-

Read, Okun, & Nettles, 2007), constitute another alternative. Indirect evidence for the 

implications of those in the offspring’s development might arise from findings showing 

that maternal influenza in pregnancy is associated with schizophrenia (Brown et al., 

2000). 

2.5 Epigenetic Modifications: Molecular Mirror of the 

Prenatal Environment 

Epigenetic mechanisms have been suggested to underlie the interplay between the 

environment and gene expression. Epigenetics involves a broad range of phenomena 

(dosage compensation, genomic imprinting) and mechanisms (chromatin organization 

and histone modifications) whereby DNA methylation is to date the most extensively 

investigated mechanism and the focus of this review. Although DNA methylation was 

thought to be restricted to early embryonic development, it has been shown to be plastic 

throughout life. Exposure to nutritional changes (Vucetic, Kimmel, Totoki, Hollenbeck, 

& Reyes, 2010), chemicals (Onishchenko et al., 2008) and a broad range of 

environmental stressors (Roth & Sweatt, 2011; Weaver et al., 2004) occurring during 
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pre- and postnatal development have suggested that epigenetic regulation of gene 

expression is a critical target of experience-dependent changes. Epigenetic 

reprogramming, when occurring in primordial cells and during pre-implantation 

development, leads to almost complete genome-wide DNA demethylation (Hackett et 

al., 2012). Nevertheless, evidence suggests that some epigenetic marks seem to persist 

across generations (Gapp et al., 2014). Furthermore, in line with the fetal programming 

concept, it has been debated that epigenetic modifications during the intra uterine period 

responding to adversities could serve as a possible genome adaptation mechanism, 

adapting the genome function to changes in the early environment, occurring in multiple 

tissues and across many regions in the genome. A model illustration of prenatal 

maternal stress, DNA methylation and gene expression association is summarized in 

Figure 2.2. 

Figure 2.2: Transmission of prenatal stress. Mood disorders (Oberlander et al., 2008), 
intimate partner violence (Radtke et al., 2011), war related events and daily 
psychosocial stress (Mulligan et al., 2012), have been reported to affect DNA 
methylation and thus gene expression and lifetime health. Furthermore aspects of the 
postnatal environment such as stress and maternal care are known to induce changes in 
DNA methylation (Champagne, 2008; Provençal et al., 2012; Tung et al., 2012; Weaver 
et al., 2004). 
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2.6 Candidate Gene Approach 

In candidate studies, the investigated genes are selected based on prior knowledge 

concerning their biological function or involvement in certain traits. The candidate 

approach allows for gaining further insights on the molecular and biological 

mechanisms that underlie the association between DNA methylation and the 

environmental stressors. For instance, it can provide information on whether a specific 

set of candidate genes is differentially methylated by means of early life stress or on the 

effects of epigenetic modification on downstream processes such as gene expression.  

A particular endocrine pathway affected by early adverse experiences is the “élite 

defence force” against stressors, i.e., the HPA-axis. This pathway involves hormones 

secreted by the hypothalamus, pituitary and adrenal glands as well as their receptors and 

plays a major role in stress responses. When functioning properly, the HPA-axis helps 

in responding to a crisis. When unremitting stress forces the HPA-axis to tilt one way, 

the result can be anything from a long-lasting head cold to depression. When tilted the 

other way towards a flattening of the rhythm of stress hormones, the undesirable 

consequences may be abdominal fat, loss of muscle mass and mental ailing (McEwen & 

Lasley, 2002). 

The first line of evidence in an association between early-life experience and changes in 

DNA methylation came from a candidate gene study focusing on the glucocorticoid 

receptor (GR) in rats. The GR is critically involved in the negative feedback regulation 

of the HPA axis. Weaver et al. (2004) showed that variation in maternal care during the 

first week of the rats’ life regulates the level of methylation of the GR gene. In mice, the 

GR gene was also shown to be differentially methylated in response to prenatal stress 

(Champagne & Curley, 2011). The impact of prenatal stress on the methylation of the 

glucocorticoid receptor gene has also been investigated in humans. DNA methylation 

has been associated with different types of prenatal adversities, such as maternal mood 

disorders and traumatic events (Turecki & Meaney, 2016) but also the absence of an 

effect has been reported (Van der Knaap et al., 2014). In a prospective study, maternal 

suffering from depression symptoms was reported to be associated with both DNA 

methylation of the GR gene in neonatal cord blood and infant cortisol stress responses at 
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three months (Oberlander et al., 2008). Conradt et al. (2013) extended this work using 

placenta tissue and found maternal depression during pregnancy associated with 

increased methylation of both the GR and the 11β-HSD2 gene suggestive of elevated 

intrauterine cortisol levels and thus a potential mechanism by which maternal stress is 

transmitted to the fetus. Accordingly, Hompes et al. (2013) reported an additive effect 

of gestational maternal cortisol levels and emotional state on GR methylation in cord 

blood. Recently an interactive effect of prenatal and postnatal maternal depression has 

ben reported (Murgatroyd, Quinn, Sharp, Pickles, & Hill, 2015). Methylation of the GR 

gene in infants was elevated in the presence of increased maternal postnatal depression 

following low prenatal depression. More interesting those effects were reported to be 

reversed by maternal stroking of the infants over the first weeks of life (Murgatroyd et 

al., 2015). Furthermore, an association between war related events during pregnancy 

and GR methylation in newborns has been shown (Mulligan et al., 2012). While the 

studies cited above investigated differential methylation at birth, these changes seem to 

persist into adulthood. In a retrospective study we found that maternal exposure to 

intimate partner violence during pregnancy is associated with increased methylation of 

the GR gene in children aged 10-19 year old in peripheral blood samples (Radtke et al., 

2011). 

The methylation status of several other candidate genes have been investigated in 

association to adversities experienced during the prenatal period. For example in 

infants’ cord blood, maternal depression during pregnancy was correlated with DNA 

methylation at the serotonin transporter gene SLC6A4 but not BDNF (Devlin et al., 

2010) as well as at the differentially methylated region (DMR) controlling the imprinted 

IGF2- and H19-genes (J. Chen et al., 2014). Another study investigating imprinted 

genes reported increased methylation at the MEG3 DMR by means of gestational 

maternal depression or anxiety but not at the IGF2 DMR (Liu et al., 2012). However, 

methylation of the IGF2 DMR in this study was associated with low birth weight 

indicative of prenatal stress. Prenatal exposure to the Dutch Hunger Winter was 

associated with adult IGF2 DMR methylation (Heijmans et al., 2008) and in the 

following genes GNASAS, MEG3, INSIGF, IL10, ABCA1 and LEP (Tobi et al., 2009). 

Perceived stress during pregnancy (Vidal et al., 2014) was associated with higher infant 

DNA methylation at MEST, a gene relevant to abnormal maternal behavior and obesity 
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in studies with mice.  

While the majority of human epigenetic research investigating the effects of prenatal 

stress on DNA methylation focused on molecular findings, a few also incorporated 

phenotypic measures further implicating DNA methylation in mediating the association 

with prenatal stress. Differential DNA methylation evoked by prenatal stress was 

associated with low birth weight (Mulligan et al., 2012; Murphy et al., 2012), altered 

HPA-axis function (Oberlander et al., 2008), decreased GR expression (Yehuda et al., 

2014) and impaired neonatal behavior and lethargy (Conradt et al., 2013). It has been 

suggested that the impact of environmental factors on the type and extent of epigenetic 

variations is dependent on the developmental stage of occurrence (Provençal & Binder, 

2015), and particularly early pregnancy (Hompes et al., 2013; Tobi et al., 2009) seems 

to play a critical role, although the third trimester has also been implicated (Oberlander 

et al., 2008). Interestingly, different types of adversities have been reported in 

association with offspring’s DNA methylation: not only maternal exposure to severe 

traumatic events (e.g. war related events) or mood disorders (e.g. depression/anxiety 

symptoms) but also more common prenatal stressful events, such as daily psychosocial 

stress (e.g. Mulligan et al., 2012; Vidal et al., 2014). 

2.7 Epigenome-Wide Association Studies 

With recent technological advancements it is now possible to identify epigenetic 

variants across the genome and test their association with complex traits (Tsai, Spector, 

& Bell, 2012). Inspired by the forward genetic approach of genome-wide association 

studies (GWAS), epigenome-wide association studies (EWAS) query DNA methylation 

at thousands of genomic locations in order to identify associations with a trait of 

interest. Unlike candidate gene approaches a genome-scale analysis of differential DNA 

methylation enables the unbiased detection of new regulatory mechanisms that are 

susceptible to environmental changes. Many of these associated regions are unsuspected 

a priori. For example, DNA methylation in novel genes involved in diverse 

developmental processes that had not been previously implicated in responses to 

tobacco smoke was reported in association with tobacco smoke during pregnancy 

(Joubert et al., 2012). Non et al. (2014) performed an EWAS in umbilical cord blood of 



Epigenetic biomarkers of prenatal stress 

 23 

neonates exposed to maternal depression and anxiety during pregnancy and described a 

gene (COL7A1) linked with a skin condition (dystropich epidermolysis bullosa) that had 

not yet been associated with depression or other psychological experiences. 

Interestingly biomarkers for prenatal adversity in genome-wide DNA methylation 

profiles have been reported also in adolescence and adulthood (Cao-Lei et al., 2014). 

For instance, Cao-Lei et al. (2014) reported the patterns of DNA methylation in children 

whose mothers were pregnant when exposed to the Quebec ice storm in 1998 and found 

an association to pathways involved in the immune system thirteen years later. DNA 

methylation changes in SCG5 and LTA, both highly correlated with maternal objective 

stress, were comparable in T cells, peripheral blood mononuclear cells (PBMCs) and 

saliva cells. Tobi et al. (2014) performed a genome-scale analysis in whole blood of 

individuals who were exposed to famine during early gestation at the Dutch Hunger 

Winter and identified key pathways related to growth and metabolism associated with 

malnutrition more than six decades later. Interestingly, as reported by the candidate 

gene studies, differentially DNA methylation was observed in different tissues (e.g. 

saliva, blood, T cells). The results support the “system wide” response hypotheses, 

based on evidence that phenotypic response to early-life adversity involves multiple 

phenotypes and thereby involves multiple systems (Szyf, 2012). Concordantly, a recent 

study compared differential methylation by means of maternal lifetime depression in 

two cohorts using cord blood T lymphocytes and adult hippocampi. This study reported 

an overlap of 33 genes with changes in DNA methylation in the two tissues supporting 

the idea of lifelong epigenetic effects in various tissues (Nemoda et al., 2015). Table 2.1 

summarizes the list of candidate gene and EWAS studies with humans reported in this 

review. 
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Table 2.1: Prenatal stress and DNA methylation in human studies 
Gene Study design Maternal stressor Age at tissue 

collection 
Tissue Authors 

GR Candidate  
gene 

Depression Newborn Cord blood Oberlander 
et al. (2008) 

IGF2 Candidate  
gene 

War-time famine 6 decades after 
famine 

prenatally 
exposure 

Whole blood Heijmans et 
al. (2008) 

GNASAS, MEG3, 
INSIGF, IL10 and 

LEP 

Candidate  
gene 

War-time famine 51 – 62 years old Whole blood Tobi et al. 
(2009) 

SLC6A4 Candidate  
gene 

Depression Newborn Cord blood 
(leukocytes) 

Devlin et al. 
(2010) 

GR Candidate  
gene 

Intimate Partner 
Violence 

10 - 19 years old Whole blood Radtke et al. 
(2011) 

GR Candidate  
gene 

War related events Newborn Cord blood Mulligan et 
al. (2012) 

MEG3 Candidate  
gene 

Depression Newborn Cord blood Liu et al. 
(2012) 

GR and 11ß-HSD2 Candidate  
gene 

Depression, 
anxiety 

Newborn Placenta Conradt et 
al. (2013) 

GR Candidate  
gene 

Emotional well-
being, cortisol 

Newborn Cord blood Hompes et 
al. (2013) 

IGF2, H19 Candidate  
gene 

Depression, 
anxiety, perceived 
stress 

Newborn Placenta, 
umbilical cord 

blood 

Chen et al. 
(2014) 

MEST Candidate  
gene 

Perceived stress Newborn Cord blood Vidal et al. 
(2014) 

Genes associated 
to regulation of 
transcription, 

translation and cell 
division 

EWAS Depression, 
anxiety 

Newborn Cord blood Non et al. 
(2014) 

Biological 
pathways 

prominently 
featured in 

immune function 

EWAS Ice storm 13 years old T cells Cao-Lei et 
al. (2014) 

Biological 
pathways related 

to growth and 
metabolism 
associated 

EWAS War-time famine 51 – 62 
years old 

Whole blood Tobi et al. 
(2014) 

Genes involved in 
immune system 

functions 

EWAS Depression Newborn Cord blood (T 
lymphocytes) 

Nemoda et 
al. (2015) 

GR Candidate  
gene 

Depression and 
postnatal maternal 
depression 

5 weeks – 
14 months 

Saliva Murgatroyd 
et al. (2015) 
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2.8 Maternal Rearing as Predictor of Variation in DNA 

Methylation 

Timescale for maternal effects on epigenetic variations is suggested to not be restricted 

to the intrauterine environment. Although the prenatal period represents a sensitive 

period of development (Pirini, Guida, Lawson, Mancinelli, & Guerrero-Preston, 2015), 

association of parenting and variations in DNA methylation is suggested to be extended 

to the entire lifespan, including before conception, such as nutritional and smoking 

influence on the gametes (for a review see Lane, Robker, & Robertson, 2014) and 

postnatal period. Indeed parental care is a strong predictor of postnatal variation in 

DNA methylation (for a review see Champagne et al, 2008). It is known that maternal 

behavior can influence critical aspects of development such as offspring’s neurobiology 

and behavior (Harlow & Suomi, 1974; Taborelli et al., 2013). Evidence from 

experiments with animal models manipulating maternal care received by offspring have 

been reinforcing the plasticity idea of epigenetic states in response to variation in the 

social environment (Provençal et al., 2012; Tung et al., 2012; Weaver et al., 2004). For 

instance, as mentioned before in the experiment of Weaver et al. (2004), maternal care 

caused differential DNA methylation of the GR promoter region and correspondingly 

altered hippocampal GR expression and behavior. A cross-fostering design excluding 

genetic artifacts confirms that these effects were mediated by the quality of the postnatal 

environmental, i.e. maternal care. This provides a dynamic mechanism for maintaining 

long-term changes in the gene expression and behavior of offspring (Champagne, 

2008). Consistent with Weaver et al. (2004), rearing was associated with differential 

DNA methylation in an experimental investigation of early maternal deprivation on 

adult rhesus monkeys (Provençal et al., 2012). Interestingly the differences in DNA 

methylation were observed in adulthood, supporting the hypothesis that the response to 

early-life adversity can persist into adulthood. Epigenetic changes during adulthood 

were also reported in female monkeys when exposed to experimentally controlled 

changes in social status (i.e. dominance rank) during adulthood (Tung et al., 2012). 

Moreover, when the monkeys moved to a new rank, their gene expression profiles 

changed as well, suggesting epigenetic flexibility in responses to the changes in the 

social environment (Tung et al., 2012).  
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In humans, the disruption or lack of adequate nurturing and inadequate parental care 

was associated with increased GR promoter methylation (Tyrka, Price, Marsit, Walters, 

& Carpenter, 2012). In addition, epigenetic changes in the proopiomelanocortin 

(POMC) gene may promote HPA axis dysfunction (Ehrlich et al., 2010). In a very 

recent study we found that inadequate parental care and maltreatment was associated 

with children’s differential methylation in the POMC gene measured in saliva and blood 

(Hecker et al., 2016). In a sample of former indentured child laborers who suffered 

severe childhood adversities functional annotation clustering suggested several gene 

clusters were differentially methylated (Marinova et al. 2015). The genes with 

hypermethylated CpGs were related to cellular morphogenesis, neuronal and cell 

development and differentiation. Genes with hypomethylated CpGs were enriched in 

clusters related to impaired connectivity of neurons. The study indicated that distinct 

differences in DNA methylation associated with childhood trauma could be detected in 

late adulthood. These findings emphasize the detrimental consequences of inadequate 

parental care and child maltreatment. 

2.9 Implications of Epigenetic Plasticity 

The notion of epigenetic plasticity and thus the reversibility of epigenetically 

determined health conditions might open new avenues for therapy by either 

pharmacological agents or social interventions and the evaluation thereof (Szyf, 2011). 

Specific drugs such as histone deacetylase inhibitor trichostatin A and methionine have 

been shown to reverse early experience associated changes in DNA methylation and 

behavioral changes in adulthood (Weaver et al., 2004; Weaver, Meaney, & Szyf, 2006). 

Furthermore, a recent study suggested that the epigenetic state might be changed after 

psychotherapy (Yehuda et al., 2013). Therefore, at least certain trauma-associated 

epigenetic changes seem to be reversible and positive environment might induce 

epigenetic variation that would impact the response to stress (Provençal & Binder, 

2015). 

These observations point to a seemingly contradictory scenario. On the one hand, 

prenatal stress can have long lasting impact on DNA methylation. On the other hand, 

epigenetic modifications are also sensitive to environmental changes throughout the 
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lifespan. Whether the nature of epigenetic changes is dependent on windows of 

sensitivity or is specific to a genomic region (Daskalakis & Yehuda, 2014) and the 

complex interactions involved in methylation stability, remains to be investigated. 

Although evidence of prenatal studies has shown an association between fetal exposure 

and maternal stress, there is also a possibility that this influence is indirect. Maternal 

stress experienced during the prenatal period compromises maternal care during the 

postnatal period and thus influences offspring development (Champagne, 2008). 

As reviewed above, a variety of adverse conditions increase the risk for an impaired 

development of the children, as reflected at the molecular level. This implies a great 

burden not only on the affected individual but also on the greater society e.g. due to the 

costs arising from the complications stemming from mental ill health and the associated 

mental health care treatments (Soni, 2009). Therefore, preventative interventions 

improving the well being of pregnant mothers as means to circumvent future health 

problems in their children is crucial and most likely more economically beneficial than 

interventions targeting these children after unfavorable health conditions or molecular 

patterns have already manifested. While physical attributes such as diet or avoidance of 

toxin exposure have been incorporated and proven to be beneficial in the care of 

pregnant women (Kirkham, Harris, & Grzybowski, 2005), psychosocial risk factors 

have been largely neglected. Instruments to identify women confronted with 

psychosocial risk factors are fundamental in filling this void (Austin, Colton, Priest, 

Reilly, & Hadzi-Pavlovic, 2013; Harrison & Sidebottom, 2008; Spyridou et al., 2014; 

Spyridou, Schauer, & Ruf-Leuschner, 2015). 

Taken together, both candidate gene approach and EWAS can bring valuable 

contributions to the field. Focus on target genes contributes to the understanding of 

biological events that mediate connections between early stress and biological function. 

Furthermore, understanding methylation patterns at the level of specific candidate genes 

may be beneficial when assessing the effectiveness of clinical treatments. Describing 

the DNA methylation signatures from a genome-scale analysis associated with a trait is 

an important step in establishing DNA signatures of prenatal stress, uncovering new 

regulatory mechanisms and providing a better understanding of complex pathways 

involved in different biological functions that are susceptible to environmental changes. 
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Hence knowledge of the factors that are involved in the stability and reversibility of 

DNA methylation status associated to prenatal stress is fundamental to contribute to the 

development of novel specific therapeutic and preventive interventions. 
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3 Maternal exposure to interpersonal violence 

during pregnancy and DNA methylation of the 

offspring: an epigenome-wide association 

study 

3.1 Abstract 

Prenatal maternal stress is associated with lifelong implications for health and an 

increased risk for behavioral and emotional problems in the offspring, but the 

underlying molecular mechanisms are unclear. Here we investigated the impact of 

maternal exposure to interpersonal violence during pregnancy on children’s (n = 120, 

mean age = 13.62) DNA methylation status and its association with stress-related 

disorders. We performed a genome-wide methylation study using the Illumina Human 

Methylation450 BeadChip array. We found differential methylation patterns at 25 CpGs 

sites that map to 20 genes significantly associated (FDR < 0.05) with exposure to 

intimate partner violence or community/domestic violence during maternal pregnancy. 

The results include genes previously linked with adversities, decrease of NR3C1 

methylation and increase of FKBP5 methylation, and other genes associated with 

developmental process. Furthermore, differential methylation of NR3C1 and FKBP5 

were correlated with depression and externalizing problems, respectively. Our findings 

demonstrate epigenetic effects of maternal prenatal adversities on the offspring, and 

suggest DNA methylation as a mechanism to explain some individual characteristics of 

resilience for psychiatric disorders.  

Keywords: Prenatal stress - Epigenetics – Interpersonal violence - DNA methylation – 

mental health – Intimate partner violence 
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3.2 Introduction 

Exposure to maternal psychological stress during pregnancy has been shown to elicit 

long-term neurodevelopmental effects in the offspring, often mediated by an altered 

capacity to regulate responses to stressful events (Donovan, Spracklen, Schweizer, 

Ryckman, & Saftlas, 2016; Grizenko et al., 2012; Gutteling et al., 2005; Laplante et al., 

2008; Lupien, McEwen, Gunnar, & Heim, 2009; Nasreen, Kabir, Forsell, & Edhborg, 

2010; O'Connor et al., 2002). Maternal prenatal stress is a risk factor for child’s low 

birth weight, preterm delivery, behavioral and emotional problems, as well as 

psychiatric disorders (DiPietro, 2004; Grizenko et al., 2012; Martinez-Torteya, Bogat, 

Levendosky, & von Eye, 2016; Nasreen et al., 2010; O'Connor et al., 2002; Roesch, 

Schetter, Woo, & Hobel, 2004). The molecular mechanism by which prenatal stress 

exerts these effects is not known. Cortisol plays an important role in normal fetal 

development; however, elevated levels of this hormone may affect the development of 

many brain regions that have roles in regulating defense systems, including the 

hypothalamic pituitary adrenal (HPA) axis (Khashan et al., 2011). There is growing 

support for the role of epigenetic mechanisms, especially DNA-methylation, in the 

persistent effects of prenatal stress on an offspring’s development throughout childhood 

and adulthood (Babenko et al., 2015; Oberlander et al., 2008; Radtke et al., 2011; 

Serpeloni et al., 2016).  

To date, studies attempting to understand in utero programming of the fetus’ genome 

following maternal psychosocial stress have mainly focused on methylation of stress-

regulatory genes, such as the glucocorticoid receptor gene (NR3C1), which is critically 

involved in negative feedback of the HPA axis. For example, increased methylation of 

NR3C1 in offspring has been associated with prenatal maternal mood, war-related 

events, and intimate partner violence (IPV) (Conradt et al., 2013; Devlin et al., 2010; 

Hompes et al., 2013; Mulligan et al., 2012; Oberlander et al., 2008; Radtke et al., 2011). 

Moreover, the studies report greater prenatal-dependent methylation of NR3C1 

associated with altered stress response reactivity and poorer self-regulation (Conradt et 

al., 2013; Oberlander et al., 2008). Changes in methylation of different genes, such as 

the FKBP5 and the serotonin transporter gene SLC6A4, have also been associated with 

prenatal stress (Devlin et al., 2010; Monk et al., 2016; Paquette et al., 2014).  
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The fetal programming hypothesis describes the long-term effects of the environment 

on fetal and neonatal health trajectories. These effects might represent adaptations to 

prepare for postnatal life (Youngson & Whitelaw, 2008). An example of this from non-

human animal studies is when pregnant small freshwater crustaceans (Daphnia pulex) 

are exposed to high predatory pressure, it leads to offspring with spiked helmets, which 

are at a reduced risk of predation (Laforsch, Beccara, & Tollrian, 2006). In contrast, if 

prenatal effects are not optimally suited for the postnatal environment, these changes in 

combination with additional environmental, developmental, physiological or genetic 

factors may render the offspring vulnerable to disease (Provençal & Binder, 2015). In a 

human study, infants exposed to maternal depression both during and after pregnancy 

showed similar developmental outcomes to those exposed at neither period, and 

improved outcomes as compared to those exposed only during or after pregnancy 

(Sandman et al., 2012).  

We studied the consequences of prenatal stress, in the form of interpersonal violence 

during pregnancy. In particular, we aimed at investigating to what extent IPV and 

community and domestic violence (CDV) experienced by the mother during pregnancy 

are associated with the child’s genome-wide methylation profile. In an exploratory 

fashion, we examined whether differentially methylated CpG sites were associated with 

internalizing and externalizing problems, post-traumatic stress disorder (PTSD), and 

depression symptoms. There is a growing interest in the potential of epigenetic markers 

for psychiatric disorders as well epigenetics as a mechanism for the transmission of 

stress effects across generations (Drake, Liu, Kerrigan, Meehan, & Seckl, 2011; 

Gijselinck et al., 2015; Klengel et al., 2014). Understanding the molecular basis 

associated with early life experiences offers a potential explanation for the 

intergenerational effects of trauma and the fact that not all individuals exposed to early 

adversities develop stress-related disorders.  

3.3 Material and Methods 

3.3.1 Participants  

The study was carried out in São Gonçalo, a city located in the Rio de Janeiro state in 
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Brazil. São Gonçalo has a population of more than 1 million, with a high proportion of 

low-income families and high levels of community and domestic violence (Assis et al., 

2009). The study cohort represents a convenience sample of a larger project (N = 386) 

that investigated the impact of early stress on family triads, recruited via the “Estratégia 

de saúde da família” (Family Strategy Program) of the city of São Gonçalo. From the 

original sample, we selected all adolescent children aged between 8–18 years old from 

whom we had information about maternal exposure to interpersonal violence during 

pregnancy. Samples that were contaminated, had insufficient genotyping quality, or had 

problems during bisulfite conversion were excluded (children, n = 5; mothers, n = 5). In 

the present investigation, we report data of 120 mother-youth dyads (N = 240). Children 

(54% female) had a mean age of 13.6 years (SD = 2.49, range = 8–18), and mothers had 

a mean age of 37.9 years (SD = 5.97, range = 25–51). Mother and adolescent children 

characteristics are shown in Table 3.1. 

3.3.2 Procedure 

Structured interviews with the participants were carried out by a team of five 

interviewers (three local community health agents, one masters student from the 

University of Konstanz, and myself). All local interviewers received training by expert 

clinicians in conducting clinical interviews. The one-week training covered concepts of 

mental disorders and traumatic events, application of the instruments used in the 

structured interview, as well as sensitive and empathic interviewing techniques. The 

training included role-playing and interview observation. During the entire data 

collection, the interviewers were closely supervised and received extensive feedback. 

The project leader (F.S.) was present in the training and data collection and conducted 

the supervisions during the fieldwork. 

The study was conducted in cooperation with the “Escola Nacional de Saúde Pública 

Sergio Arouca da Fundação Oswaldo Cruz (ENSP/FIOCRUZ)” (National School of 

Public Health of the Oswaldo Cruz Foundation, ENSP/FIOCRUZ) in Rio de Janeiro, 

Brazil. The fieldwork had support of the “Estratégia de saúde da família” (Family 

Strategy Program) of the city of São Gonçalo and the NGO “Mulheres em Movimento” 

(Women in Movement), which specializes in assisting women and children exposed to 
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interpersonal violence. Before data collection, the study was approved by the Ethical 

Review Board of the University of Konstanz (Germany) and the National Commission 

for Ethics in Research - CONEP (Brazil). We obtained written informed consent from 

the adult participants, written informed consent from parents, and written assent from 

children. The informed consent clarified that their participation in the study was entirely 

voluntary, no monetary compensation would be offered, and invited them to call the 

project leader or the ethical board in case of additional questions. The participants were 

assured that the interview was confidential, that they were free to interrupt, and they 

could cancel the interview or saliva collection at any time. All participants were 

interviewed individually in their home setting. The duration of the interviews were 

approximately 2.5 hours with the adults and 1.5 hours with the youth. The saliva 

samples were collected in the end of the interview.  

3.3.3 Measures 

All instruments were applied as a structured interview. The first part of the interview 

consisted of socio-demographic information including education, family income, age, 

and sex. 

Interpersonal violence during pregnancy   

Measures of interpersonal violence during pregnancy were conducted three times 

separately, focusing on the periods before, during, and after pregnancy, as described in 

Radtke et al. (2011). To measure IPV, we used the Composite Abuse Scale (CAS) 

(Hegarty, Bush, & Sheehan, 2005; Hegarty, Sheehan, & Schonfeld, 1999). This scale 

measures the degree of IPV through 30 items scaled from a frequency of zero (never) to 

five (daily) that together form four dimensions: severe combined abuse, physical abuse, 

emotional abuse, and harassment (Cronbach’s α = 0.89, possible range 0-150). To 

assess exposure to CDV, we applied the Things I Have Seen and Heard Scale (Richters 

& Martinez, 1990). This scale measures types of violence both witnessed and directly 

experienced at home and in the community. Experiences of IPV are not included, with 

the exception of witnessing parental interpersonal violence. Three questions were 

modified for the adult version: “I feel safe at work”, “Grownups were nice to me during 

childhood”, and “Heard adults yelling at each other during childhood”. Of the original 
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20 items, the six optional items about direct exposure to events, based on the questions 

of witnessing an event, were included (e.g. “Somebody threatened to shoot me”, or 

“Somebody threatened to stab me”), resulting in 26 items. The four items not directly 

assessing violence are not computed in the total score, as recommended (“I feel safe at 

home”, “I feel safe at school/work”, “Grownups are nice to me/Grownups were nice to 

me during childhood”, and “I feel safe in the neighborhood”). Items are presented in a 

five-point format ranking from zero (never) to four (many times). Higher scores reflect 

higher exposure to violence (Cronbach’s α = 0.71; possible range 0–88). Exposure to 

traumatizing events was measured through a checklist of 16 items (e.g. natural disasters, 

physical assault, sexual assault), scaled from a frequency of zero (never) to four (many 

times), adapted from Neuner et al., (2004) (Cronbach’s α = 0.70, possible range 0–64).  

Stress-related disorders and behavioral problems 

PTSD symptom severity was measured using the University of California at Los 

Angeles (UCLA) PTSD Reaction Index for DSM-IV (Steinberg, Brymer, Decker, & 

Pynoos, 2004). For each DSM-IV symptom, the frequency of occurrence in the last 

month is computed (Cronbach’s α = 0.88, possible range 0–88). Depression symptom 

severity was assessed with the Patient Health Questionnaire PHQ-9 (Richardson et al., 

2010). The nine items were presented in a four-point format ranking from zero (not at 

all) to three (nearly every day) (Cronbach’s α = 0.80, possible range 0–27). 

Internalizing and externalizing problems were assessed with the Strengths and 

Difficulties Questionnaire SDQ (A. Goodman, Lamping, & Ploubidis, 2010; R. 

Goodman, Meltzer, & Bailey, 1998). It consisted of 25 items that could be ranked at 

zero (not true), one (somewhat true), or two (certainly true). Each of the five subscales 

(conduct problems, hyperactivity, emotional symptoms, peer problems, and prosocial 

behavior) consisted of five items. The total score was computed by summing all of the 

25 items, except the five items related to prosocial behavior (Cronbach’s α = 0.70, 

possible range 0–40). Internalizing problems are a combination of emotional symptoms 

and peer problems, while externalizing problems are a combination of conduct 

problems and hyperactivity. We focused on these two broad subscales as they are 

suggested to use when interviewing non-clinical populations (A. Goodman et al., 2010).  
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DNA-methylation 

Saliva samples (2 ml) for DNA methylation analysis were collected using the 

Oragene•Discover (OGR-500) Collection Kit (DNA Genotek; Ontario, Canada). 

Genome-wide DNA methylation profiling was performed using the Infinium 

HumanMethylation450 BeadChip Kit and arrays by the Queen Mary University of 

London Genome Center, according to standard protocols. Microarray quality control 

checks, quantile normalization, and probe filtering were done using the Minfi R 

package (Aryee et al., 2014). Probes were removed from analysis if they were present 

on the X- or Y-chromosome, previously identified as cross-hybridizing with other 

genomic locations, or contained a single nucleotide polymorphism (Y. Chen et al., 

2013). In addition, during quality control processing, probes with low detection p-

values for 1% of the samples were excluded. To validate the families, we assessed the 

biological relationships of the family members based on the presence of Mendelian 

incompatibilities using the 65 SNP probes included on the Infinium 

HumanMethylation450 BeadChip. Genotypes for the SNP probes were obtained by 

categorizing the beta values in three categories (corresponding to CC, CG and GG 

genotypes), where the trimodal distribution was tested against the expected Hardy-

Weinberg proportions to detect outliers. After certifying that all SNPs passed this 

quality filter, we calculated a matrix of Mendelian incompatibilities (i.e. CC individuals 

cannot be mothers or offspring of GG individuals, and vice-versa) between all 

individuals in the dataset, validating family integrity and ensuring that there were no 

individuals assigned to two different families. Furthermore, the match between actual 

age and predicted epigenetic age, as well as reported sex and predicted epigenetic sex, 

was also performed using the Minfi R package. 

3.3.4 Statistical Analysis 

The final methylation dataset contained 155,327 autosomal probes. All analysis was 

conducted using R 3.2.1 (2013). Logit-transformed beta values (M-values) were 

subjected to a linear regression model to identify significantly differentially methylated 

probes in association with prenatal stress, adjusted for multiple testing (Benjamini-

Hochberg method), using the Limma R package (Ritchie et al., 2015). The model 

included age, gender, and trauma scores as covariates. An IPV/CAS score >3 
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represented true IPV exposure, and was used as the cut off for generating IPV+ and 

IPV- groups (Hegarty et al., 2005). The CDV exposure was divided in two groups using 

the third quartile as the cutoff: CDV- (low or no exposure) and CDV+ (high exposure). 

Correlation analysis was performed to further study the relationship between epigenetic 

and psychosocial variables.  

3.4 Results 

3.4.1 Demographics, prenatal stress, and child outcomes 

In our sample, 45% (n = 54) of the women were exposed to lifetime IPV and 17.50% (n 

= 21) experienced it during pregnancy. All the mothers interviewed were exposed to at 

least one event of CDV during their lifetime, in which 29% (n = 35) were exposed to 

high levels and 23% (n = 28) to high levels during pregnancy. In total, only 7.5% (n = 

9) of the mothers reported being exposed to both IPV and CDV during pregnancy. The 

children were grouped according to maternal exposure to interpersonal violence during 

pregnancy (maternal IPV+, IPV- or CDV+, CDV-). Neither sociodemographic 

characteristics nor mental health problems varied significantly between the IPV groups. 

Depression symptoms were correlated with maternal CDV during pregnancy (Table 

3.1).   
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3.4.2 Genome-wide methylation analysis  

We were interested in identifying differentially methylated CpG sites in the children that 

correlated to maternal exposure to interpersonal violence during pregnancy. In the 

genome-wide methylation analysis, we found 25 CpG sites associated (FDR < 0.05) 

with interpersonal violence experience during maternal pregnancy (Table 3.2).  

Table 3.2: Results of the genome-wide methylation analysis.  
Prenatal 

stress 
CpG  chr logFC rawP adjP Gene  

IPV 

cg18068240 chr5 -0.379079 2.00E-07 < 0.05 NR3C1 

cg19014730 chr6 0.302645 2.06E-07 < 0.05 FKBP5 

cg17403899 chr19 -0.232414 5.31E-07 < 0.05 CNFN 

cg12661272 chr10 0.146629 7.63E-07 < 0.05 STK32C 

cg08128826 chr1 -0.374634 1.27E-06 < 0.05 LHX9 

cg10516336 chr3 0.317897 1.39E-06 < 0.05 ABCC5 

cg11147724 chr7 0.173691 2.19E-06 < 0.05 - 

cg24137863 chr11 0.242046 2.48E-06 < 0.05 - 

cg00058413 chr5 0.267050 2.78E-06 < 0.05 DTWD2 

       

CDV 

cg27320983 chr19 0.149366 6.80E-08 < 0.01 C19orf26 

cg25384333 chr1 -0.256308 1.95E-07 < 0.01 RALGPS2 

cg19713429 chr1 0.326923 2.08E-07 < 0.01 CAPZB 

cg13622968 chr19 -0.127569 2.50E-07 < 0.01 ZGLP1 

cg01311051 chr16 -0.286697 5.14E-07 < 0.05 ALDOA 

cg18261205 chr15 -0.532386 6.27E-07 < 0.05 - 

cg10848272 chr14 -0.686531 8.87E-07 < 0.05 SLC8A3 

cg08298447 chr2 -0.211940 1.28E-06 < 0.05 - 

cg13919438 chr20 -0.319118 1.40E-06 < 0.05 EMILIN3 

cg00105253 chr14 0.159087 1.94E-06 < 0.05 NUDT14 

cg20504077 chr8 0.228274 2.23E-06 < 0.05 CLU 

 cg20504077 chr8 0.228274 2.23E-06 < 0.05 CLU 

     continued… 
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Table 3.2: Results of the genome-wide methylation analysis.  
Prenatal 

stress 
CpG chr logFC rawP adjP Gene 

CDV 

cg18538668 chr14 0.231676 2.81E-06 < 0.05 - 

cg15047774 chr11 -0.311264 2.83E-06 < 0.05 ASAM 

cg12103037 chr14 -0.531729 3.97E-06 < 0.05 NKX2-1 

cg11854115 chr1 -0.155714 4.42E-06 < 0.05 PLXNA2 

cg20927568 chr5 -0.255599 4.42E-06 < 0.05 NIPBL 

Note: Genome-wide methylation analysis was performed to assess the association of 
maternal exposure to interpersonal violence during pregnancy with the offspring’s 
differential methylation status. IPV = intimate partner violence; CDV = community and 
domestic violence during pregnancy; CpG = CpG identification according to Illumina 
ID; chr = chromosome where probe is located; logFC = log 2 fold change, negative and 
positive values indicate the direction of methylation; rawP = p value based on the 
genome-wide methylation analysis; adjP = genome-wide statistical significance after 
correction for multiple testing using the Benjamini-Hochberg procedure; Gene = 
associated gene of each CpG probe according the UCSC genome browser (Kent et al., 
2002). The spaces with a dash represent no genes associated, according to the UCSC 
genome browser. Nine CpG sites were associated with maternal IPV exposure and 16 
CpG sites with maternal CDV. 

Because differential methylation can result from alterations in the intra-uterine 

environment, maternal stress during pregnancy was expected to result in a greater 

number of CpG sites differentially methylated than maternal stress occurring before or 

after pregnancy. In accordance with this expectation, we found that the number of 

differentially methylated sites associated with stress before or after pregnancy (n = 2, 2, 

respectively) were only a fraction of those associated with stress during pregnancy (n = 

25), after Benjamini-Hochberg correction (Figure 3.1A). Differentially methylated CpG 

sites were distributed across the genome (Figure 3.1B). Nine CpG sites were 

significantly differentially methylated (FDR < 0.05; Table 3.2) between children who 

had been exposed to prenatal IPV (IPV+; n = 21) compared to those who had not (IPV-; 

n = 99), including CpG sites within NR3C1 and FKBP5 (Table 3.2, Figure 3.1C), both 

involved in HPA axis regulation. Sixteen CpG sites were significantly differentially 

methylated (FDR < 0.05; Table 3.2) between children who had been exposed to higher 

prenatal CDV (CDV+; n = 28), compared to those that had not (CDV-; n = 92).  
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Figure 3.1: Genome-wide methylation results. (A) Number of CpG sites associated 
(FDR < 0.05) with maternal exposure to IPV and CDV before, during, and after 
pregnancy. (B) Manhattan plot of genome-wide association testing between methylation 
of CpG sites and exposure to IPV during pregnancy for 155,337 loci in 120 subjects. 
The plot shows chromosomal locations of –log10 (P values) for association at each 
locus and illustrates (black line) the threshold for FDR < 0.05. (C) Association of 
maternal exposure to IPV (IPV+ and IPV-) and DNA methylation of the top two 
significant CpG sites, NR3C1_cg18068240 and FKBP5_cg19014730. 

To examine the biological processes involved in differentially methylated CpG sites 

associated with maternal exposure to interpersonal violence, we performed enrichment 

analysis using the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt; 

http://www.webgestalt.org/) (Wang, Duncan, Shi, & Zhang, 2013). As input data, we 

used the gene list resulting from the genome-wide methylation analysis (n = 20, 

significant probes overlapping with genes, Table 3.2). After FDR correction for multiple 

testing, the analysis revealed an enriched association for developmental processes, 

including brain development, endocrine system development, and central nervous 

system development (Table 3.3). 



Maternal prenatal stress and DNA methylation 

 41 

Table 3.3: Biological process significantly associated with the gene list from the 
genome-wide methylation analysis 
Biological process/category name C O E R rawP adjP 

brain development 502 5 0.48 10.41 7.22E-05 < 0.01 

anatomical structure development 4030 11 3.86 2.85 0.0001 < 0.01 

cell morphogenesis 945 6 0.9 6.63 0.0001 < 0.01 

endocrine system development 136 3 0.13 23.05 0.0003 < 0.01 

central nervous system development 688 5 0.66 7.59 0.0003 < 0.01 

cellular component morphogenesis 1000 6 0.96 6.27 0.0002 < 0.01 

anatomical structure morphogenesis 2055 8 1.97 1.97 0.0002 < 0.01 

cellular developmental process 2829 9 2.71 3.32 0.0003 < 0.01 

developmental process 4572 11 4.38 2.51 0.0004 < 0.01 

nervous system development 1274 7 1.65 4.24 0.0005 < 0.01 

Note: C = number of reference genes in the category, O = number of genes in the gene 
set and also in the category, E = expected number in the category, R = ratio of 
enrichment, rawP = p value from hypergeometric test, and adjP = p value adjusted by 
the multiple test adjustment. 

Spearman correlations were performed to explore the relationship between epigenetics 

and mental health problems (Figure 3.2). As input data, the most relevant epigenetic 

variables (significant probes overlapping with genes) were used in combination with 

depression, PTSD, and externalizing and internalizing problems. We observed, after 

correction for multiple testing using the Benjamini-Hochberg procedure (FDR < .05), 

that externalizing problems was positively correlated with the methylation status of 

NR3C1. Depression severity was negatively correlated with the methylation of the 

following genes: FKBP5, SLC8A3, ASAM, NKX2-1 and PLXNA2, which are correlated 

with each other, indicating that they might be affected by the same process.  
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Figure 3.2: Spearman correlation coefficients of DNA methylation with stress-related 
disorders during childhood. The plot includes the probes significantly associated with 
interpersonal violence in the genome-wide association analysis. The first nine rows 
represent the CpG sites associated with maternal exposure to intimate partner violence 
(IPV), and the following CpG sites were associated with maternal exposure to 
community and domestic violence  (CDV). Mental health variables are: posttraumatic 
stress disorder (PTSD), depression, externalizing and externalizing behavior. The CpG 
sites are represented by their associated gene name. The numbers represent Spearman 
correlation coefficients. The blue colors highlight positive significant correlations, and 
the red colors indicate negative significant correlations (p < 0.05, uncorrected). After 
correction for multiple testing, using the Benjamini-Hochberg procedure (FDR < .05), 
externalizing problems remains positively associated with methylation of NR3C1 and 
depression negatively correlated with methylation levels of FKBP5, SLC8A3, ASAM, 
NKX2-1 and PLXNA2. 
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Interestingly, the direction of the correlation of NR3C1 (rs (120), = 0.24, p < 0.01) and 

FKBP5 (rs (120), = −0.31, p < 0.001) associated with mental health problems were the 

opposite of when associated with prenatal maternal IPV (Figure 3.3A). The 

differentially methylated genes associated with maternal exposure to CDV had the same 

methylation direction of when associated with depression (Figure 3.3B). 

 

Figure 3.3: Associations of DNA methylation status with depression and externalizing 
problems. CpG sites identified are from the genome-wide methylation analysis between 
maternal interpersonal violence and DNA methylation of the children. (A) Most 
significantly CpG sites associated with maternal exposure to IPV during pregnancy. 
Externalizing problems are positively correlated with DNA methylation of NR3C1_ 
cg18068240 (rs (120), = 0.24, p < 0.01). Depression severity is negatively correlated 
with DNA methylation of FKBP5_ cg19014730 (rs (120), = −0.31, p < 0.001). (B) Most 
significantly CpG sites associated with maternal exposure to CDV during pregnancy. 
Depression severity is negatively correlated with SLC8A3_cg10848272 (rs (120), = 
−0.29, p = 0.001), ASAM_cg15047774 (rs (120), = −0.26, p < 0.01), NKX2-
1_cg12103037 (rs (120), = −0.33, p < 0.001), and PLXNA2_cg11854115 (rs (120), = 
−0.36, p < 0.001). 
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3.5 Discussion 

Genome-wide methylation status appears to be sensitive to maternal exposure to 

interpersonal violence during pregnancy. In our data, maternal prenatal exposure to 

interpersonal violence was associated with 25 significant differentially methylated 

probes over 20 unique genes during childhood. The two highest ranked (of 155,327 

probes analyzed post-filtering) were CpGs in the NR3C1 promoter and the gene body of 

FKBP5, which code for the glucocorticoid receptor (GR; gene: NR3C1) and its co-

chaperone, FK506 binding protein 51 (FKBP51; gene: FKBP5). The glucocorticoid 

receptor uses the stress hormone cortisol as a ligand, while FKBP51 exerts a short-loop 

feedback inhibition of this interaction by activating the nuclear translocation of the 

glucocorticoid receptor (Zannas & Binder, 2014). Both genes have been studied 

extensively for their involvement in the HPA axis, a physiological pathway that 

mediates key elements of the stress response and is epigenetically dysregulated in 

several psychiatric disorders (Binder et al., 2008; Klengel et al., 2013). Impaired 

feedback of HPA axis inhibition results in a diminished ability to turn off the HPA 

response and a cycle of impaired ability to cope with stress (McEwen & Gianaros, 

2011). Interestingly, the methylation state of both genes was opposite of that seen in 

studies that report methylation associated with childhood adversity and mean 

methylation of NR3C1 during pregnancy (Palma-Gudiel, Córdova-Palomera, Leza, & 

Fañanás, 2015). In accordance with the hypothesis that there is a protective effect of 

prenatal IPV, the methylation state of these genes suggests that children exposed to IPV 

would have a higher availability of the glucocorticoid receptor, resulting in enhanced 

negative feedback of the HPA axis and thus faster stress recovery than controls. This 

may explain why these children did not express psychiatric symptoms, despite having 

been exposed to maternal IPV.  

Besides the usual genes frequently reported in the literature as being associated with 

early child adversities, we also found patterns of methylation of different genes 

associated with interpersonal violence exposure during pregnancy. Different probes 

were affected by maternal IPV and CDV exposure, suggesting that different stressors 

might account for the impact of prenatal stress, as well as the timing and duration 

(Lupien, Ouellet-Morin, Herba, Juster, & McEwen, 2016). Enriched association reveals 
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that these genes are involved in developmental processes, including brain development, 

endocrine system development, and central nervous system development. These genes 

qualify as possible candidate genes for investigations on the impact of prenatal stress on 

childhood outcomes.  

DNA methylation has been suggested as a link between early adversities and stress-

related disorders during childhood (Binder et al., 2008; Palma-Gudiel et al., 2015). 

Early life adversities have been associated with hypermethylation of NR3C1 and 

demethylation of FKBP5 (Klengel et al., 2013; Melas et al., 2013). In addition, 

differential methylation of FKBP5 and NR3C1 was associated with stress-related 

psychiatric disorders and altered stress response reactivity (Conradt et al., 2013; Klengel 

et al., 2013; Klengel et al., 2014; Oberlander et al., 2008; Perroud et al., 2014). We 

found that increased methylation of NR3C1 and decreased methylation of FKBP5 were 

associated with externalizing problems and depression symptoms, respectively. 

Interestingly, both correlations were in opposite directions when associated with 

maternal IPV. Again, the results indicate that exposure to maternal IPV during 

pregnancy might play a role as a protective factor in the development of stress-related 

disorders. This was not the same as for maternal exposure to CDV. Maternal exposure 

to CDV during pregnancy was associated with depression symptoms in the offspring, 

which was also associated with changes in DNA methylation. Studies in animal models 

indicate that there are innate differences in stress vulnerability, such as the stress coping 

style, that may impact an individuals’ risk of developing metabolic and other 

pathologies (Boersma & Tamashiro, 2015). Studies in rodents, for example, have 

demonstrated that some essential cognitive functions may show adaptive changes in 

stress coping in multigenerational animals that were prenatal stressed (Skelin et al., 

2015). In other words, in utero experiences of stress may confer a plastic phenotypic 

adaptation to the stressful environment. Whether those variations are stable during the 

lifespan needs to be investigated. Our cross-sectional design does not allow establishing 

causality. Further longitudinal studies and controlled experimental conditions using 

animal models can help to establish the sequence of events. 

In summary, our data indicates that DNA methylation is a potential mechanism 

involved in the long-term programming of the genome in response to adverse 
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environmental factors. These findings may help elucidate why not all children develop 

psychiatric disorders following traumatic events and contribute to the development of 

empirical, scientific evidence-based approaches to establish individual characteristics of 

risk and resilience. Further studies will help to identify the longitudinal sequence of 

events accounting for the prenatal stress-DNA methylation phenotype across 

generations and to verify potential functional consequences of the epigenetic variation 

that we have detected.  
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4 Grandmaternal prenatal stress and DNA 

methylation of the third generation  

4.1 Abstract 

Maternal psychological distress during pregnancy affects behavior and development of 

the offspring. Recent studies have shown DNA methylation as a biological mechanism 

that may underlie the impact of prenatal maternal stress in the children outcomes. In the 

present study we examined the multigenerational hypothesis, i.e. grandmaternal 

exposure to stress during pregnancy affects DNA methylation of the grandchildren. 

Using the Illumina Infinium Human Methylation450 BeadChip, we determined the 

genome-wide DNA methylation profile in 121 children (65 females and 56 males) and 

tested for associations with exposure to intimate partner violence or domestic and 

community violence during pregnancy in the grandmaternal generation. We observed 

methylation variations of five CpG sites significantly (FDR < 0.05) associated with the 

grandmother’s report of exposure to violence while pregnant with the mothers of the 

children. Our data revealed differential methylation of genes previously shown to be 

involved in embryo development and physiological changes at the maternal-fetal 

interface, CFTR, CORIN, BARX1, and SMYD3. This study provides support for DNA 

methylation as a biological pathway involved in the transmission of stress across 

generations and motivates further investigations to examine prenatal-dependent DNA 

methylation as a potential biomarker of risk and resilience for psychiatric disorders.  

Keywords: Prenatal stress - Epigenetics – Interpersonal violence - DNA methylation  

4.2 Introduction 

The impact of early-life adversity likely persists in subsequent generations and may 

influence the individual’s physiology and behavior. There is considerable evidence that 

exposure to prenatal stress can induce stable changes that influence neurodevelopment, 
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mental health and the risk for psychiatric disorders (M. B. Stein et al., 2002). Studies 

with animal models have provided strong support for the idea that the effects induced 

by early stress are not limited to the first generation. In guinea pigs, for example, the 

impact of maternal nutrition during pregnancy on hypothalamic pituitary adrenal (HPA) 

axis function and heart structure can be observed in both the second and third 

generation (Bertram et al., 2008). Rats exposed to excess glucocorticoids in utero 

showed reduced birth weight and glucose intolerance into the third generation (Drake et 

al., 2004). Animal models also suggest an accumulation of the effects of prenatal stress 

over several generations on brain function (Skelin et al., 2015) and physiological 

response to stress (Ward et al., 2013). In humans, the available body of findings 

indicating multigenerational effects of early stress (i.e. effects observed in the children 

and grandchildren) stem mainly from epidemiological studies supporting the role of 

grandparental adversities on grandchildren health outcomes (Painter et al., 2008; 

Pembrey et al., 2005). For instance, the paternal grandfather's nutrition in Överkalix 

Sweden, was linked to the mortality risk ratio of grandsons, while the paternal 

grandmother’s nutrition was linked to the mortality risk ratio of the granddaughters 

(Pembrey et al., 2005). Another example is the effect of famine during grandmaternal 

pregnancy in the time of the Dutch Hunger Winter (1944–1945) on adiposity in 

grandchildren (Painter et al., 2008). 

The transmission of maternal prenatal stress to the fetus is suggested to be mediated in 

part by alterations on the developing HPA axis system, which regulates homeostatic 

mechanisms such as stress responses. When the mother is exposed to stressful events, 

cortisol released in her body passes through the placenta. Fetal exposure to increased 

levels of cortisol can lead to altered long-term “fetal programming” of HPA axis 

function and behavior (Moisiadis & Matthews, 2014a). Glucocorticoid hormones are 

critical for normal development of the fetus as they are involved in the growth and 

maturation of many organ systems. In particular, their alteration affects the development 

of many brain regions that have a role in stress regulation, including the HPA axis. 

DNA methylation may have the potential to be involved in the in utero programming 

effects seen as a result of exposure to maternal stress. Childhood adversities and 

psychiatric disorders such as depression, anxiety and post-traumatic stress disorder 

(PTSD) (Klengel et al., 2014) have been associated with different patterns of DNA 
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methylation. Candidate-gene studies attempting to understand stress-dependent 

developmental programming in the second generation have mainly focused on 

methylation of stress-regulatory genes, such as the glucocorticoid receptor gene 

(NR3C1). For example, prenatal maternal mood and intimate partner violence (IPV) 

(Radtke et al., 2011) have been associated with changes in NR3C1 methylation, and 

HPA stress reactivity in prenatally stressed babies has been associated with increased 

methylation of NR3C1 (Oberlander et al., 2008). Furthermore, following prenatal stress, 

differential methylation is seen on FKBP5, which encodes a co-chaperone to the 

glucocorticoid receptor and is suggested to plays a role in the development of PTSD 

(Kertes et al., 2016). Even though early life stress has long term effects on DNA 

methylation, epigenetic modifications may, to some extent, be reversed later in life, 

either by environmental manipulations or pharmacological interventions (Turecki, Ota, 

Belangero, Jackowski, & Kaufman, 2014). 

Despite increasing evidence in rodent studies of the effect of prenatal stress on the 

offspring’s DNA methylation, the existing evidence in humans relies on investigations 

of mother-child dyads. Recently, a multigenerational study in humans showed changes 

in grandchild DNA methylation following environmental lead exposure of their 

pregnant grandmothers (Sen et al., 2015). In the present study, we intend to build on 

this literature by examining the impact of psychological stress during pregnancy using 

a multigenerational design (Figure 4.1A). It must be emphasized that this is not a 

transgenerational study, since the first generation (G1) interacts not only with the fetal 

offspring (first generation offspring, G2) but also with the germ cells developing within 

those offspring, which mature into the sperm and eggs that give rise to the 

grandchildren (second generation offspring, G3).  

By investigating the genome-wide DNA methylation profiles of children whose mothers 

were exposed to IPV during pregnancy, we previously reported that this type of prenatal 

stress was associated with methylation of CpG sites in, for example, NR3C1 and 

FKBP5 of the first generation offspring (see Chapter 3). In the current study, we aimed 

to investigate to what extent grandmaternal stress during pregnancy was associated with 

genome-wide methylation changes in the third generation (G3) (Figure 4.1B).  
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Figure 4.1: Illustration of the study design. (A) G1 represents the maternal 
grandmother, G2 the developing fetus, and G3 the germ cells (future grandchild). (B) 
Flow diagram of the design of the study indicating the psychosocial data and the 
biological data. Interviews of 121 maternal grandmothers were conducted about 
violence exposure during pregnancy. Saliva samples were collected from their 
grandsons/granddaughters. 

4.3 Material and methods 

4.3.1 Participants  

In a cross-sectional study design, a convenience sample of 121 teenage youth (M age = 

13.63 years, SD = 2.48, age range = 8–18 years; 65 females) and their maternal 

grandmothers (N = 121, M age = 64.12 years, SD = 8.19, age range = 46–88 years) 

participated in the study. This investigation was conducted in the context of a larger 

study (see chapter 3 of this thesis) dealing with the impact across generations of early 

exposure to violence on families living in the city of São Gonçalo, Rio de Janeiro, 

Brazil. São Gonçalo’s population is reported to have high income inequality, lower than 

average schooling, and a lower than average per capita income. The city was chosen 

due to its high levels of domestic and community violence (Assis et al., 2009). 

Recruitment and data collection took place in collaboration with the program 
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“Estratégia da Saúde da Família” (Family Health Strategy). Children aged from 8–18 

years were included in the study. Only families with complete information on 

grandmaternal stress during pregnancy and sufficient genotyping quality were included. 

Family biological relationships were validated using analysis of Mendelian 

incompatibilities. The study received approval from the Ethics Committee of the 

University of Konstanz (DE) and the National Commission for Ethics in Research (BR). 

We obtained written informed consent from the adult participants, as well as written 

informed consent from parents and written assent from the children. 

4.3.2 Procedure 

Participants were interviewed individually by trained interviewers in their home setting. 

Demographic information was collected, including the participant’s age and sex. The 

measures of grandmaternal exposure to violence during pregnancy were conducted 

three times, separately focusing on the periods before, during and after pregnancy.  

4.3.3 Measures 

Interpersonal violence during pregnancy   

The Composite Abuse Scale (CAS) (Hegarty et al., 2005) was used to measure 

grandmaternal exposure to IPV. It consisted of 30 items, which are scaled from a 

frequency of zero (never) to five (daily). A score equal to or higher than three was used 

as the criterion for exposure to IPV (Hegarty et al., 2005). A Cronbach’s alpha of 0.90 

suggested excellent internal consistency. To assess grandmaternal exposure to 

community and domestic violence (CDV) we applied “Things I have seen and heard” 

(Richters & Martinez, 1990). This instrument has 20 items and an additional 6 that 

measure exposure to CDV. Items are presented in a 5-point format ranking from zero 

(never) to four (many times). Higher scores reflect higher exposure to violence. The 

scores’ frequencies were divided into high exposure (third quartile), and low exposure, 

or no exposure. Cronbach’s alpha was 0.83.  

Stress-related disorders and behavioral problems   

PTSD symptom severity was measured using the University of California at Los 

Angeles Post-traumatic Stress Disorder Reaction Index for DSM-IV-UCLA (Steinberg, 
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Brymer, Decker, & Pynoos, 2004) (Cronbach’s α = 0.88, possible range 0–88). 

Depression symptom severity was assessed with the Patient Health Questionnaire PHQ-

9 (Richardson et al., 2010) (Cronbach’s α = 0.80, possible range 0–27). Internalizing 

and externalizing problems were assessed with the Strengths and Difficulties 

Questionnaire SDQ, which contains five subscales (conduct problems, hyperactivity, 

emotional symptoms, peer problems, and prosocial behavior) (A. Goodman et al., 2010; 

R. Goodman et al., 1998). The total score was created by summing all 25 items, except 

the five items related to prosocial behavior (Cronbach’s α = 0.70, possible range 0–40). 

Internalizing problems is a combination of emotional symptoms + peer problems, and 

externalizing problems is a combination of conduct problems + hyperactivity. We 

focused on these two broad subscales as they are suggested to use when interviewing 

non-clinical populations (A. Goodman et al., 2010).  

DNA methylation 

Saliva samples (2 ml) for DNA methylation analysis were collected using a non-

invasive tool, the Oragene•Discover (OGR-500) Collection Kit (DNA  

Genotek; Ontario, Canada). Genome-wide DNA methylation profiling was performed 

using the Infinium HumanMethylation450 BeadChip Kit and arrays by the Queen Mary 

University of London Genome Center, according to standard protocols. The 

preprocessing of the samples, quality control, quantile normalization, and probe filtering 

were done using the Minfi R package (Aryee et al., 2014). Probes were excluded if they 

had previously been shown to harbor SNPs and/or map to sex chromosomes, or cross-

hybridize with other genomic locations (Y. Chen et al., 2013). The analysis was done 

using logit-transformed beta values (M-values). 

4.3.4 Statistical Analysis 

All analyses were conducted using R 3.2.1. To investigate to what extent prenatal stress 

impacts DNA methylation of the second-generation offspring, we performed a genome-

wide methylation analysis. Linear regressions were used to identify CpG sites that were 

differentially methylated in association with G1 exposure to IPV and CDV during 

pregnancy using the Limma R package (Ritchie et al., 2015). To control for the possible 

confounding effects of sex and age, both were included in the model. We used 
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correction of the false discovery rate (FDR) and categorized associated loci into either 

the high-confidence group as above (5% or less FDR) or a medium-confidence group 

(25% or less FDR) as used earlier (Lam et al., 2012). An IPV/CAS score greater than 

three was used to represent true IPV exposure and was the cut off for generating IPV+ 

and IPV- groups (Hegarty et al., 2005). The CDV exposure was divided in two groups 

using the third quartile as the cutoff: CDV- (low or none exposure) and CDV+ (high 

exposure). Correlation analysis was performed to further study the relationship between 

epigenetic and psychological variables. 

4.4 Results 

4.4.1 Demographics, grandmaternal stress, and grandchild outcomes 

In our study, 98% of the grandmothers reported being exposed to at least one event of 

community and domestic violence (CDV) during their life. In total, 26% (n = 31) of the 

grandmothers were exposed to high levels of CDV during their lifetime and 22% (n = 

27) CDV during the pregnancy of interest. Regarding IPV, 20% (n = 24) experienced 

IPV during pregnancy and 44% (n = 53) during their lifetime. Only 7% (n = 9) of the 

grandmothers reported having experienced both CDV and IPV during pregnancy. 

Participants’ age and sex divided by group of grandmaternal exposure to violence and 

no exposure to violence during pregnancy is shown in Table 4.1.  
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4.4.2 Genome-wide methylation analysis in the grandchildren 

Genome-wide methylation analysis revealed five CpG sites significantly (FDR < 0.05) 

associated with grandmaternal exposure to violence during pregnancy and an additional 

list of 22 CpG sites significantly associated (FDR < 0.25), according to the criteria of 

medium-confidence (Lam et al., 2012) as shown in Table 4.2.  

Table 4.2: CpG sites differentially methylated associated with grandmaternal stress 
during pregnancy.  

Pregnancy 

stress 
CpG chr logFC rawP adjP Gene 

cdv cg23275840 chr4 -0.302931 8.12E-08 < 0.05 CORIN 

cdv cg21212505 chr7 0.326937 1.63E-07 < 0.05 CFTR 

cdv cg24478129 chr1 -0.881268 3.29E-07 < 0.05 SMYD3 

cdv cg05385163 chr9 -0.169529 6.09E-07 < 0.05 BARX1 

cdv cg26684363 chr7 0.224454 8.10E-07 < 0.05 - 

cdv cg14650005 chr6 -0.408761 2.64E-06 < 0.25 AMD1 

ipv cg16691714 chr14 0.230808 5.83E-07 < 0.25 - 

ipv cg19090128 chr3 -0.248764 1.17E-06 < 0.25 MYLK 

cdv cg26143525 chr16 -0.322108 4.99E-06 < 0.25 - 

cdv cg24667758 chr18 0.196076 6.00E-06 < 0.25 LOC728606 

cdv cg03932361 chr17 -0.263506 8.21E-06 < 0.25 RAB37 

cdv cg23706268 chr13 -0.280240 8.49E-06 < 0.25 RNASEH2B 

ipv cg01992590 chr17 0.295553 3.24E-06 < 0.25 COL1A1 

ipv cg00299943 chr22 -0.226534 3.91E-06 < 0.25 L3MBTL2 

cdv cg18878134 chr19 0.356513 1.10E-05 < 0.25 LTBP4 

cdv cg07675477 chr14 0.191097 1.32E-05 < 0.25 BCL11B 

cdv cg12354056 chr3 0.206082 1.34E-05 < 0.25 - 

cdv cg20178075 chr11 0.174446 1.49E-05 < 0.25 HTR3A 

cdv cg13897145 chr3 0.170141 1.72E-05 < 0.25 GRAMD1C 

cdv cg22821834 chr14 -0.125690 2.10E-05 < 0.25 GPR135 

     continued… 
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Table 4.2: CpG sites differentially methylated associated with grandmaternal stress 
during pregnancy. 
Pregnancy 

stress 
CpG chr logFC rawP adjP Gene 

cdv cg26308530 chr17 0.161325 2.18E-05 < 0.25 AXIN2 

cdv cg12246527 chr15 0.171272 2.37E-05 < 0.25 MAP2K5 

cdv cg14501407 chr3 -0.159622 2.47E-05 < 0.25 FAM162A 

cdv cg12901215 chr20 -0.149995 2.61E-05 < 0.25 KIF3B 

cdv cg05603367 chr2 -0.223529 3.10E-05 < 0.25 - 

cdv cg18073115 chr21 0.196863 3.37E-05 < 0.25 - 

cdv cg03031773 chr17 0.148602 3.40E-05 < 0.25 ATP5G1 

Note: Linear models were used to examine association between grandmaternal exposure 
to stress during pregnancy and differential DNA methylation in their grandchildren. List 
of significantly associated CpG sites (FDR < 0.05) after correcting for whole-genome 
testing. Abbreviations: IPV = intimate partner violence during pregnancy, CDV = 
community and domestic violence during pregnancy, CpG = CpG identification 
according Illumina ID, chr = chromosome within the probe is located, logFC = log 2 
fold change, negative and positive values indicate the direction of methylation, rawP = p 
value based on the genome-wide analysis, adjP = genome-wide statistical significance 
after corrected for multiple testing using the Benjamini-Hochberg procedure, Gene = 
associated gene of each CpG probe according the UCSC genome browser (Kent et al., 
2002). The spaces with a dash represent no genes associate according the UCSC 
genome browser. 

We observed that grandmaternal exposure to CDV during pregnancy was significantly 

associated at higher confidence (FDR < 0.05) with decreased methylation at the CpG 

sites within CORIN (logFC = −0.30, p = 8.12E-08), SMYD3 (logFC = −0.88, p = 3.29E-

07), and BARX1 (logFC= −0.17, p = 6.09E-07), as well as increased methylation at the 

CpG sites within CFTR (logFC = 0.32, p = 1.63E-07) and CpG cg26684363 (logFC = 

0.22, p = 8.10E-07), which had no gene associated, according the UCSC genome 

browser (Kent et al., 2002) (Figure 4.2).   
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Figure 4.2: Volcano plot of CpG sites significantly associated with grandmaternal 
exposure to violence during pregnancy. Volcano plot for genome-wide DNA 
methylation analysis associated with grandmaternal exposure to CDV during 
pregnancy using a linear regression (limma R package). Each point represents a CpG 
site. The red dots are significant CpG sites after correction for multiple comparisons in 
the whole genome with high confidence (FDR <0.05), and the orange dots are CpG 
sites with medium confidence (FDR < 0.25). 

To further investigate the biological processes involved in the differentially methylated 

CpG sites associated with grandmaternal exposure to CDV, we performed enrichment 

analysis using the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt; 

http://www.webgestalt.org/) (Wang et al., 2013). As input data, we used the genes from 

the high-confidence group above (FDR < 0.05) from the genome-wide methylation 

analysis (n = 4, significant probes overlapping with genes, Table 4.2). After correction 

for multiple testing using the Benjamini-Hochberg method (FDR < 0.05), the analysis 

revealed an enriched association for genes involved in blood circulation and circulatory 

system processes. Using the same WEB-based Gene SeT AnaLysis Toolkit, disease 

analysis revealed that the genes CFTR and BARX1 are associated with congenital 

abnormalities (FDR < 0.05).  
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To explore the association of DNA methylation of the top four CpG probes associated 

with grandmaternal stress during pregnancy (Table 4.2, FDR < 0.05) with mental health 

variables (depression, PTSD, internalizing and externalizing problems), Pearson’s 

correlations were performed. The analysis reveals that CFTR methylation was 

significantly correlated with depression (r (121), = 0.21, p < 0.05) and PTSD (r (121), = 

0.20, p < 0.05) (Table 4.3). None of the mental health variables were correlated with 

grandmaternal exposure to CDV during pregnancy. 

Table 4.3: Pearson correlations of children DNA methylation with mental health 
variables. 

 

Depression a PTSD b 

Internalizing 

problems c 

Externalizing 

problems c 

r r r r 

CORIN  0.11  0.14 -0.02 -0.03 

CFTR    0.21*    0.20* 0  0.06 

SMYD3  0.10  0.01  0.02 -0.03 

BARX1  0.09 0 -0.16 -0.09 

CDV during pregnancy -0.10 -0.07 -0.07 -0.01 

Note: r = Pearson correlations,, *p < .05. **p < .01. ***p < .001, CDV = community 
and domestic violence during grandmaternal pregnancy, a = Patient-Health-
Questionnaire - 9 (Richardson, 2010), b = University of California at Los Angeles Post-
traumatic Stress Disorder Reaction Index for DSM- IV (Steinberg et al, 2004), c = 
Strength and Difficult Questionnaire (R. Goodman et al., 1998). 

4.5 Discussion 

The goal of this study was to examine the multigenerational epigenetic effects of 

psychosocial stress. Our results show that grandmaternal exposure to interpersonal 

violence during pregnancy is associated with 28 differentially methylated CpG sites in 

the children that map to unique 22 annotated genes. Within the CpG sites associated 

with grandmaternal prenatal stress, five had a high-confidence significance (FDR < 

0.05). Enrichment analysis revealed that these genes are involved in blood circulation 

and circulatory system processes. Associations with congenital abnormalities have also 

been found.  
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The most significant genes (high-confidence group) with differential methylation due to 

grandmaternal stress during pregnancy were: CFTR, CORIN, BARX1, and SMYD3. 

Methylation of CFTR (cystic fibrosis transmembrane conductance regulator) was 

previously associated with adolescents from institutions for orphaned or abandoned 

children with a history of adversities (Esposito et al., 2016). The CFTR gene is also 

known to be genetically and epigenetically associated with several cancers (Son et al., 

2011). Prior studies have been shown that dysregulation of CFTR impacts the release of 

vitamin D what might be linked with depression symptoms (Hall, Sparks, & Aris, 2010; 

Hoang et al., 2011; Zhang & Naughton, 2010). CORIN (corin, serine peptidase) is 

associated with blood pressure regulation and preeclampsia and is essential for 

physiological changes at the maternal-fetal interface (Cui et al., 2012). Animal studies 

have shown that this gene plays an important role in preventing high blood pressure 

during pregnancy (Zhou & Wu, 2014). Dysregulation of CORIN expression has been 

implicated in cardiovascular diseases such as heart failure and hypertension 

(Langenickel et al., 2004; Wu, 2006). CORIN was pointed to as a possible methylation-

based marker gene involved in pregnancy-associated diseases (Oudejans & Van Dijk, 

2013; Sato et al., 2016). BARX1 (BARX homeobox 1) is involved in embryonic 

development and plays a role in craniofacial development, odontogenesis, and stomach 

organogenesis (Alappat, Zhang, & Chen, 2003; Tucker & Sharpe, 2004). Since these 

genes are associated with blood circulation and circulatory system processes, future 

studies integrating clinical characteristics might shed light on whether these alterations 

contribute to ill-health outcomes.  

Despite the occurrence of epigenetic reprogramming in mammals, i.e. most epigenetic 

marks are erased during germ cell development and in the early zygote, it is becoming 

clear that epigenetic profiles in some genes can be maintained (Gapp et al., 2014). 

Therefore, our results support that some epigenetic profiles can persist across 

generations.  

Stress is a strong predictor of mental health problems (Elbert & Schauer, 2002; Pietrek, 

Elbert, Weierstall, Müller, & Rockstroh, 2013). The causes and exact mechanisms 

underlying mental disorders are poorly understood. However increasing evidence 

suggests that they might be affected by stress in previous generations, and the 
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involvement of epigenetic alterations has been suggested (Babenko et al., 2015; 

Franklin et al., 2010). We did not find any correlation between current mental health 

problems in the children and events during grandmaternal pregnancy. However there 

was a significant association of methylation in the CFTR gene with depression and 

PTSD symptoms in the children. Little is known about the role of CFTR in mental 

health problems. Prior studies have been shown that dysregulation of CFTR impacts the 

release of vitamin D and might be implicated in depression (Hall et al., 2010; Hoang et 

al., 2011; Zhang & Naughton, 2010). In patients with cystic fibrosis, a condition caused 

by a genetic abnormality in the CFTR, a link between insufficiency of vitamin D and 

depression symptoms was demonstrated (B. A. Smith, Cogswell, & Garcia, 2014). 

Future studies investigating the relation of mental health and CFTR methylation are 

needed to better characterize the pathways involved in depression and PTSD, as well as 

the possible role of CFTR in the development of these symptoms. Our cross sectional 

design does not allow establishing causality between grandmaternal stress and mental 

health outcomes in the grandchildren. Psychiatric disorders and behavioral problems are 

complex traits and unlikely to be determined by methylation of one specific gene. 

Phenotypic consequences associated with grandmaternal prenatal stress-dependent 

methylation, such as stress reactivity, brain function, and behavior, remains to be 

explored in future studies. 

In our previous study, we found that maternal exposure to interpersonal violence during 

pregnancy was associated with methylation of different genes involved in 

developmental processes and stress regulation in the children (see chapter 3 of this 

thesis). In our data, there is no overlap between the differentially methylated CpG sites 

associated with grandmaternal and maternal prenatal stress. Thus, grandmaternal stress 

and maternal stress during pregnancy might affect different mechanisms and influence 

different outcomes.  

To the best of our knowledge, this is the first investigation in humans of the impact of 

grandmaternal exposure to psychosocial stress during pregnancy on child DNA 

methylation. Our data suggest that grandmaternal psychosocial experiences can be 

translated into DNA methylation changes in the grandchildren. A replication will be 

needed if these results are to be applied to larger populations. In our study, we did not 



Grandmaternal prenatal stress and DNA methylation 

 61 

account for different timescales during pregnancy. The timing of exposure to the 

stressors has already been highlighted to account for individual differences in 

methylation profiles (Tobi et al., 2009). Another limitation in our study is reliance on 

retrospective information on pregnancy reported by the grandmothers, which is likely to 

reduce effects rather than produce them. In spite of this limitation, 22% of the women 

reported being exposed to CDV and 20% experienced IPV during pregnancy. 

The results highlight, on a molecular basis, the importance of maternal wellbeing during 

pregnancy for the children, which might even be reflected in DNA methylation of the 

third generation. While guidelines for proper nutrition or avoidance of toxin exposure, 

such as tobacco and alcohol, have been incorporated in the care routine of pregnant 

women, psychosocial risk factors have largely been neglected. Given that prenatal stress 

affects potentially the mother, child, and even the grandchild, pregnancy seems to be a 

critical period for screening and early mental health interventions. However, we do not 

know yet which epigenetic changes may be adaptive, preparing the offspring for 

adversities that they are likely to encounter in future development, and which changes 

pose risk factors for unfavorable development. Epigenetic modifications may be 

maladaptive if the expected environmental context is not met, or they may be adaptive, 

as plastic changes of the organism have been driven beyond the range of mental 

functioning.   
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5 Community and domestic violence is 

associated with DNA methylation of BNDF 

and CLPX 

5.1 Abstract 

Exposure to interpersonal violence is a risk factor for psychiatric disorders; however, 

the underlying molecular mechanisms are unclear. In the present study, we investigated 

the impact of community and domestic violence on the genome-wide methylation status 

of 287 individuals from three generations: maternal grandmother (n = 126, M age = 

64.70), mother (n = 125, M age = 38.63), and teenage youth (n = 124, M age = 13.67, 66 

females). Using the Infinium HumanMethylation450 BeadChip array, we detected 

differential decreased methylation in two CpG sites, BDNF_cg06260077 and 

CLPX_cg01908660, associated with lifetime exposure to community and domestic 

violence in the teenage youth generation. Furthermore, differential methylation of the 

BDNF gene was also observed throughout adulthood. Our results support the findings of 

the impact of interpersonal violence on mental health problems in women and youth. 

We provide evidence that interpersonal violence affects methylation of genes associated 

with stress. These findings contribute to the understanding of the molecular mechanisms 

underlying the consequences of lifetime exposure to violence. 

Keywords: Community violence - Epigenetics – Interpersonal violence - DNA 

methylation  

5.1.1 Introduction 

Violence is a public health problem worldwide (Krug et al., 2002). A quarter of adults 

report having been physically abused, and one in five women report being sexually 

abused during childhood (Butchart et al., 2015). Growing up in a violent home or 

neighborhood not only impacts a child’s safety and physical health but increases the risk 
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for psychopathology (Margolin & Gordis, 2000). Chronic exposure to community 

violence (e.g. crime-related events, use of weapons, and physical aggression) and family 

violence (e.g. parental interpersonal violence) predicts the development of post-

traumatic stress disorder (PTSD), depression, anxiety, and behavioral problems (Elbert 

& Schauer, 2002; Fitzpatrick & Boldizar, 1993; Fowler, Tompsett, Braciszewski, 

Jacques-Tiura, & Baltes, 2009; Gorman–Smith & Tolan, 1998; Hecker, Fetz, Ainamani, 

& Elbert, 2015; White, Bruce, Farrell, & Kliewer, 1998). Understanding to what extent 

interpersonal violence affects the stress response is fundamental in establishing the 

biological pathways that leads to stress-related disorders after chronic exposure to 

violence. 

A history of childhood adversities is associated with smaller prefrontal cortex and 

hippocampus (Teicher, Anderson, & Polcari, 2012; Teicher & Samson, 2016), 

shortened telomeres (Shalev et al., 2013), greater activation of the HPA axis (Miller, 

Chen, & Zhou, 2007), and elevated inflammation (Kiecolt-Glaser et al., 2003). In 

addition to increasing literature concerning the molecular consequences of childhood 

adversities, recent studies have identified epigenetic mechanisms involved in the 

biological embedding of early life experiences (Hecker et al., 2016; Klengel et al., 2013; 

Mehta et al., 2013; Radtke et al., 2015; Romens et al., 2015). Epigenetic studies of early 

stress in humans have focused mainly on one particular type of epigenetic control: 

cytosine-5 methylation within CpG dinucleotides, broadly referred to as DNA 

methylation. Alterations in DNA methylation of different genes, especially those 

involved in the HPA axis, have been linked with early stress (Monk et al., 2012; 

Oberlander et al., 2008; Serpeloni et al., 2016), as well as stress-related disorders 

(Melas & Forsell, 2015; Romens et al., 2015; Yehuda et al., 2015). Although early 

stress has been associated with DNA methylation, little is known about whether lifetime 

exposure to chronic stress, such as community and domestic violence, is associated with 

changes in DNA methylation and whether those alterations can persist throughout 

adulthood. 

In the present study, we investigated the impact of violence on genome-wide 

methylation status in teenage youth living in a region with high levels of community 

and domestic violence. We also investigated whether differentially methylated sites 
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identified in the teenage youth persisted through adulthood by examining the mothers 

and grandmothers. We hypothesized that individuals exposed to community and 

domestic violence report more emotional and behavioral problems and differential DNA 

methylation. Determining the epigenetic modification that may be induced from 

repeated exposure to violence contributes to the understanding of the influence of 

chronic stress on the development of psychopathology. 

5.2 Material and methods 

5.2.1 Participants  

The current study is part of a larger research project about the impact of early exposure 

to violence across generations. In the present investigation, we report data from: 124 

teenage youth (M age = 13.67 years, SD = 2.51, age range = 8–19 years; 66 females), 

125 mothers (M age = 38.63 years, SD = 6.26, age range = 25–51 years) and 126 

grandmothers (M age = 64.70 years, SD = 8.17, age range = 46–88 years). Participants’ 

characteristics are shown in Table 5.1. Family biological relationships were validated 

and detailed information concerning methodology has been previously described (see 

Chapter 3). Samples that were contaminated, had insufficient genotyping quality, or had 

problems during bisulfite conversion were excluded. The study received approval from 

the Ethics Committee of the University of Konstanz (DE) and the National Commission 

for Ethics in Research (BR). We obtained written informed consent from the adult 

participants, as well as written informed consent from parents and written assent from 

the youth. 
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5.2.2 Measures 

The interviews were done individually at the participants’ house. The beginning of the 

interview consisted of collecting sociodemographic information, including date of birth, 

years of education, and family income. The following measures were used:  

Community and domestic violence 

Exposure to community and domestic violence (CDV) was assessed using the survey, 

“Things I have seen and heard” (Richters & Martinez, 1990). This scale measures types 

of violence both witnessed and directly experienced at home and in the community. 

Two questions were modified in the adult version: “Grownups were nice to me during 

childhood” and “Heard adults yelling at each other during childhood”. Of the original 

20 items, six items were added asking about direct exposure to events, based on the 

questions of witnessing an event (e.g. “Somebody threatened to shoot me” or 

“Somebody threatened to stab me”). This modification resulted in 26 items. Within the 

items, four are specifically about violence exposure in the home setting and two more 

about weapons and drugs in the home. Items are reported in a 5-point Likert scale 

ranging from zero (never) to four (many times). A total score reflecting overall 

exposure to violence was calculated by summing across all items assessing exposure to 

violence. Four items not directly assessing violence were omitted from this score (“I 

feel safe at home”, “I feel safe at school/work”, “Grownups are nice to me/Grownups 

were nice to me during childhood”, and “I feel safe in the neighborhood”). The score 

was generated by summing all the items and ranges from zero to 88. The sum scores 

were z-standardized separately for each generation.  

Traumatic events 

Lifetime exposure to potentially traumatizing events of the teenage youth was measured 

using the University of California at Los Angeles PTSD Index for DSM-IV (Steinberg, 

Brymer, Decker, & Pynoos, 2004). The UCLA event checklist is a structured interview 

with 13 dichotomous (yes/no) items, measuring witnessed or self-experienced forms of 

traumatic events (e.g. serious accident, natural disasters, or sexual abuse). A trauma 

lifetime score was calculated by summing up all the items answered “yes”. The possible 

score ranges from zero to 13. Potentially traumatizing events in adults were assessed 
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using a 17 trauma-related-event checklist (e.g. natural catastrophes, physical and sexual 

assault). This questionnaire is an adapted version of a checklist developed by Neuner et 

al. (2004), which had previously shown high test-retest reliability and statistically 

significant accordance with the event list of the Composite International Diagnostics 

Interview (Ertl et al., 2010). The checklist has been successfully used in a number of 

other studies (Hermenau, Hecker, Schaal, Maedl, & Elbert, 2013). Items are reported on 

a scale ranging from zero (never) to four (many times). The possible scores range from 

zero to 68. The lifetime exposure to traumatic events sum scores were z-standardized 

separately for each generation.  

Mental Health 

PTSD symptom severity in the youth generation was measured using the University of 

California at Los Angeles PTSD Index for DSM-IV (Steinberg, Brymer, Decker, & 

Pynoos, 2004). For each DSM-IV symptom, the frequency of occurrence in the last 

month was computed. PTSD symptom severity ranges from zero to 88. In our sample, 

Cronbach’s α was 0.88. For the adults, PTSD symptom severity in the past month was 

assessed using the Post-Traumatic Stress Diagnostic Scale (PDS), which ranges from 

zero to 51 (Foa, 1995). In the current sample, Cronbach’s α was 0.87 for the mothers 

and 0.86 for the grandmaternal generation. Depression symptom severity was assessed 

with the Patient Health Questionnaire PHQ-9 (Richardson et al., 2010). The PHQ-9 

total score for the nine items ranges from zero to 27. Cronbach’s α was 0.80, 0.85, and 

0.78 for child, mother, and grandmother respectively. Anxiety symptom severity for 

adults was assessed with the Generalized Anxiety Disorder GAD-7 (Spitzer, Kroenke, 

Williams, & Löwe, 2006). The GAD-7 total score for the seven items ranges from 0 to 

21. Cronbach’s α for the mothers was 0.81 and the grandmothers 0.83. Behavioral 

problems of the youth generation was assessed with the Strengths and Difficulties 

Questionnaire SDQ (R. Goodman et al., 1998) in an interview form. The total score was 

created by summing all 25 items, except the five items related to prosocial behavior, 

and ranged from 0 to 40. In the present study, Cronbach’s α was 0.70. 

DNA methylation 

DNA-methylation profiling was performed using the Infinium HumanMethylation450 

BeadChip Kit and arrays by the Queen Mary University of London Genome Center, 
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according to standard protocols. Saliva samples (2 ml) for DNA methylation analysis 

were collected using the Oragene•Discover (OGR-500) Collection Kit (DNA Genotek; 

Ontario, Canada). The preprocessing of the samples and quality control were previously 

described in detail in the chapter 3. Quality control and probe filtering (X- or Y-

chromosome, cross-hybridizing with other genomic locations, and single nucleotide 

polymorphism) were performed (Y. Chen et al., 2013). 

5.2.3 Statistical analysis 

Genome-wide DNA methylation profile 

To investigate to what extent CDV impact genome-wide DNA methylation profiles, we 

performed linear regressions using the Limma R package (Ritchie et al., 2015). The 

results were adjusted for multiple testing using the Benjamini-Hochberg method to 

control for the false discovery rate (FDR). For the methylation values, logit-transformed 

beta values (M-values) were used as recommended (Du et al., 2010). Exposure to 

traumatic events was included as a covariate in the model to account for possible 

influences. To control for the possible confounding effects of sex and age, both were 

added as covariates for the youth generation, and age was added later for the maternal 

and grandmaternal generation. Then, linear regression models were created to examine 

whether the significant association of probes related to lifetime CDV in the youth 

generation could also be observed during adulthood in the maternal and grandmaternal 

generation. To account for possible family effects, a split-plot ANOVA was used 

nesting each generation within the family. 

5.3 Results 

Lifetime exposure to CDV was significantly positively correlated with all mental health 

variables in the three generations (Table 5.1). In order to investigate to what extent 

CDV impacts DNA methylation in the youth generation, we performed a genome-wide 

analysis. Two CpG sites were significantly (FDR < 0.05) associated with lifetime 

exposure to CDV (Table 5.2, Figure 5.1), after corrections for multiple comparisons. 

Significant differential methylation status was detected in decreased methylation of 

CLPX_cg01908660 (logFC = −0.372, p = 1.38E-07) and BDNF_cg06260077 (logFC 
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−0.454, p = 3.71E-07).  

Table 5.2: Results of the genome-wide methylation analysis. 
CpG chr logFC p Adj.p Gene 

cg01908660 chr15 -0.3726898 1.38E-07 < .05 CLPX 

cg06260077 chr11 -0.4544887 3.71E-07 < .05 BDNF 

Note: Two significant CpG sites associated with lifetime CDV (FDR < 0.05) in the 
teenage youth. Genome-wide methylation analysis was performed to assess the 
association of CDV with differential methylation status. CpG = CpG identification 
according to Illumina ID; chr = chromosome where probe is located; logFC = log2 fold 
change, negative and positive values indicate the direction of methylation; p = p value 
based on the genome-wide methylation analysis; Adj.p = adjusted p value corrected for 
false discovery rate (FDR) using Benjamini-Hochberg; Gene = associated gene of each 
CpG probe. 

 

Figure 5.1: Volcano plot of CpG sites significantly associated with lifetime CDV in the 
children. Volcano plot of the results from the genome-wide methylation analysis using a 
linear regression (limma R package). The two CpG sites shown in red are noticeably 
differentially methylated. CLPX_cg01908660 (FDR < 0.05) and BDNF_cg06260077 
(FDR < 0.05) were significantly associated with youth lifetime exposure to CDV after 
correction for multiple comparisons.  

We then investigated whether methylation patterns associated with CDV in the youth 



Lifetime stress and DNA methylation 

 70 

generation could also be observed in the adult generation. The two CpG probes 

significantly associated with CDV were used as candidate CpG sites. Linear regressions 

were performed, controlled by age. Increased lifetime exposure to CDV was associated 

with decreased DNA methylation of BDNF_cg06260077 in the maternal (ß = −0.15, p < 

0.01) but not in the grandmaternal generation (ß = 0.002, p = 0.72). There was no direct 

association of BDNF and CLPX methylation with psychopathology (Table 5.3). 

BDNF_cg06260077 methylation of the youth and maternal generation was not 

significantly correlated (r = −0.09, p = 0.34). The lack of correlation between maternal 

and offspring methylation levels at this CpG site suggests the absence of maternally 

heritable variation. In addition, no significant interaction effect was found between 

family and DCV (F (2, 106) = 1.106, MSE = 0.004, p = 0.29). Based on these results, 

we can conclude that methylation levels of BDNF after exposure to lifetime DCV does 

not change depending on the family. However, heritability per se was not investigated 

because trait measurement was not available at the same generation (CDV was 

measured at different ages in each generation).  

Table 5.3: Spearman correlations of BDNF and CLPX with CDV, PTSD, depression, 
anxiety and behavioral problems per generation 

Generation  Stress and 
Psychopathology 

BDNF CLPX 
rho rho 

Youth 

CDVa -0.24** -0.23** 
PTSDb -0.04 -0.14 
Depressionc -0.03 -0.04 
Behavioral Problems d -0.04 0 

    

Mother 

CDVa -0.18* 0.10 
PTSDe -0.11 -0.08 
Depressionc -0.03 -0.05 
Anxietyf -0.14 -0.06 

   
Grandmother 

CDVa 0.04 0.04 
PTSDe 0.04 -0.06 
Depressionc 0.03 -0.03  
Anxietyf 0.07 -0.03 

Note: rho = Spearman correlations, CDV = Community and Domestic Violence, PTSD 
= Posttraumatic stress disorder, *p < .05. **p < .01. ***p < .001, a = Things I have seen 
and heard (Richters & Martinez, 1990), b = University of California at Los Angeles 
Post-traumatic Stress Disorder Reaction Index for DSM-IV (Steinberg et al, 2004), c = 
Posttraumatic stress diagnostics scale (Foa, 1995), d = Patient-Health-Questionnaire - 9 
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(Richardson, 2010), e = Strength and Difficult Questionnaire (R. Goodman et al., 1998), 
f = Generalized Anxiety Disorder - 7 (Spitzer et al.,  2006). 

5.4 Discussion 

In order to investigate molecular mechanisms involved in the impact of violence 

exposure, we examined the association of lifetime exposure to CDV by measuring 

whole genome DNA methylation. Our data revealed that CDV was associated with 

decreased methylation of probes located in two protein coding genes BDNF (brain-

derived neurotrophic factor) and CLPX (caseinolytic mitochondrial matrix peptidase 

chaperone subunit). Furthermore, we found that differential methylation of BDNF was 

also associated with CDV exposure in the mothers’ generation. 

Our data observed differential methylation at the BDNF gene in teenage youth and 

throughout adulthood. The results align with previous reports that have shown the 

impact of chronic stress on BDNF expression (Arendt et al., 2012; Nikulina, Lacagnina, 

Fanous, Wang, & Hammer, 2012). Stress promotes changes in BDNF expression, which 

is involved in the physiological effects of stress in the hippocampus (Duman & 

Monteggia, 2006; M. A. Smith, Makino, Kvetnansky, & Post, 1995). Indeed, BDNF 

protein levels are a key mediator of brain plasticity and can modulate learning and 

memory in response to stress (Gray, Milner, & McEwen, 2013). Therefore, disruption 

of BNDF expression during sensitive periods in development can have deleterious 

effects on neural development and functioning and may contribute to psychopathology 

and resilience (Bath, Schilit, & Lee, 2013). Reduced levels of serum BDNF is linked 

with hippocampal shrinkage and memory decline in adulthood (Erickson et al., 2010; 

Komulainen et al., 2008). Therefore chronic stress might contribute to cognitive deficits 

such as learning and memory impairment (Calabrese, Guidotti, Racagni, & Riva, 2013; 

Sterlemann et al., 2010).  

Studies in animal models have shown that the impact of chronic stress on BDNF 

regulation in the hippocampus might occur through epigenetic modifications (Tsankova 

et al., 2006). Epigenetic dysregulation within the human prefrontal cortex and 

hippocampus likely play a role in the etiology of mental illness (Mill et al., 2008). 

Differential methylation of BDNF was found in individuals with bipolar disorder, major 
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depression, and eating disorders (D'Addario et al., 2012; Fuchikami et al., 2011; Thaler 

et al., 2014). BNDF is a strong candidate pathway underlying stress-associated 

disorders (Bath et al., 2013) and its gene methylation has been suggested as a biomarker 

for early detection of psychopathology (Kundakovic et al., 2015). Despite tissue-

specific patterns, peripheral methylation of BDNF has been shown to predict changes in 

the brain tissues as well as behavioral vulnerability as a consequence of early-life 

adversity (Kundakovic et al., 2015; Stenz et al., 2015). Whether the methylation levels 

we observed in saliva are associated with epigenetic regulation and gene expression in 

the brain with functional implications remains to be investigated. 

We also observed the mitochondria-related gene CLPX associated with lifetime 

exposure to CDV. Mitochondria produce adenosine triphosphate (ATP), which is the 

main source of cell energy. Dysfunction of mitochondria has been associated with age-

related diseases (Jensen & Jasper, 2014; López-Otín, Blasco, Partridge, Serrano, & 

Kroemer, 2013). Furthermore, a growing body of research suggests that dysfunctional 

mitochondria may affect key cellular processes that contribute to the development of 

psychiatric disorders, such as depression, anxiety, schizophrenia, and bipolar disorder 

(Burroughs & French, 2007; Clay, Sillivan, & Konradi, 2011; A. Gardner et al., 2003; 

Karabatsiakis et al., 2014; Manji et al., 2012). CLPX, for example, was reported to be 

differentially expressed in the postmortem brain of individuals with bipolar disorder 

(Sun, Wang, Tseng, & Young, 2006). Our data suggest that differential methylation of 

BDNF and CLPX, as tested in saliva, might reflect experiences with lifetime 

interpersonal violence. 

In our sample, no direct significant correlation between stress-related disorders and 

methylation of BDNF and CLPX was found. This might be in part due to the non-

clinical population. Whether alterations in DNA methylation or to what extent 

differential DNA methylation results in stress-related disorders likely depends on a 

complex interaction of an individual’s genetics and their life-long environment. We 

observed a decrease in methylation associated with exposure to CDV. Usually, a 

decrease in methylation is associated with increased gene expression and protein 

production. However, the significance of the direction of methylation should be 

interpreted with caution as both increased and decreased BDNF expression have been 
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reported to be associated with stress (Arendt et al., 2012; Nikulina et al., 2012).  

Growing up in a violent environment has detrimental consequences on mental health. 

Our results support the impact of interpersonal violence on mental health problems in 

women and youth. Furthermore, it provides evidence that interpersonal violence affects 

the methylation of genes associated with stress regulation. These findings contribute to 

the understanding of the molecular mechanisms underlying the consequences of lifetime 

violence exposure. 
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6 General discussion 

Violence not only affects the individual’s physical health and safety but also increases 

their risk of developing psychiatric disorders (Catani et al., 2009; Martinez & Richters, 

1993; Teicher, Samson, Polcari, & McGreenery, 2006). Furthermore, experiencing 

violence during pregnancy may also impact the subsequent generations, resulting in an 

increased susceptibility to childhood and adulthood health problems (Entringer, 2013; 

Spyridou et al., 2014). Although the importance of the prenatal environment is well 

reported with regards to future physical, emotional and behavioral outcomes, little is 

known about the molecular mechanism involved in the long-term consequences of early 

stress across generations.  

The present thesis examined the impact of experiences of interpersonal violence during 

pregnancy on DNA methylation of the children and grandchildren. Lifetime exposure to 

community and domestic violence on DNA methylation was also investigated. In 

addition, associations of variations in DNA methylation and psychopathology were 

explored. Taking advantage of recent developments in microarray and sequencing 

technologies, I investigated the impact of chronic levels of interpersonal violence at the 

genome level. This approach allowed uncovering new signatures of prenatal and 

lifetime stress on novel genes as well as established candidates. The knowledge of DNA 

methylation status associated with prenatal stress contributes to advance the 

understanding of the molecular mechanisms underlying the impact of interpersonal 

violence and its multigenerational effects in the children and grandchildren. In addition 

the present thesis provides insight about the possible role of epigenetic variations on the 

developmental origins of health and disease throughout life.  

In the following sections, I will discuss the results of the studies presented in this thesis 

based on the main questions outlined in chapter 1 (Section 1.6) 
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6.1 Interpersonal violence and genome-wide methylation 

6.1.1 Prenatal maternal stress and DNA methylation of the offspring 

Epigenetic variations in response to early adversities in humans have only recently 

begun to receive attention. In the chapter 2 of this thesis, a review of human studies 

showed a growing number of evidences supporting the association of maternal 

experiences of stressful events during pregnancy and DNA methylation of the offspring 

(e.g. Cao-Lei et al., 2014; Devlin et al., 2010; Heijmans et al., 2008; Liu et al., 2012; 

Mulligan et al., 2012; Nemoda et al., 2015; Oberlander et al., 2008; Radtke et al., 2011; 

Tobi et al., 2009). Most of the studies investigating the impact of stress during 

pregnancy on DNA methylation of the offspring used a candidate-gene approach. 

Therefore, the extent of the genome that is associated with epigenetic modifications is 

still unknown. In chapter 3 of this thesis, using a genome-wide methylation approach, I 

focused on the impact of maternal exposure to interpersonal violence on DNA 

methylation of the offspring. Exposure to maternal prenatal stress was associated with 

25 differentially methylated CpG sites that map to 20 unique genes. The results 

included genes that were previously reported to be involved in stress regulation (e.g. 

NR3C1 and FKBP5) as well as novel genes, not frequently implicated in stress or 

psychiatric disorders. In terms of their biological function, these genes are involved in 

developmental processes including brain, endocrine and central nervous system 

development.  

In line with previous research (Oberlander et al., 2008; Palma-Gudiel et al., 2015; 

Perroud et al., 2011; Radtke et al., 2011), differential methylation of probes within 

NR3C1 and FKBP5 were found to be associated with prenatal maternal exposure to 

IPV. Differential methylation of both genes has been reported in association with 

psychiatric disorders (Conradt et al., 2013; Klengel et al., 2013; Klengel et al., 2014; 

Oberlander et al., 2008; Perroud et al., 2014). Maternal exposure to IPV during 

pregnancy was associated with decreasing of NR3C1 methylation and increasing of 

FKBP5 methylation in the offspring. Interestingly, the direction of changes in DNA 

methylation of these genes were opposite to those in studies reporting DNA methylation 

in association with childhood adversities (Klengel et al., 2013; Melas et al., 2013). 
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Furthermore, exploratory analysis revealed that methylation of both genes was 

associated with mental health disorders. It was found that increased methylation of 

NR3C1 and decreased methylation of FKBP5 were associated with externalizing 

problems and depression symptoms, respectively. Interestingly, the correlation direction 

of NR3C1 and FKBP5 methylation associated with externalizing problems and 

depression symptoms were the opposite when associated with prenatal maternal IPV.  

In accordance with a protective effect of prenatal stress in the present thesis, the 

direction in which these genes were methylated suggested that exposed children to 

maternal IPV during pregnancy would have higher availability of the glucocorticoid 

receptor, resulting in enhanced negative feedback of the hypothalamic pituitary adrenal 

(HPA) axis, and thus faster stress recovery than the children that were not exposed to 

maternal prenatal stress. This may explain why these children did not express 

psychiatric symptoms, despite having a mother exposed to IPV during pregnancy. 

Animal studies suggest that prenatal stress may sometimes have beneficial effects on 

the offspring depending on the postnatal environment (Bateson, Gluckman, & Hanson, 

2014). Although these adaptations are generally beneficial and helps adjust to a 

changing environment, it can also be maladaptive when there is a mismatch between 

characteristics of the early and subsequent environments (Daskalakis et al., 2012; Gapp 

et al., 2014; Provençal & Binder, 2015; Youngson & Whitelaw, 2008). One reason why 

evidence is lacking for protective effects of prenatal stress in humans may be the limited 

amount of studies targeting fetal exposures in environments with high prenatal and 

postnatal levels of stress, such as communities characterized by crime and violence. 

In sum, prenatal IPV exposure in the studied population revealed methylation statuses 

that have previously been associated with a lower levels of psychiatric symptoms than 

those of children not exposed to prenatal IPV. The findings suggest that prenatal stress 

represents a source of individual variation and might account as a protective factor 

against dysregulation of stress responses.  

6.1.2 Multigenerational impact of interpersonal violence 

As mentioned before, there is increasing evidence of the impact of prenatal stress on the 

offspring’s DNA methylation, and the current data in humans derive mainly from a two-
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generation study design. It has been suggested that prenatal stress effects might persist 

across further generations (Yehuda & Bierer, 2008). Examples of multigenerational 

transmission of stress have been previously reported in animal studies (Franklin et al., 

2011; Franklin et al., 2010; Weiss et al., 2011). In humans, epidemiological studies 

support the role of grandparental adversities on grandchildren health outcomes (Painter 

et al., 2008; Pembrey et al., 2005). The chapter 4 of this thesis focused on the 

multigenerational impact of psychosocial stress. To the best of our knowledge, this is 

the first investigation in humans on the impact of exposure to psychosocial stress during 

pregnancy on DNA methylation of the grandchildren.  

The findings revealed that grandmaternal exposure to interpersonal violence during 

pregnancy was associated with 28 differentially methylated CpG sites in the children 

that map to 21 unique genes involved in blood circulation, circulatory system processes 

and regulations of system processes. In addition, there was association between DNA 

methylation of the CFTR gene with both depression as well as PTSD symptoms in the 

children. Future studies investigating the relation of PTSD and depression symptoms 

with CFTR methylation are needed to better characterize the possible role of CFTR in 

the development of these disorders. It is interesting to note that there was no overlap 

between those CpGs, which methylation associated with grandmaternal stress, and 

those, which methylation associated with maternal stress. This suggests that 

grandmaternal and maternal stress during pregnancy affects different mechanisms and 

therefore might influence different outcomes. 

These findings significantly extend previous data showing that DNA methylation is 

affected by parental experiences before birth. Although the phenotypic consequences of 

differential methylation associated with grandmaternal stress is not yet clear, the results 

suggest that grandmaternal psychosocial experiences can be translated into DNA 

methylation changes in the grandchildren. 

6.1.3 Lifetime effects of community and domestic violence on DNA 

methylation  

Lifetime interpersonal violence is a risk factor for psychiatric disorders (Catani et al., 

2009; Fleitlich-Bilyk & Goodman, 2004; Foster et al., 2004; Hermenau et al., 2011; 
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Mullick & Goodman, 2005; Rieder & Elbert, 2013; Teicher & Samson, 2016) though 

the underlying molecular underpinnings of this association are unclear. In chapter 5 of 

this thesis, the impact of lifetime exposure to CDV on DNA methylation was 

investigated. In line with previous research, interpersonal violence was associated with 

PTSD and depression disorders in all three generations. The findings reveal that CDV 

was associated with decreased methylation of probes located in two protein-coding 

genes, BDNF and CLPX. Both genes have been previously reported in association with 

psychiatric disorders (Burroughs & French, 2007; Clay et al., 2011; D'Addario et al., 

2012; Fuchikami et al., 2011; A. Gardner et al., 2003; Karabatsiakis et al., 2014; Manji 

et al., 2012; Thaler et al., 2014). In addition, the results suggest that DNA methylation 

changes associated with childhood exposure to violence might be maintained 

throughout adulthood or that both childhood and adulthood periods are sensitive to 

environmental stress in common genomic regions.  

6.2 Implications for future research 

DNA methylation has been shown to be a potential mechanism underlying early 

developmental origins of health and disease, as supported by a growing number of 

studies, as cited before, including research in our group (Hecker et al., 2016; Radtke et 

al., 2011; Radtke et al., 2015), and the present thesis. 

This thesis reveals that maternal experience to IPV during pregnancy is associated with 

differential methylation patterns of genes including NR3C1 and FKBP5 in the offspring. 

It is noteworthy that the methylation direction is opposite of that reported in association 

with psychiatric disorders and childhood abuse. Future investigation of the mechanisms 

behind these patterns does not only promise new types of interventions for mental 

illness, but will also increase the understanding of how communities affect health 

outcomes. The cross-sectional design does not allow for establishing causality, thus 

longitudinal studies are needed to map the methylation patterns over different periods of 

time and in association with the pre- and postnatal period.  

A considerable percentage of the women who participated in this study were exposed to 

interpersonal violence. There is a substantial overlap between domestic violence and 
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child maltreatment. For instance, mothers reporting a greater occurrence of IPV are also 

likely to be abusive toward their children (Gilbert et al., 2009; Grasso et al., 2015; 

Hartley, 2002). Among the damages of child maltreatment, there is an increased risk of 

passing on maltreatment to the next generation, referred to as the intergenerational cycle 

of violence (Straus et al., 1980; Steele, 1980). Links between exposure to violence 

during childhood and an increased risk of experiencing violence in the future, either as a 

victim or a perpetrator in the home or community have been largely reported in the 

literature (Cannon et al., 2009; Groves, 1999; Volpe et al., 2015; Wathen & MacMillan, 

2013). Maltreatment as a child increases the risk of developing antisocial behavior, 

conduct disorders, and psychiatric disorders (Blum, Ireland, & Blum, 2003; Briscoe-

Smith & Hinshaw, 2006; Gladstone et al., 2014; Maikovich, Jaffee, Odgers, & Gallop, 

2008). Studies on psychological and biological processes have been performed to 

understand why some individuals develop aggressive behaviors and stress-related 

disorders and others do not, however there is no conclusive evidence on how early 

maltreatment leads to violence (Caspi et al., 2002; Dodge, Bates, & Pettit, 1990; Elbert, 

Weierstall, & Schauer, 2010; Hecker et al., 2015; Köbach et al., 2015; Romens et al., 

2015; Weierstall & Elbert, 2011; Widom & Wilson, 2015). The reason for the variation 

in the responses is yet not clear, but vulnerability to adversities has been suggested to 

depend on the interplay between genetic and environmental factors (Caspi et al., 2002). 

The findings of this thesis provide evidence for the role of epigenetic modifications in 

the complex pathways in the cycle of violence. It was observed that children exposed to 

a history of family violence during the prenatal period have methylation statuses that 

have previously been associated with lower behavioral problems and stress disorders. 

These results have implications for future research on child health. Future studies on the 

effects of child abuse and maltreatment may benefit from assessing epigenetic profiles 

associated with sensitivity to prenatal stress in order to understand how early stress 

leads to psychosocial problems in some, but not all individuals, exposed to 

maltreatment and abuse.  

The present thesis reveals that psychosocial stress during pregnancy affects not only the 

child but also the grandchild’s DNA methylation. In this multigenerational design, three 

generations were exposed to an environmental stress (see Figure 1.1). The possibility 

that environmental factors promote epigenetic susceptibility to disease and phenotypes 
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in subsequent generations has medical and public health implications (Jirtle & Skinner, 

2007). Animal studies provide support for transgenerational epigenetic effects. In mice, 

exposure to chronic and traumatic stress during the first two weeks of life alters 

behavioral responses across several generations (Franklin et al., 2011; Franklin et al., 

2010; Weiss et al., 2011). To investigate epigenetic transgenerational inheritance, the 

effect needs to be observed in a generation not directly exposed to an environmental 

factor (at the level of either the germline or the organism) (Gapp et al., 2014; Heard & 

Martienssen, 2014). Whether inheritance of epigenetic variations in response to the 

environment occurs in humans needs to be further investigated. 

A list of differentially methylated genes associated with maternal and grandmaternal 

stress has been reported in this thesis. These results should motivate further research 

into the dimensions of the mental and behavioral phenotypes associated with prenatal 

epigenetic modifications. The functional role of these epigenetic modifications on stress 

regulation and health outcomes is yet not clear. Future research would benefit from 

testing physiological and neuroendocrine consequences in the same population, together 

with behavioral responses to stress exposure. Furthermore, additional measures of 

quality of life and resilience might provide better understanding of the functional 

consequences of these findings and their influence in the developmental origins of 

health and diseases. In addition, integrating controlled studies with animal models on 

these candidate genes may provide a better understanding of their biological function in 

risk and resilience to stress. 

Exposure to lifetime interpersonal violence was related to the methylation of different 

genes compared to the genes, whose methylation associated with prenatal exposure to 

maternal stress. The fact that several nonoverlapping CpG sites appear to be affected by 

stressors occurring during different periods of development may indicate differences in 

methylation sensitivity, in dependence of exposure to type and time of stress. It has 

been suggested that the impact of trauma might depend on time and type of exposure 

and this might lead to perturbation of different biological pathways (Mehta et al., 2013). 

Further research in the establishment of consistent DNA methylation signatures 

associated with timing, type and severity of stress exposure should allow determining 

the most critical windows of sensitivity to stress and its phenotypic expression of 
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psychopathology.  

Clinical research integrating genetic, epigenetic, and environmental factors might 

provide a more comprehensive etiology of stress-related disorders. It is becoming clear 

that the currently available diagnostic categories might group patients with similar 

symptoms together although they might significantly differ by means of the underlying 

biology (Schumann et al., 2014). PTSD for example, is suggested to have distinct 

genome-wide gene expression and DNA methylation level for the presence or absence 

of exposure to childhood abuse (Mehta et al., 2013). This goes in line with the 

observation that although individuals with a history and non-history of maltreatment 

can receive the same diagnostic labels, they might represent clinically and biologically 

distinct subtypes (Teicher & Samson, 2013). Indeed, Teicher & Samson (2013) suggests 

that a history of maltreatment or early stress may lead to a constellation of 

ecophenotypes, that likely represent distinct subtypes across psychopathologies, and 

specifying those different subtypes might be essential in determining the biological 

bases of mental health disorders. This has implications for treatment strategies, 

responses and outcomes. In the present thesis, the findings suggest that a history of 

prenatal stress might account for variations in stress responses in a molecular level and 

ultimately stress related disorders. An accurate understanding of the pathophysiology of 

prenatal stress on the molecular level would not only confer contributions to biomarker 

research but may help to elucidate differences in biological pathways in dependence of 

stress exposure, providing new insights into the etiology of psychiatric disorders. 
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7 Conclusions 

Taken together, the findings highlight how the quality of the pre- and postnatal 

environment can have lifelong implications on the epigenome. Exposure to 

interpersonal violence during pregnancy might be transmitted to the second and third 

generation. Furthermore, epigenetic variations are sensitive to interpersonal violence 

occurring before birth and throughout life, altering methylation of different genes 

depending on the locus and timing of exposure. While the functional consequences of 

these findings are yet to be determined, these variations in DNA methylation may 

suggest a possible role for epigenetic processes as a protective or risk factor for stress-

related disorders. The consideration of ancestral stress effects on lifetime health 

trajectories is critical for improving strategies that support healthy development. The 

present thesis highlights, on a molecular basis, the importance of maternal wellbeing 

during pregnancy for future generations and calls attention to pregnancy care as an 

opportunity to screen and offer early interventions to reduce the effects of interpersonal 

violence in the family.  
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