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Abstract

The term epigenetics describes the machinery that acts over DNA and controls gene expression and cellular phenotype. With this mechanism, the epigenome controls gene expression by silencing or activating gene transcription. Epigenetics has been characterized as the mediator between environment and the genome. The genome of living eukaryotic organisms is influenced by external environmental cues which modify its functions. The occurring modifications, subsequently define the final phenotype and determine the behavior of the organisms. Stressful signs received from the environment can influence epigenetic mechanisms. These stressful cues can include psychosocial changes across the lifespan of an organism, implying that social environment is able to indirectly change phenotypic features through epigenetic mechanisms. Recently, research has been focused on the effect of psychological stressing cues on the epigenetic machinery, with most of the studies being focused on DNA methylation changes. Animal studies have shown that stressful events during different developmental stages of the organism, especially during early development, can have persistent effects on the epigenome and on the consequent phenotype. Although human studies concerning the effect of psychological stressors are relatively limited, there is growing evidence that similar phenomena with the ones obtained from animal studies, take place in humans too. All studies published so far regarding the effects of psychological stressors in the human epigenome in different developmental stages will be interpreted and discussed in this review, in an attempt to give an insight of the connection between environment and the epigenome.
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Introduction
Epigenetic mechanisms including DNA methylation and histone modifications are the link between environment and genome. These mechanisms control gene expression and determine the genetic outcome of an organism. The main well investigated epigenetic mechanisms are DNA methylation and histone modifications. DNA methylation in mammals occurs with the addition of one methyl group to a cytosine of the CpG dinucleotide of the DNA, following variable patterns some of which are time and space dependent.1 DNA methylation can switch off gene expression and consequently silence and suppress targeted genes.2,3
The action of the epigenetic mechanisms starts during the embryonic period of the fetus, determining cell differentiation and the phenotype fate of mature cells. Embryonic stem cells in particular, undergo differentiation through epigenetic modification, leading to different cell phenotypes that eventually form the various cell types that an organism is consisted of.4 Despite the relative stability of the epigenetic mechanisms, the latter are relatively reversible. They can be subjected to environmental signals that eventually affect their function and consequently alter gene expression.5,6
The epigenome is prone to changes after receiving direct and indirect psychosocial cues that can eventually cause perturbations in the epigenetic patterns. Psychological stressors are a category of stressful events that affect epigenetic mechanisms indirectly and with complexity. This type of stressors includes stressful events that are not of physiological origins. It has been already reported that adverse social environment and stressing early life experiences can have impact on the way the epigenome works. The implications of the relation between psychology and epigenetics have been established through a number of studies.7–9
The occurring alternations in the epigenome after psychological stress, can have effects on behavioral aspects of the organisms and can cause phenotypic changes.10 There is increasing literature from studies which proves that psychosocial adversities can lead not only to alternated behaviors and phenotypes, but it can also be connected with mental diseases when acting on specific genes correlated to these diseases.11,12 Additionally, psychological stress has been connected with epigenetic alternations that are gene-specific. It has been shown that perturbations in brain functioning genes can dysregulate normal function of the brain leading to extreme events such as suicide.13
Epigenetic marks are potentially influenced by stressful events occurring in the in utero environment, during early life development as well as in adulthood. 

Animal models have shown that some postnatal experiences, such as maternal maltreatment, can have effects on the offspring's epigenetic patterns which are persisted in adulthood. One of the most cited and well established studies concerning maternal maltreatment, is the one conducted by Weaver et al.14, proving that maternal behavior can indirectly affect offspring's epigenetic patterns. This study showed that rats treated by low LG-ABN mothers, had different DNA methylation patterns in the GR promoter in comparison to the ones treated by high LG-ABN mothers. It was also noticed that this difference was associated with altered histone acetylation of the same promoter. Male rats when exposed to stressed caretakers presenting abusive behaviors one week after birth, they show a differential methylation status in the brain-derived neurotrophic factor (BDNF) gene, which is present during adulthood.15 It is thus concluded that interaction between a mother and her infants can have consequences in the offspring's epigenome which are persisted in adulthood.

Focusing on the prenatal category of psychological cues, animal studies have shown that psychological stressors affecting pregnant mothers during the gestation period of the fetus can cause alternated epigenetic responses in the offspring. In particular, induced stress in rat mothers has influence on the epigenetic marks of the offspring, leading to downregulation of miRNAs.16 These prenatal signs are translated into changes of the fetus’ epigenome and they are eventually changing its gene expression and as a consequence the phenotype of its cells.  Furthermore, it is postulated that maternal stress during the gestation period can have long-term effects in the offspring through epigenetic modifications. More notably, it is concluded that maternal stress during pregnancy can affect offspring's behavior through epigenetic programming of the offspring's genome.17
However, the epigenome is sensitive in changes during adulthood and across the lifespan of an individual. Other studies have shown that induced stress in adulthood can modify epigenetic mechanisms. Rat models that were subjected to single immobilization stress (SIS), presented different histone acetylation patterns of the BDNF gene promoter, especially in H3 and after 4h of the occurrence of SIS. The findings conclude that this stressful procedure can eventually alter epigenetic mechanisms and consequently lead to differentiated gene expression.18
Albeit animal studies have provided models to extrapolate the findings to humans, the modified epigenetic events are still under investigation. The complexity of the human genome has not allowed us to fully comprehend the exact occurrence of the events and more difficulties are faced when it comes to the explanation of the indirect relation between the environment and the epigenome. There is an urgent need to understand the specific mechanisms under which the environment affects gene expression. It is claimed that environment can affect us as human beings more than it was suspected a few years ago.19 Before the discovery of the epigenome, it was expected that mapping the human genome would be the answer to the questions regarding our species. On the contrary, new questions arose and the discovery of the epigenetic regulation of our genes gave birth to even more complicated questions.20
It is now known that there is a bilateral connection between our environment and our genome. The hypothesis that our experiences influence our genes is remarkable, although it is still under investigation. More interestingly, the effects of psychological stressors that indirectly interact with the epigenome, have created an obscure landscape for researchers and psychologists. Only recently, scientists started researching the way psychological stressors can eventually affect the epigenome in humans, facing difficulties in explaining the exact mechanisms under which the epigenome is alternated. 

The purpose of this review is to interpret all gathered data derived from human studies on this exact topic and discuss these findings through an objective perspective. It will be focused on all studies published the last decade that investigate how external psychological stressors can influence human epigenome after their presence in lifespan. The main psychological stressful events that will be further  discussed, are psychologically stressful events such as early life adversities in general and particularly childhood abuse and maternal maltreatment. Additionally, some stressing events during prenatal period concerning mostly maternal stress as well as in adulthood will be taken under consideration. 
This review aims to exclusively interpret and discuss all findings in human studies concerning the alterations of the human epigenome after stressful events occurred in lifetime. The review covers all published research papers and longitudinal studies on this topic. Effort will be put into gathering all the data of human epigenetic effects of psychological stressors and discussing the outcome of the results.
Bibliographic search was performed in various scientific databases such as PubMed/MEDLINE, PsycInfo, Google Scholar, PMC, Omega (Utrecht University Library search engine), Scopus, EBSCO, Science Direct, PubMed/Epigenomics and other scientific databases, under the terms “epigenetics and early life adversity”,  “epigenetics and childhood abuse”, epigenetics and psychological stress”, “epigenetics and maternal maltreatment”, “epigenetics and maternal stress”, “epigenetics and prenatal stress”, “epigenetics and psychological trauma”, as well as a combination of all the above terms with “DNA methylation” and “histone modification”. The search was focused on human studies and only, without including the animal models of the experiments. This search resulted in roughly 120 published papers, 35 of them concerning human studies of the epigenetic effects of psychological stressors, thus following the inclusion criteria for further analysis. The rest of the bibliography included either animal studies or any other type of non psychological stressors in prenatal stage, early life or adulthood and was not taken under consideration. The bibliography consists of research published the last decade, 2003-2013, in the relevant field of interest.
The first part of the review interprets all human studies that have been published and refer to epigenetic modifications and especially DNA methylation, after incidents of childhood adversities. The latter include childhood abuse, childhood maltreatment, parental loss, foster care and other psychological stressors that occur in the early developmental stages. There is an analysis of the epigenetic events which take place in specific genes or the whole genome of the studied subjects. Some of the studies are focused on genes that are proven to be essential for development and participate in neurodevelopmental pathways making them very important for neurodevelopment. There is also reference to other genes that can be affected by early life adversity, which present significant epigenetic changes.
The second part of the review refers to stressful events of the prenatal stage of the individuals, including maternal stressing situations that can affect the fetus and cause epigenetic modifications, specifically DNA methylation changes, in the infant’s epigenome. These changes are implied to be persisted in adulthood. Following the pattern of childhood adversity studies, research in prenatal psychological stressors has been focused on specific genes that are of great importance and show persistent epigenetic modifications. Nevertheless, all research conducted so far regarding prenatal psychological stressors and their effects in the individuals, is there discussed.

In the third part of this review, there is an attempt of connecting socioeconomic conditions and differences in DNA methylation patterns. The literature proves a relationship between unfavorable socioeconomic position and epigenetic changes. Although the amount of the literature is very restricted, it was considered necessary to refer to this category of stressors which show a connection with epigenetic changes.
In the fourth part, some other psychological stressors occurring in adulthood are discussed in an effort to connect psychological stressors that are present in adulthood with epigenetic modifications of the individuals. Again the amount of literature is not ideal, however the evidence of influence of psychological stressors in late developmental stages, strongly shows that these stressors can affect DNA methylation patterns even in later life.
Finally, in the conclusion section all results are discussed and interpreted in an attempt to conclude if psychological stressors are indeed a very important factor that can eventually change the relative stable epigenetic machinery.
Childhood adversity - early life trauma - childhood maltreatment
There is much evidence that early life adversity, especially in early developmental stages can have a great impact on humans at the biological level. Studies so far have shown that children who are subjected to different type of traumas in early life have a greater potential risk factor of developing psychiatric disorders and they appear to have different biological profiles in comparison to the ones raised in a normal environment.21 These different biological profiles can refer to specific candidate genes that are associated with various neurodevelopmental pathways and they can consequently lead to psychiatric disorders. 

The urge of unraveling the thread which connects the social environment and the biological processes of the organisms, has led to the investigation of biological markers in correlation to adverse environmental behaviors during childhood. Most of the alternated epigenetic pathways are persistent in adulthood and show a close relation with diseased phenotypes.

Studies have focused on the detection of different methylation patterns in specific genes that are correlated with the hypothalamic-pituitary-adrenal (HPA) axis and especially the glucorticoid receptor (GR) gene. This connection is of great scientific interest after the evidence of the correlation between the HPA-axis and childhood adversity22–24, as well as socioeconomic parameters25. The GR gene is the most well studied gene concerning its differential methylation patterns after psychological stress, since it shows great dependence on the environmental cues. 

In particular, a study that examined the expression of hippocampal GR in humans, showed a decrease in expression of the human GR gene in suicide completers with history of childhood abuse compared to suicide completers without history and normal controls.26 GR1b, GR1c and GR1h promoters of the human GR gene were examined and different methylation patterns were exposed in these promoters. Generally, the findings imply methylation alternations induced by early life adversity and the study reveals that childhood abuse may affect methylation patterns and consequently GR expression in the hippocampus GR gene of suicide completers. 

Research focusing on the expression of the glucocorticoid receptor in humans and especially on the NR3C1 (nuclear receptor subfamily 3) gene of the GR, which has been subjected to biomolecular analysis in order for the various biomarkers to be examined. The exon 1F of NR3C1 gene seems to be a significant target of the differential methylation status after subjection to psychological stressors. Methylation patterns of this exon have been intensively investigated in order for the researchers to reveal its correlation with different psychological parameters and especially with childhood abuse.27–31
Childhood trauma and especially childhood abuse incidents, can influence the health status in adulthood and can lead to persistent diseased phenotypes.32 In a study conducted in subjects diagnosed with psychiatric disorders (Border Line Personality Disorder and Major Depressive Disorder), a significant difference in methylation between maltreated and not maltreated subjects was noted.28 More specifically, the researchers proved that childhood sexual abuse led to hypermethylation of the promoter of NR3C1 gene in peripheral blood in comparison to methylation patterns of subjects without sexual abuse incidents during childhood (regarding the whole sample population). Notably, the severity and form of childhood abuse was also positively correlated to increased methylation. In addition, they found a significant and positive association between the severity of childhood abuse (physical and emotional) as well as neglect (physical and emotional), and increased methylation status. The data showed similar patterns for the repetition of the events of childhood abuse, supporting the connection between this factor and augmented methylation levels. In general, all methylation sites of the 1F exon, except for GpG1, showed a correlation with specific forms of childhood maltreatment. 

In another study of McGowan et al.27 for unraveling differential methylation of the NR3C1 gene, biomarkers of suicide completers with history of childhood abuse were interrogated, in comparison to suicide completers with no history of abuse. The brain samples were obtained from the hippocampus of the suicide victims and were further analyzed for variety in DNA methylation. The general pattern of the GR expression shows a decrease in suicide completers with a history of childhood abuse and there is no noteworthy difference in this pattern concerning the victims without such history and controls. Strikingly, DNA methylation was increased in the completers with childhood abuse history, though there were no differences noted in the two other groups. The results revealed a solid relationship between the exon 1F of the NR3C1 promoter methylation pattern and childhood abuse, excluding the possibility that the methylation alternations are correlated to suicide itself. Additionally, no connection between differences of CpG methylation and the events immediately before and after death was noticed, leading to the conclusion that the alternation of DNA methylation was exclusively due to childhood abuse. 

In consistence to these results, an additional study of McGowan et al.31 revealed increased methylation levels of the NR3C1 gene promoter which was associated with low expression levels of the gene. The study examined hippocampal tissue of suicide completers with a history of childhood abuse. Interestingly, there was a distribution of DNA methylation levels in different genomic sites of NR3C1 in abused suicide completers, with an increased methylation in the sites downstream to NR3C1 locus and decreased DNA methylation upstream to the gene locus. 
There is much evidence that the NR3C1 gene shows differential methylation patterns especially in the exon 1F and it is highly influenced by stressful events.9,33 Following this pattern, a study regarding the 1F exon of NR3C1 showed that early parental death, taken into consideration as a stressful life event, is associated with the hypermethylation of CpG sites of this gene.29 Although the initial study was conducted in individuals diagnosed with depression and the first results were obtained from depressed females and controls, the researchers also performed analysis of the methylation patterns of healthy individuals with and without incident of early parental death. In the last case, the results were also the same and there was a pattern of increased methylation in the individuals with this incident in comparison to the ones without such an incident in their childhood. 

Childhood maltreatment is shown to be connected with alternated HPA-axis as mentioned before, causing chronic and persistent changes.34–36 Healthy adults with history of childhood adversities, such as parental loss, maltreatment or poor parental care, were noted with increased cytosine methylation of the promoter of NR3C1 gene of the leukocyte GR receptor.30 In the CpG1 methylation site, DNA methylation levels were found to be increased and all of these findings were associated with parental loss and low parental care in childhood. Another methylation site of the mentioned gene, CpG3, was also significantly correlated to childhood maltreatment and parental loss, following the same trend of elevated DNA methylation. 

The serotonin transporter SLC6A4 (human solute carrier 6) gene is a gene that has been thoroughly examined for its connection to childhood abuse, since it is crucial for serotonin transportation and hence for its role in the CNS. This particular gene encodes the serotonin transporter and thus it is the main regulator of serotonergic neurotransmission.37,38 In a study including individuals diagnosed with Major Depressive Disorder (MDD), the patients’ biomarkers were interrogated and analysed depending on their experience of a series of adverse events in childhood.39 These events were characterized as parental loss, financial hardship, physical abuse, sexual abuse and any other type of adversity. Seven different methylation sites (CpGs) were examined and the results showed a various correlation between the different methylation sites and the abuse events. Particularly, parental loss and sexual abuse were associated with higher SLC6A4 promoter average methylation percentage, showing a significant increase in methylation level. Physical abuse was associated with higher SL6A4 promoter methylation percentage in CpG2 methylation site and finally, any other childhood adversity showed to increase SLC6A4 promoter methylation percentage in CpG7 methylation site. These findings imply a correlation between childhood adversities and hypermethylation of the promoter of the serotonin transporter gene, which leads to decreased serotonin transportation.
Sexual abuse can act as a psychological stressor affecting the SLC6A4 gene and consequently altering the serotonin pathway. This hypothesis was confirmed by a study that examined the correlation of childhood sexual abuse in subjects, with different DNA methylation in SLC6A4, the results showed strong significance at the locus cg05951817 of this gene.40 This was the case for all sexual abuse events including this by family and non-family members. The above mentioned residue was characterized by the researchers as the most significant residue with altered methylation pattern in the SLC6A4 gene.
Despite the fact that there are not many longitudinal studies that prove the correlation between early childhood adversity and different epigenetic modifications, the published ones have presented significant results.41,42 In details, children who have been placed into foster care appear to have differential DNA methylation levels in a number of genes, with significant higher or lower levels of methylation.41 Some of the investigated genes that indicated different methylation statuses are involved in important metabolic pathways and they are significant components of the immune system, especially for antigen processing and presentation. Additionally, the genes that showed elevated DNA methylation are connected to transcriptional regulation and cell apoptosis. The group of genes that was indicated as the one with lower levels of methylation, always in comparison with the control children, is involved in the translational machinery and protein catabolic processes. Nevertheless, apart from the interrogation of the biological markers concerning the whole genome, specific candidate genes were also analysed. The GR gene and the one of the macrophage migration inhibitory factor (MIF), which is involved in GR expression and immune system activity. For the GR gene, the results indicated a significant negative correlation between mothers’ affection towards their children and their children’s methylation patterns of this specific gene. Moreover, similar results were also shown for the MIF gene, again indicating significant correlation. 

In a second recent longitudinal study including adolescent participants, very robust results were reported concerning early childhood adversities (parental stress during early years of childhood) and different methylation patterns.42 The overall results showed variable methylation patterns especially in children with mothers that declared stress situations during infancy of their children and in children whose fathers reported stress in the preschool age. The resulted methylation patterns were following a gender-related motif. More specifically, in children subjected to high maternal stress, a significant increase in methylation was noticed compared to children that were subjected to lower levels of maternal stress. The study interrogated methylation sites of different genes that were, or not, linked with stress and anxiety after stressful events and the increased methylation levels were reported in both of these categories. Moreover, there was a pattern of gender related epigenetic modifications, with girls being more susceptible to these changes after paternal stress. However, maternal stress influenced epigenetic modifications of both sexes.
Besides the investigation of specific genes and their promoters, a study of Labonte et al.43, exposed data obtained from individuals that were abused during childhood and from controls with no history of abuse, presenting 362 differentially methylated promoters in the first group in comparison to the second. The promoters examined were of genes located in the hippocampal neurons and showed either hypomethylation or hypermethylation patterns. The data suggested that early life adversity can affect the methylation statuses of genes that are connected with neuronal plasticity. In particular, hypermethylation of the amyotrophic lateral sclerosis 2 (ALS2) gene promoter decreases the activity of translation, consequently leading to reduced expression of the gene and thus, this was the most striking finding that connected epigenetic modifications with alternated gene expression.
As proven by the previous mentioned studies, child sex abuse can be a determining factor for methylation changes in the genome. From blood samples taken from adopted women, a whole genome methylation interrogation was performed.44 The outcome of the study was a significant change in DNA methylation in women subjected to child sex abuse and these epigenetic changes were not correlated whatsoever with the genetic load or the substance abuse of the subjects later in life.
Considering children institutionalization as another psychological stressor in early life, Naumova et al.45 investigated changes in DNA methylation between children that had been raised in institutions and children that were raised by their biological parents. The findings suggested significant differences that followed a pattern of increased methylation in the genomes of the group of institutionalized children in relation to the comparison group.  More specifically, most of the genes that showed this increase are involved in immune response processes and in cellular signaling systems. Nevertheless, significant hypermethylation was noticed in genes that are involved in the biosynthesis of hormones and neurotransmitters, thus important for neurodevelopment. All these findings also suggest a variable expression of the mentioned genes which might result in an altered phenotype.
As part of a longitudinal study, a population of children, that had suffered child maltreatment and/or were neglected by their parents, was compared with normally raised children in regard to their methylation profiles.46 The whole genome methylation status was examined and notably, there was a significance difference between the methylation patterns of the control and the maltreated children concerning the whole genome, along with the identification of significant CpG methylation sites. The results showed a methylation pattern that was followed in maltreated children and was indicated as increased at sites characterized with low- and mid-range methylation values and as decreased at high-range methylation sites. This evidence suggests a direct and significant association of the methylation patterns with history of childhood maltreatment in comparison to controls.
Research has been also focused on other genes that eventually show differences in their methylation statuses between maltreated individuals and controls. Polymorphisms of the FK506 binding protein (FKBP5) gene, are connected with DNA demethylation after traumatic events in childhood.21 The subjects had experienced both physical and sexual abuse and the results were compared to individuals with no experience of childhood abuse. These interactions consequently lead to dysregulated stress hormone system and eventually to increased risk of development of psychiatric disorders. The data extracted from peripheral blood tissue showed that DNA demethylation of specific CpGs in intron 7 of the FKB5 gene is related to childhood trauma and follows an allele-specific pattern. The results were consistent to the ones of a second investigation of DNA demethylation of this gene in neuronal cells obtained from brain tissue.
Concerning the rRNA gene promoter, methylation statuses of this promoter revealed a significant increased methylation level of the rRNA gene in hippocampal region of suicide victims that had a history of childhood maltreatment, abuse or/and neglect, compared to controls whose death was caused by sudden accidental natural causes and had no history of childhood abuse.47 This methylation pattern proved to be non-site specific and there was no specific CpG site that these differences in methylation occurred. Methylation changes in the rRNA gene were no consistent to the methylation levels of the whole genome of the subjects, since the latter showed no significant differences. In an attempt to find the same differences in another brain region, researchers further investigated cerebellum of the subjects that showed the largest methylation differences. Importantly, methylation levels of the rRNA gene were similar between suicide completers and control subjects, revealing an anatomical region-specific methylation of this gene. Furthermore, the results extracted from the study suggest that this hypermethylation noted in suicide victims with history of childhood adversities, can explain the lower expression of the rRNA gene in the suicidal brain. 

Studies have implicated epigenetic mechanisms in psychiatric disorders and there is growing evidence that these mechanisms are closely related to appearance and severity of these disorders.12,29,48,49 Investigation of  the association of SL6A4 gene of the serotonin transporter and the development of Post-Traumatic Stress Disorder (PTSD), showed that the levels of methylation were a determining factor of the development of this disorder.50 Methylation levels were significantly variable only at one specific CpG site of the gene, which was thereafter the methylation site of interest. The number of traumatic events affected the methylation levels and the consequent risk of developing PTSD. The pattern of development of PTSD revealed a negative correlation between methylation levels and risk of development. Subjects with a large number of traumatic events and low methylation levels were found to be more susceptible in developing PTSD rather than subjects with the same number of traumatic events and a higher methylation levels, suggesting a protective mechanism of DNA methylation after exposure in traumatic experiences. 

With regard to the connection of PTSD with epigenetic modifications, individuals were examined for differentiations in their biological markers based on their trauma related experiences and the presence or not of PTSD.51 From those, 108 were considered as controls, since they were not diagnosed with PTSD although they had traumatic events in their history. The rest 61 individuals were divided into two groups based on their childhood abuse history, with some of the subjects meeting the criteria for PTSD and having childhood abuse events in their history and another sample having PTSD without any childhood abuse history. DNA methylation patterns were examined between the groups and a significant difference was observed between the PTSD groups with childhood and non-childhood abuse. More specifically the extent of epigenetic modifications was up to 12-fold higher in the group with childhood abuse history, suggesting a correlation between early childhood trauma and epigenetic alterations. Most importantly, DNA methylation variability patterns showed the biggest difference in peripheral blood samples, implicating a further connection with DNA methylation changes in the brain. 

As part of a larger study investigating methylation changes in PTSD, secondary findings associated diverse methylation levels of six immune-related genes with child abuse.49 The methylation levels of specific sites showed statistically significant difference in adults with a history of childhood abuse in comparison to normal controls, in samples taken from peripheral blood. 

Prenatal stressors

In addition to childhood maltreatment, maternal environment is crucial for the offspring’s biological phenotype and it is of great importance regarding the epigenetic modifications that can occur in the offspring. Data taken from animal studies confirm the connection between maternal behavior and offspring’s biological profile as already mentioned.14 Prenatal exposure to stressors can affect epigenetic modifications in the offspring, consequently leading to differential expression of genes and altered phenotypes.

Following evidence from previous studies concerning adversities during childhood and epigenetic modifications of the NR3C1 gene of the human GR28,29,31, scientific interest was laid on the epigenetic effects of maternal mood in the newborn offspring.16,37,52 Results have shown increased methylation patterns in the offspring that were significantly associated with increased depressed maternal mood during the second and third semester of pregnancy.37,52 In consistency to previous studies concerning childhood adversity, the CpG regions that were hypermethylated in the newborns were located in the promoter of exon 1F of the NRC31 gene.52 Furthermore, methylation site CpG3 of the promoter was positively correlated with changes in the infant cortisol levels implying a deeper connection of this specific methylation pattern and the expression of the gene. The latter could support a functional relationship between DNA methylation and expression of this specific gene under maternal depression conditions. Strikingly, no significant association of maternal exposure in serotonin reuptake inhibitor (SRI) antidepressants with methylation changes in the newborns was observed. Nevertheless, there might be an alternation of the GR gene epigenetic regulation after exposure of the mothers to antidepressants which was not clearly observed. 
Promoter methylation of the SLC6A4 gene was lower in infants that were born from mothers with depressed mood during pregnancy and especially during the second semester.37 The obtained results showed independence of the differential methylation profiles, as far as maternal methylation patterns, administration of antidepressants and genotype polymorphisms are concerned. The reduced methylation of the SLC6A4 gene might imply altered gene expression and thus different levels of the serotonin transporter resulting in alternated serotonin regulation pathways.
Additional data concerning maternal depressed mood and the epigenetic consequences in the offspring, showed that severe depressed mood during pregnancy led to higher levels of DNA methylation of the infants.53 Although methylation levels were associated with maternal mood and also did the low birth weight risk, there was no obvious evidence of DNA methylation mediating the increase of this risk. 

Taking into account previous findings, recent studies have included a variety of maternal stressors that can eventually have effects on the infants. In accordance to this, in a study that examined the effects of intimate partner violence towards pregnant mothers in the offspring, results were quite relevant to the ones of previous studies.54 The data revealed a positive correlation of the infants’ GR promoter DNA methylation levels and their mothers’ exposure to violent incidents. More specifically, the investigation of the exon 1F of the NR3C1 gene as mentioned previously, showed an induced methylation level. This result agrees with the data that showed an increased methylation of the offspring’s GR promoter after experience of prenatal stress. All these findings conclude that methylation of infants after prenatal stress can result in perturbations in their psychophysiological phenotype in later life, taking into consideration that these alternations are persistent through adulthood.

Exposure of mothers to external stressors can also cause changes in the biological markers of the offspring. In a study investigating epigenetic changes of the NR3C1 in newborns after maternal stress during pregnancy, several outcomes showed the connection of these events.55 Firstly, no identical methylation patterns between mothers and their infants were noticed suggesting a model of new epigenetic marks’ generation in the offspring. War stress was found to be the most significantly associated to changes in the methylation levels of the offspring. Moreover, this methylation modification seems to be also correlated to low birth weight of the newborns. Importantly, all stressors examined were correlated to newborn methylation patterns. Particularly, maternal deprivation and maternal mundane stress were associated with different methylation patterns of the offspring and were taken into account as stressors that can eventually affect methylation status of the infant. 



On the other hand, some other studies did not replicate the previous data that are discussed above, however it is worth mentioning all the scientific results that have been published until now. Data obtained from a study concerning effects of maternal depression and treatment with antidepressants in the methylation status of the offspring, showed no significant relationship between these two parameters.56 Contrary to previous findings, maternal depression was found not to affect infant’s methylation at any level and at any region investigated of the IGF2 gene encoding the insulin-like growth factor 2. Additionally, antidepressants showed a very rare-specific relationship with the offspring’s methylation status. 

Following the same direction, no association between maternal psychiatric disease or clinically depressive symptoms with infant methylation changes was found.57 Results were obtained by umbilical cord blood and 27.578 CpGs were investigated to confirm previously reported changes in DNA methylation of the offspring. Although the results of this study in some genetic loci affected by maternal use of antidepressants showed significance, the difference compared to the control group (no use of antidepressants) is very small (reported as 3%). The study suggests an additional specific genetic or behavioral cause that might affect offspring’s methylation levels in cooperation with prenatal stress. 

Socioeconomic stressors
Apart from the obvious psychological stressors of childhood maltreatment or adversity, socioeconomic stressors have recently attracted researchers’ interest. Although there is little evidence regarding this kind of stress factors, some studies have shown different methylation patterns among groups with various socioeconomic statuses. This evidence implies that even indirect cues can affect DNA methylation and suggests a more complicated relation of stressors across the lifespan with biological mechanisms.

To connect the early life social adversities with epigenetic modifications, studies investigated differential biological markers between groups of individuals with different levels of socioeconomic position.58 Results obtained from a relevant study showed higher GR mRNA and lower toll-like receptor 4 (TLR4) mRNA during adolescence which shows persistence in later life. 

In an attempt to explain this effect, samples from adults whose past was characterized by low socioeconomic status, were examined to define the biological characteristics that were imprinted after this kind of adversity.25 The results showed reduced GR activity as well as differential activation of the immune system. The researchers tried to investigate the cause of this GR reduction by measuring mRNA levels of the GR gene. Quantitative analysis revealed similar levels of mRNA between the subjects with low socioeconomic status and controls with high statuses. There is an implication behind the above mentioned data that the expression of the relative genes is controlled by epigenetic mechanisms which in turn can be affected by unfavorable socioeconomic conditions.

In a study concerning methylation patterns of adults with a different socioeconomic position, results showed that there is indeed a difference in the methylation levels between groups of different socioeconomic position (very low, low, high, very high).59 More detailed, a significant number of gene promoters found to be hypermethylated in individuals of high socioeconomic position during childhood and another number of gene promoters was hypermethylated in the low socioeconomic position group. The most important question raised was if these differences imply a variation in expression of the relevant genes. As occurred by the data, there are specific cell signaling pathways that are affected by the socioeconomic position-associated methylation. The overall analyses showed a general pattern of higher promoter methylation in adults with a high socioeconomic position across their childhood in comparison to individuals with a past of low socioeconomic position. 
Effects of other types of stressors

Recent studies have laid eyes also on other types of psychological stressors that might have an effect on the epigenetic mechanisms.

Groups of individuals that had been Army and Marine service members, diagnosed with and without PTSD, were investigated for differences between their methylation levels considering military stress as the psychological stressor in this case.60 Interestingly, for controls postdeployment, a significant increase in the methylation level of long interspersed repetitive elements (LINE-1) was noticed when compared to predeployment. However, the results did not show any difference in the same comparison of the cases with PTSD. On the contrary, LINE-1 elements were hypomethylated in cases with PTSD showing different pattern in comparison to the controls. Nevertheless, increased levels of methylation in cases postdeployment were observed in the Alu gene when compared to cases predeployment. 

Most of the research has focused on long-term psychological stressors that have effects in the human epigenome, but how susceptible to changes is the epigenetic machinery? There is little evidence that answers this question in humans, although some short-term stress might be possible to affect the epigenome temporarily or permanently.

This question was addressed by the study of Unternaehrer et al.61, who investigated changes in DNA methylation of two stressed-related genes, the oxytocin receptor (OXTR) gene and the brain-derived neurotrophic factor (BDNF) gene. Individuals were exposed to acute psychological stress and blood samples were collected for further methylation profile analysis. Results interestingly showed that there was a short-term methylation pattern change in the OXTR gene, associated with the stress process to which the individuals were subjected. More specifically, there was an increase in methylation levels of the OXTR gene in the pre-stress to post-stress period and a decrease from the post-stress to follow-up period. However, the BDNF gene methylation analysis showed no stress-related changes in the methylation patterns demonstrating a stable methylation status of this gene. 
Conclusion
There is much evidence that psychological stressors through the lifespan can have significant influence on the human epigenome and can alter epigenetic patterns. Particularly, the evidence for alternated epigenetic profiles and mostly the different DNA methylation statuses that occur after subjection of the individuals to stressing events through their lives, suggest a complicated interaction between the psychosocial environment and the epigenome. Recently, much effort has been put in understanding how the environment can influence the biological background of an organism. Many studies have focused on stressors that occur in early life, in a prenatal or childhood level. The most well studied psychological stressors are early life adversities covering the range of the fetus life to early childhood. The interest of research is turning towards the investigation of all the potential psychological stressors that can have effects in the human epigenome, in every life stage, short-term or long-term, after the discovery of the complex consequences that the environment can have in the epigenome and the biology of the individuals. Studies have given a first insight on how various environmental cues lead to alternations of epigenetic mechanisms. Some of the psychological stressors that have been investigated have shown significant influence on the epigenetic machinery and especially in the DNA methylation statuses. The most important aspect of the occurring epigenetic modifications is their ability to persist in adulthood and change gene expression and subsequently the organism’s phenotype and behavior.  

Contrariwise, there are many limitations in the studies conducted so far regarding sample size, significance and objectivity of the results and the outcomes, as well as other inhibitory parameters that can render these studies insufficient. There are also studies that have not replicated previous results, but on the contrary have proved contradicting results. This inconsistency is mostly due to the restricted number of studies on that specific topic and the quite recent interest of explaining the relationship between environmental influence and epigenome. There is much more left to be understood, especially because of the complexity of the epigenetic mechanisms and the complicated sequence of the events between environmental exposure and gene transcription. There is still more evidence that needs to be investigated and an obvious need for more studies in the future, in order to obtain consistent data and better knowledge of the occurring events between the environment and the epigenome.  
Scientists are still skeptical of their results and there is definitely the need for more research on this specific topic. Research on the discussed subject is still in a premature level and scientists are trying to study the influence of more psychological stressors on the epigenome. A few years ago the connection of the environment with the genome was just an implication and a reasonable scenario. Nowadays, growing research has proved that there is indeed an association that also follows specific patterns of either hyper- or hypomethylation of DNA and it seems to be gene-specific. More research in different genetic loci, including more potential stressors could give a better idea of this unexplainable but fascinating relationship.
Bibliography
1.
Bird, A. DNA methylation patterns and epigenetic memory. Genes & development 16, 6–21 (2002).

2.
Jones, P. a & Takai, D. The role of DNA methylation in mammalian epigenetics. Science (New York, N.Y.) 293, 1068–70 (2001).

3.
Cedar, H. DNA Methylation and Gene Activity. Cell Press 53, 3–4 (1988).

4.
Bibikova, M. et al. Human embryonic stem cells have a unique epigenetic signature. Genome research 16, 1075–83 (2006).

5.
Aguilera, O., Fernández, A. F., Muñoz, A. & Fraga, M. F. Epigenetics and environment: a complex relationship. Journal of applied physiology (Bethesda, Md. : 1985) 109, 243–51 (2010).

6.
Jaenisch, R. & Bird, A. Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals. Nature genetics 33 Suppl, 245–54 (2003).

7.
Szyf, M., Mcgowan, P. & Meaney, M. J. Review Article The Social Environment and the Epigenome. Environmental and Molecular Mutagenesis 60, 46–60 (2008).

8.
González-Pardo, H. & Pérez Álvarez, M. Epigenetics and its implications for Psychology. Psicothema 25, 3–12 (2013).

9.
McGowan, P. O. & Szyf, M. The epigenetics of social adversity in early life: implications for mental health outcomes. Neurobiology of disease 39, 66–72 (2010).

10.
Rozanov, V. a. Epigenetics: Stress and Behavior. Neurophysiology 44, 332–350 (2012).

11.
Kato, T. Epigenomics in psychiatry. Neuropsychobiology 60, 2–4 (2009).

12.
Yehuda, R. et al. Putative biological mechanisms for the association between early life adversity and the subsequent development of PTSD. Psychopharmacology 212, 405–17 (2010).

13.
Labonte, B. & Turecki, G. The epigenetics of suicide: explaining the biological effects of early life environmental adversity. Archives of suicide research : official journal of the International Academy for Suicide Research 14, 291–310 (2010).

14.
Weaver, I. C. G. et al. Epigenetic programming by maternal behavior. Nature neuroscience 7, 847–54 (2004).

15.
Roth, T. L., Lubin, F. D., Funk, A. J. & Sweatt, J. D. Lasting epigenetic influence of early-life adversity on the BDNF gene. Biological psychiatry 65, 760–9 (2009).

16.
Zucchi, F. C. R. et al. Maternal stress induces epigenetic signatures of psychiatric and neurological diseases in the offspring. PloS one 8, e56967 (2013).

17.
Darnaudéry, M. & Maccari, S. Epigenetic programming of the stress response in male and female rats by prenatal restraint stress. Brain research reviews 57, 571–85 (2008).

18.
Fuchikami, M., Morinobu, S., Kurata, A., Yamamoto, S. & Yamawaki, S. Single immobilization stress differentially alters the expression profile of transcripts of the brain-derived neurotrophic factor (BDNF) gene and histone acetylation at its promoters in the rat hippocampus. The international journal of neuropsychopharmacology / official scientific journal of the Collegium Internationale Neuropsychopharmacologicum (CINP) 12, 73–82 (2009).

19.
Feil, R. & Fraga, M. F. Epigenetics and the environment: emerging patterns and implications. Nature reviews. Genetics 13, 97–109 (2011).

20.
Barros, S. P. & Offenbacher, S. Epigenetics: connecting environment and genotype to phenotype and disease. Journal of dental research 88, 400–8 (2009).

21.
Klengel, T. et al. Allele-specific FKBP5 DNA demethylation mediates gene-childhood trauma interactions. Nature neuroscience 16, 33–41 (2013).

22.
Heim, C. et al. Pituitary-Adrenal and Autonomic Responses to Stress in Women After Sexual. JAMA 284, 592–597 (2013).

23.
Carpenter, L. L. et al. Decreased adrenocorticotropic hormone and cortisol responses to stress in healthy adults reporting significant childhood maltreatment. Biological psychiatry 62, 1080–7 (2007).

24.
De Bellis, M. D. et al. Developmental traumatology part I: biological stress systems. Biological psychiatry 45, 1259–1270 (1999).

25.
Miller, G. E. et al. Low early-life social class leaves a biological residue manifested by decreased glucocorticoid and increased proinflammatory signaling. Proceedings of the National Academy of Sciences of the United States of America 106, 14716–21 (2009).

26.
Labonte, B. et al. Differential glucocorticoid receptor exon 1(B), 1(C), and 1(H) expression and methylation in suicide completers with a history of childhood abuse. Biological psychiatry 72, 41–8 (2012).

27.
McGowan, P. O. et al. Epigenetic regulation of the glucorticoid receptor in human brain associates with childhood abuse. Nature neuroscience 12, 342–348 (2010).

28.
Perroud, N. et al. Increased methylation of glucocorticoid receptor gene (NR3C1) in adults with a history of childhood maltreatment: a link with the severity and type of trauma. Translational psychiatry 1, e59 (2011).

29.
Melas, P. a et al. Genetic and epigenetic associations of MAOA and NR3C1 with depression and childhood adversities. The international journal of neuropsychopharmacology / official scientific journal of the Collegium Internationale Neuropsychopharmacologicum (CINP) 1–16 (2013).doi:10.1017/S1461145713000102

30.
Tyrka, A. R., Price, L. H., Marsit, C., Walters, O. C. & Carpenter, L. L. Childhood adversity and epigenetic modulation of the leukocyte glucocorticoid receptor: preliminary findings in healthy adults. PloS one 7, e30148 (2012).

31.
Suderman, M. et al. Conserved epigenetic sensitivity to early life experience in the rat and human hippocampus. Proceedings of the National Academy of Sciences of the United States of America 109 Suppl , 17266–72 (2012).

32.
Leserman, J. Sexual abuse history: prevalence, health effects, mediators, and psychological treatment. Psychosomatic medicine 67, 906–15 (2005).

33.
Caspi, A. et al. Role of genotype in the cycle of violence in maltreated children. Science (New York, N.Y.) 297, 851–4 (2002).

34.
Kaufman, J. et al. The corticotropin-releasing hormone challenge in depressed abused, depressed nonabused, and normal control children. Biological psychiatry 42, 669–79 (1997).

35.
Dozier, M. et al. Developing Evidence-Based Interventions for Foster Children : An Example of a Randomized Clinical Trial with Infants and Toddlers. Journal of Social Issues 62, 767–785 (2006).

36.
Maughan, A. & Cicchetti, D. Impact of Child Maltreatment and Interadult Violence on Children ’ s Emotion Regulation Abilities and Socioemotional Adjustment. Child development 73, 1525–1542 (2002).

37.
Devlin, A. M., Brain, U., Austin, J. & Oberlander, T. F. Prenatal exposure to maternal depressed mood and the MTHFR C677T variant affect SLC6A4 methylation in infants at birth. PloS one 5, e12201 (2010).

38.
Jans, L. a W., Riedel, W. J., Markus, C. R. & Blokland, a Serotonergic vulnerability and depression: assumptions, experimental evidence and implications. Molecular psychiatry 12, 522–43 (2007).

39.
Kang, H.-J. et al. Association of SLC6A4 methylation with early adversity, characteristics and outcomes in depression. Progress in neuro-psychopharmacology & biological psychiatry 44C, 23–28 (2013).

40.
Vijayendran, M., Beach, S. R. H., Plume, J. M., Brody, G. H. & Philibert, R. a Effects of genotype and child abuse on DNA methylation and gene expression at the serotonin transporter. Frontiers in psychiatry / Frontiers Research Foundation 3, 55 (2012).

41.
Bick, J. et al. Childhood adversity and DNA methylation of genes involved in the hypothalamus-pituitary-adrenal axis and immune system: whole-genome and candidate-gene associations. Development and psychopathology 24, 1417–25 (2012).

42.
Essex, M. J. et al. Epigenetic vestiges of early developmental adversity: childhood stress exposure and DNA methylation in adolescence. Child development 84, 58–75 (2013).

43.
Labonté, B. et al. Genome-wide epigenetic regulation by early-life trauma. Archives of general psychiatry 69, 722–31 (2012).

44.
Beach, S. R. H. et al. Impact of child sex abuse on adult psychopathology: A genetically and epigenetically informed investigation. Journal of family psychology : JFP : journal of the Division of Family Psychology of the American Psychological Association (Division 43) 27, 3–11 (2013).

45.
Naumova, O. Y. et al. Differential patterns of whole-genome DNA methylation in institutionalized children and children raised by their biological parents. Development and psychopathology 24, 143–55 (2012).

46.
Yang, B.-Z. et al. Child abuse and epigenetic mechanisms of disease risk. American journal of preventive medicine 44, 101–7 (2013).

47.
McGowan, P. O. et al. Promoter-wide hypermethylation of the ribosomal RNA gene promoter in the suicide brain. PloS one 3, e2085 (2008).

48.
Uddin, M. et al. Gene expression and methylation signatures of MAN2C1 are associated with PTSD. Disease markers 30, 111–21 (2011).

49.
Smith, A. K. et al. Differential immune system DNA methylation and cytokine regulation in post-traumatic stress disorder. American journal of medical genetics. Part B, Neuropsychiatric genetics : the official publication of the International Society of Psychiatric Genetics 156B, 700–8 (2011).

50.
Koenen, K. C. et al. SLC6A4 methylation modifies the effect of number of traumatic events on risk for posttraumatic stress disorder. NIH 28, 639–647 (2012).

51.
Mehta, D. et al. Childhood maltreatment is associated with distinct genomic and epigenetic profiles in posttraumatic stress disorder. Proceedings of the National Academy of Sciences of the United States of America 110, 8302–7 (2013).

52.
Oberlander, T. F. et al. Prenatal exposure to maternal depression, neonatal methylation of human glucorticoid receptor gene (NR3C1) and infant cortisol stress responses. Epigenetics 97–106 (2008).

53.
Liu, Y. et al. Depression in pregnancy, infant birth weight and DNA methylation of imprint regulatory elements. Epigenetics : official journal of the DNA Methylation Society 7, 735–46 (2012).

54.
Radtke, K. M. et al. Transgenerational impact of intimate partner violence on methylation in the promoter of the glucocorticoid receptor. Translational psychiatry 1, e21 (2011).

55.
Mulligan, C. J., Stees, J. & Hughes, D. A. Methylation changes at NR3C1 in newborns associate with maternal prenatal stress exposure and newborn birth weight. Epigenetics 7, 853–857 (2012).

56.
Soubry, a et al. The effects of depression and use of antidepressive medicines during pregnancy on the methylation status of the IGF2 imprinted control regions in the offspring. Clinical epigenetics 3, 2 (2011).

57.
Schroeder, J. W. et al. DNA methylation in neonates born to women receiving psychiatric care. Epigenetics : official journal of the DNA Methylation Society 7, 409–14 (2012).

58.
Miller, G. & Chen, E. Unfavorable socioeconomic conditions in early life presage expression of proinflammatory phenotype in adolescence. Psychosomatic medicine 69, 402–9 (2007).

59.
Borghol, N. et al. Associations with early-life socio-economic position in adult DNA methylation. International journal of epidemiology 41, 62–74 (2012).

60.
Chen, L. DNA methylation in repetitive elements and post-traumatic stress disorder: a case–control study of US military service members. Epigenomics 29–40 (2012).

61.
Unternaehrer, E. et al. Dynamic changes in DNA methylation of stress-associated genes (OXTR, BDNF ) after acute psychosocial stress. Translational psychiatry 2, e150 (2012). 



20

