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1. The nature of mental health 

There is a myriad of approaches to address mental health issues; 

thereby, one can speak of psychiatric disorders from a clinical point of view, 

but also delve into etiological research, epidemiological data, social disad-

vantage or even evolutionary hypothesis for their origin. These aspects are 

briefly addressed in the introduction of this thesis, starting with several re-

marks about the affliction experienced by those individuals enduring mental 

health issues.  

Those who suffer from mental illness bear psychological distress, 

feelings of guilt and dreadful stigma. Unlike other complex diseases highly 

prevalent in our society, such as cardiovascular disease or cancer, psychiat-

ric disorders are still feared and misunderstood by the public opinion and 

the media. Mental disorders are commonly regarded either as dangerous—

in the case of psychotic and manic phenotypes—or simply nonexistent—like 

depression or anxiety. Those affected by psychopathology in limited re-

source settings often suffer demeaning treatment such as incarceration or 

torture (Patel et al., 2018). 

People diagnosed with psychiatric disorders are exposed to discrim-

ination in the main spheres of their life: relationships, family, education and 

work. A recent report published by the Catalan mental health observatory 

Obertament (2016) revealed statistics for such unfair and biased treatments 

merely based on the existence of a mental diagnostic. According to the re-

port, 61.9% of people with a psychiatric disorder were unemployed, 20.1% 

had been ridiculed or scorned by members of their nuclear family, 19.2% did 

not have a romantic partner since the diagnosis and a 20.3% had received 

pressure to not have children by either a member of their nuclear family, 

their romantic partner or a mental health specialist. 

The lack of validated biomarkers for psychiatric disorders may be 

the origin of widespread ignorance regarding psychopathology–which inevi-

tably leads to discrimination, stigma and false attributions. Although pa-

tients are swiftly tagged based on the subjective evaluation of reported 

symptoms, there is no measurable biological alteration leading to a robust 

diagnosis or treatment of choice. Nevertheless, the joint effort of clinicians 

and researchers during the last decades has shed some light on the patho-
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physiological mechanisms underlying psychiatric disorders (Borenstein, 

2018). These advances come from research fields as diverse as molecular 

biology, pharmacology, neuroimaging, genetics, transcriptomics, prote-

omics, metabolomics and, more recently, epigenetics.   

1.1. Evolutionary view 

Humans (Homo sapiens) are a predominantly social species. So 

much so that the human brain has been shaped to be able to interact, un-

derstand and emotionally bond to their peers; accordingly, loneliness and 

social isolation predict premature mortality (Holt-Lunstad et al., 2015). One 

of the key differences between humans and our evolutionary closest rela-

tives, chimpanzees (Pan troglodytes) and bonobos (Pan paniscus), is en-

cephalization. Notably, the human brain has the highest ratio between neo-

cortex volume and the volume of the rest of brain. Figure 1 displays the 

linear relationship between the neocortex ratio and the typical size of social 

groups within primate species (Dunbar, 2009). 

From an evolutionary point of view, it is difficult to ascertain when 

did psychiatric disorders emerge in the history of hominids. Genomic and 

epigenomic analysis of Neandertal and Denisovan1 DNA have unraveled 

some intriguing cues. Genomic DNA retrieved from fossil records has al-

lowed (i) the study of the epigenomic landscape of our far-relatives, (ii) the 

identification of Neandertal- and Denisovan- introgressed2 sequences in 

modern humans, and (iii) the study of Neanderthal selective sweep (NSS). 

Take schizophrenia for example, one of the most detrimental psy-

chiatric disorders. Whereas heritability studies have revealed its genetic 

component to be as high as 70%, its worldwide prevalence around 1% sug-

gests it originated early in human evolution (McGrath et al., 2008). Notably, 

subjects affected by schizophrenia exhibit reduced reproductive success 

when compared to control subjects (Fañanás and Bertranpetit, 1995; 

MacCabe et al., 2009). This incongruity led to the postulation of the so-

called schizophrenia evolutionary paradox (van Dongen and Boomsma, 

2013). In this regard, Timothy J. Crow suggested the roots of schizophrenia 

to be intertwined with the development of language (Crow, 1997); in this 

                                                           
1
 Neandertal and Denisovan are two extinct species of archaic humans.  

2
 Introgression refers to acquisition of DNA from other species by interbreeding. 
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framework, schizophrenia would have emerged as a disadvantageous-by-

product of language and social brain development. Actually, the study of 

NSS has recently unfolded an enrichment for genetic variants of risk for 

schizophrenia in recent human evolution suggesting a positive selection 

process (Srinivasan et al., 2016). 

Unlike the psychosis spectrum, major depressive disorder exhibits 

much more moderated heritability estimates, around 37% (Sullivan et al., 

2000),  along with a substantially higher prevalence (Kessler et al., 2012) and 

great variation across countries highlighting the involvement of sociocultural 

factors in its etiology (Kessler and Bromet, 2013). However, depression is a 

commonly occurring disorder in all countries where its prevalence has been 

documented; thus, genetic liability for depression must have low pene-

 
Figure 1. Mean social group size for different primate species plotted against 

relative neocortex volume. Solid symbols are New World monkeys; open circles 

are Old World monkeys; squares are apes. Note that apes lie on a separate 

grade to monkeys: they seem to require more computing power to handle 

groups of a particular size than monkeys do, suggesting that their social life is 

cognitively more complex. Reprinted with permission from Dunbar R. Social 

Brain: Evolution (2009).  
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trance3 but widespread distribution, probably as a result of positive selec-

tion. Contrary to schizophrenia, depressive phenotypes could have been 

positively selected across evolution due to the adaptive advantage con-

ferred by core depression symptoms in the context of an infection (Raison 

and Miller, 2017). This theory builds upon the observed behavioral response 

to illness, referred to as sickness behavior, involving characteristic symptoms 

of depression such as social withdrawal, lethargy and depressed mood 

(Dantzer and Kelley, 2007). Intriguingly, meta-analytic evidence suggests 

heightened inflammatory states in subjects suffering depression (Dowlati et 

al., 2010). Additionally, the study of introgressed sequences revealed  Ne-

anderthal SNPs to increase risk for depression (Simonti et al., 2016); this 

legacy seems to operate through Neanderthal alleles in genes involved in 

circadian rhythms since depression is highly influenced by sunlight expo-

sure. 

 
Figure 2. Evolutionary legacy of an inflammatory bias. Early evolutionary pres-

sures derived from interactions with pathogens, predators and human conspe-

cifics resulted in an inflammatory bias intended for fighting infection and heal-

ing wounds, while maintaining vigilance against attack. In modern times, sani-

tized urban environments characterized by continuous psychological challenges 

instigate ancestral immunological and behavioral repertoires contributing to 

inflammation-related disorders liability (including depression). Reproduced with 

permission from Miller A & Raison C. The role of inflammation in depression: 

from evolutionary imperative to modern treatment target. Nature Reviews Im-

munology 16, 22-34 (2016). 

                                                           
3
 In genetics, penetrance refers to the impact on the phenotype of a certain genetic variant. 
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1.2. Epidemiology 

From an epidemiological point of view, psychiatric disorders are one 

of the leading causes of morbidity and disease burden worldwide, as esti-

mated from disability-adjusted life years (DALYs). Moreover, several inde-

pendent reports have documented a dramatic rise in psychiatric disorders 

prevalence (Compton et al., 2006; Goldney et al., 2010; Mojtabai, 2011). As 

a matter of fact, environmental factors conferring risk for psychopathology 

such as urbanicity and exposure to early stress are on the rise, coupled with 

a dearth of knowledge regarding etiology of psychiatric disorders. Thus, 

while the number of diagnosed cases gradually increases, the availability of 

successful treatment strategies has been halted for decades. In this regard, 

a report on drug development success rates revealed psychiatric drugs to be 

the second lowest category regarding those who made it from phase I to 

approval, with a success rate of 6.2% (Hay et al., 2014).  

This public health scenario is further overshadowed by the chronici-

ty and resistance to treatment of a substantial proportion of subjects affect-

ed by psychiatric disorders. Current pharmacological treatments only target 

the alleviation of symptoms. Clinical remission is unpredictable and does not 

often match with self-reported remission; i.e. scoring lower in clinical scales 

such as the Hamilton rating scale for depression does not correlate with 

similar improvements in quality of life assessments, revealing the long and 

chronic impact of the disorder for a majority of affected subjects 

(Zimmerman et al., 2012). 

1.3. The p factor 

Defining and categorizing mental diseases has been challenging 

since their acknowledgment by the medical community in the beginning of 

the nineteenth century—when the term psychiatry was coined. Nowadays, 

the Diagnostic and Statistical Manual of Mental Disorders (DSM) is one of 

the key resources to diagnose individuals presenting symptoms of the psy-

chopathological domain.  Nevertheless, all editions of the DSM so far have 

been criticized as a non-reliable tool to accurately categorize psychiatric 

disorders. This criticism is partially based on the lack of scientific evidence 

supporting its historically accepted nosology.   
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However, since there are no known biomarkers for any psychiatric 

disorder, DSM continues to be the gold standard for psychiatrists. No re-

search field to date has been able to shed light on the roots of psycho-

pathology, neither neuroimaging, genetics, epigenetics nor proteomics. 

Hence, the only resource to tell apart two separate conditions relies on 

symptomatology alone. However, the frontiers between similar disorders 

blur easily and some researchers and clinicians suggest mental health issues 

to be part of a spectrum (Doherty and Owen, 2014). Thus, psychiatric symp-

toms have been hypothesized to belong to three main categories or, more 

appropriately, dimensions, as depicted in Figure 3 (Patel et al., 2018). 

 

Figure 3. Spectrum and overlap of psychiatric manifestations. Psychopathological 

symptoms are present in the general population manifested as mental distress. 

Increasing number and severity of presented symptoms leads to subsyndromal 

profiles. Finally, psychiatric conditions are diagnosed when the accumulation and 

chronicity of symptoms impacts social and occupational spheres. Modified with 

permission from Patel et al. The Lancet Commission on global mental health and 

sustainable development. The Lancet (2018). 
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As a matter of fact, psychopathology as a whole has been suggested 

to be comprised of one single dimension: the p factor (Caspi and Moffitt, 

2018). This revolutionary hypothesis builds on: (i) the overlap of symptoms 

between different diagnoses, (ii) the high rates of comorbidity4, and (iii) the 

curious patterns of heredity observed (offspring of parents affected by psy-

chiatric disorders are more prone to develop a psychiatric disorder but not 

necessarily the same as their progenitors). 

Interestingly, acknowledged risk factors for psychopathology such as 

exposure to childhood trauma or certain genetic variants confer risk unspe-

cifically to several psychiatric disorders at the same time, further supporting 

the notion of one single psychopathology dimension—p—rather than sever-

al categorical labels (Cross-Disorder Group of the Psychiatric Genomics 

Consortium, 2013; Teicher and Samson, 2013). Likewise, antipsychotic and 

antidepressant medications are prescribed to a wide range of patients with 

different categorical psychiatric diagnoses. 

Despite its shortcomings, DSM-based categorical diagnoses continue 

to be the standard in both clinical and research forums. Therefore, the main 

body of the present dissertation relies on such categorization. In this regard, 

specific categorical psychiatric entities discussed throughout the thesis are 

briefly described in the following sections. 

1.4. Depression and anxiety  

Depressive and anxiety disorders are the most prevalent of all psy-

chiatric disorders. They are particularly challenging to study due to their low 

heritabilities and the preponderant role of stress in their etiology.  

1.4.1 Depression 

Major Depressive Disorder (MDD) is the non-communicable disease 

with the highest impact worldwide (Friedrich, 2017). Unipolar depressive 

disorders have been predicted to be the second leading cause of disease 

burden worldwide by 2030 and the first in high-income countries (Mathers 

and Loncar, 2006). According to the World Health Organization, depression 

affected an estimated 322 million people in 2015 (representing 4.4% of the 

                                                           
4
 Comorbidity refers to the experience of more than one categorical disorder simultaneously, 

e.g. depression and anxiety. 
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global population), which supposed an absolute 18.4% increase with regard 

to 2005 estimates (World Health Organization, 2017). 

Major depressive disorder is characterized by the presence of 

pathologic sadness and inability to experience pleasure, along with a pletho-

ra of emotional, neurovegetative and cognitive symptoms. DSM-IV-TR crite-

ria for major depressive disorder are included in Table 1. Remarkably, DSM-

5 was released in 2013, with slight changes with regard to depression diag-

nostic criteria. Nevertheless, DSM-IV-TR criteria were used to diagnose sub-

jects analyzed in the present dissertation as they were recruited prior to 

DSM-5 release. 

Epidemiological studies undoubtedly show depression to be more 

common among women than among men. Specifically, women are at a 

doubled risk of depression when compared to men; these differences arise 

after puberty (Kuehner, 2003). This difference in prevalence has been sug-

gested to rely on both sociocultural and biological factors (Kuehner, 2017). 

On the one hand, women worldwide are at a higher risk of interpersonal 

violence including childhood sexual abuse, sexual partner violence and 

forced marriage, among others. Furthermore, balancing full-time employ-

ment and motherhood leads to role overload in women. On the other hand, 

sex differences regarding physiological stress response (see section 2.2.3) 

together with hormonal influences, personality traits and coping styles, 

could also contribute to this sex-biased prevalence of MDD.  

As introduced in section 1.1, several hypotheses have been suggest-

ed for explaining the origin of depressive disorders. The first of them being 

the monoaminergic hypothesis, which postulates depressive symptomatol-

ogy to be caused by a deficiency in monoamines—serotonin, norepineph-

rine and dopamine. Favoring this hypothesis, all antidepressant medications 

target monoamine receptors or transporters, modulating monoaminergic 

neurotransmission to revert the depressive phenotype. Accordingly, selec-

tive serotonin reuptake inhibitors (SSRIs), the most prescribed antidepres-

sants worldwide, specifically target the serotonin transporter. Despite the 

perennial controversy regarding the actual usefulness of antidepressant 

medication (Andrews et al., 2015), a recent meta-analysis revealed all anti-

depressant drugs to be more efficacious than placebo (Cipriani et al., 2018). 



11 
 

  

Table 1. DSM-IV-TR diagnostic criteria for Major Depressive Disorder 

A – Presence of a minimum of five of the following symptoms have been 
present during a period of at least 2 weeks and represent a change from 
previous functioning.  
One of the symptoms has to be (1) or (2). Symptoms due to a general med-
ical condition or mood-incongruent delusions or hallucinations are not 
included. 

1) depressed mood for most of the day, nearly every day, as in-
dicated by either subjective report or observation made by 
others (in children and adolescents, the mood can be irrita-
ble) 

2) markedly diminished interest or pleasure in all, or almost all, 
activities most of the day, nearly every day (as indicated by ei-
ther subjective account or observation made by others) 

3) significant weight loss when not dieting or weight gain (e.g., a 
change of more than 5% of body weight in a month), or de-
crease or increase in appetite nearly every day 

4) insomnia or hypersomnia nearly every day 
5) psychomotor agitation or retardation nearly every day (ob-

servable by others, not merely subjective feelings of restless-
ness or being slowed down) 

6) fatigue or energy loss nearly every day 
7) feelings of worthlessness or excessive or inappropriate guilt 

(which may be delusional) nearly every day (not merely self-
reproach or guilt about being sick) 

8) diminished ability to think or concentrate, or indecisiveness, 
nearly every day (either by subjective account or as observed 
by others) 

9) recurrent thoughts of death (not just fear of dying), recurrent 
suicidal ideation without a specific plan, or a suicide attempt 
or a specific plan for committing suicide 

B – Symptoms do not meet criteria for a mixed episode. 

C – Symptoms cause clinically significant distress or impairment in social, 
occupational, or other important areas of functioning.  

D – Symptoms are not due to the direct physiological effects of a substance 
(e.g., a drug of abuse, a medication) or a general medical condition (e.g., 
hypothyroidism). 

E – Symptoms are not better accounted by bereavement, i.e., after the loss 
of a loved one, the symptoms persist for longer than 2 months or are char-
acterized by a marked functional impairment, morbid preoccupation with 
worthlessness, suicidal ideation, psychotic symptoms, or psychomotor 
retardation. 
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However, due to the high proportion of treatment resistant sub-

jects, the monoaminergic theory was soon followed by alternative comple-

mentary explanations such as the neuroendocrine, circadian, neuroimmune 

and microbiota hypotheses for depression. 

Due to the preeminent role of the environment in the causality of 

MDD—as derived from low heritability estimates—, psychosocial stress has 

been suggested as the main triggering factor for depressive episodes. Thus, 

abnormalities in the major stress response system, the hypothalamic-

pituitary-adrenal (HPA) axis, have been suggested as putative mediators of 

depressive vulnerability (Holsboer, 2000) (more detailed description of HPA 

axis involvement in psychiatric disorders will be discussed in section 2.2.3).  

Empirical studies testing HPA axis regulation in depressed subjects by means 

of the dexamethasone suppression test5 sum up evidence towards neuro-

endocrine involvement in depressive liability (Mokhtari et al., 2013). 

Likewise, disruption of the circadian rhythms has been suggested to 

underlie some depressive symptom domains like sleep disturbances 

(Courtet and Olié, 2012). Evidence supporting an immune role in the patho-

physiology of depression comes from studies of non-psychiatric patients 

who after receiving interferon alpha (IFN-α) treatment develop depressive-

like phenotypes meeting DSM criteria for major depressive disorder (Table 

1) (Capuron and Miller, 2004). Complementarily, immunological dysfunction 

in depressed patients would dialogue with disbalanced gut microbiota, an-

other etiological factor recently involved in the pathophysiology of MDD 

(Koopman et al., 2017; Mayer, 2011).  

Finally, two recent genome-wide association studies (GWAS) have 

revealed the involvement of excitatory neurotransmission—specifically glu-

tamatergic pathways—, mechanosensory behavior and, generally, genes 

involved in neuron differentiation and morphogenesis in depression 

(Howard et al., 2018; Wray et al., 2018). These genomic findings are espe-

cially relevant in light of recent clinical trials testing the efficacy of ketamine 

as a pharmacological approach in treatment-resistant depressive subjects 

(Fava et al., 2018).  

                                                           
5
 The dexamethasone suppression test consists in the administration of a synthetic steroid, 

dexamethasone, to assess HPA axis negative feedback (analyzing whether cortisol production 
is suppressed or not). 
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1.4.2 Anxiety 

As opposed to major psychiatric disorders—MDD, schizophrenia or 

bipolar disorder—, anxiety disorders as a whole are characterized by a lower 

burden of disease. Nevertheless, they constitute the most prevalent group 

of psychiatric disorders affecting one in 14 people worldwide (Baxter et al., 

2013; Kessler et al., 2010). Thus, anxiety disorders ranked in the 9th position 

as one of the top leading causes of disease burden worldwide, as measured 

by years of life lived with disability (Vos et al., 2015). Just like depression, 

anxiety disorders are characterized by low heritability estimates (Kessler et 

al., 2005a), revealing the role of stress not just as a contributor but as an 

essential factor in their pathophysiology (Teicher and Samson, 2013). 

As categorized in both the recently released DSM-5 and ICD-11, anx-

iety disorders encompass a number of distinct categorical disorders includ-

ing: separation anxiety disorder, selective mutism, specific phobias, social 

anxiety disorder, panic disorder, agoraphobia and generalized anxiety disor-

der (“Anxiety Disorders,” 2013). The core of most anxiety disorders is the 

presence of marked and irrational fear. Remarkably, the aforementioned 

DSM-5 listing of anxiety disorders moderately differs from anxiety disorders 

as categorized by the DSM-IV-TR. Table 2 highlights specific anxiety disor-

ders as included in the DSM-IV-TR as these criteria were used to diagnose 

the adult twin sample assessed in the context of this dissertation. 

 

Table 2. DSM-IV-TR classification of anxiety disorders 

Generalized anxiety disorder 

Panic disorder 
With agoraphobia 

Without agoraphobia 

Agoraphobia without history of panic disorder 

Specific phobia 

Social phobia 

Obsessive-compulsive disorder 

Post-traumatic stress disorder 

Acute stress disorder 
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Due to the anxiolytic efficacy of benzodiazepines, the involvement 

of GABAergic transmission in the pathophysiology of anxiety has been tradi-

tionally accepted. However, due to the side effects of benzodiazepines long-

term use, other psychoactive drugs such as SSRIs have proven the same 

efficacy in alleviating anxious symptoms (Craske and Stein, 2016). 

Given the heterogeneity of this many anxiety disorders, they are 

particularly challenging to study. Most studies focusing on anxiety disorders 

analyze only one of the aforementioned categories in terms of either genet-

ic underpinnings, neuroimaging traits, response to treatment or environ-

mental risk factors. However, anxiety disorders are characterized by out-

standing comorbidity rates; thus, excluding from analysis comorbid subjects 

results in recruitment bias, probably neglecting the most severe forms of 

anxiety disorders. Fewer are the studies that consider the category as a mix-

ture of diverse disorders. Dimensional approaches by means of quantitative 

and continuous scores constitute a suitable design to address this issue.   

1.4.3. Comorbidity and symptom overlap between depression and anxiety 

Following the rationale presented in section 1.3 regarding the clini-

cal, genetic and molecular overlap between different psychiatric categories, 

depression and anxiety have been repeatedly described to co-occur in a 

considerable proportion of psychiatric patients (Figure 4). 

 

Figure 4. Psychiatric comorbidity is ubiquitous. Heatmap of correlations dis-

playing comorbidity between several psychiatric disorders. Data derive from 

the last wave of the Dunedin Longitudinal Study. Reproduced with permission 

from: Caspi A & Moffitt T. All for One and One for All: Mental Disorders in One 

Dimension. The American Journal of Psychiatry 175(9): 831-844 (2018).  
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As a matter of fact, several researchers have previously considered 

depression and anxiety as a single clinical group (Ressler and Mayberg, 

2007). This decision arises from several clinical and biological observations 

briefly discussed below. On the one hand, anxiety and depression have been 

repeatedly described to co-occur, either in the same individuals at the same 

time, consecutively or in different subjects from the same family (Fava et al., 

2000; Kessler et al., 2005b; Lamers et al., 2011). On the other hand, the 

combination of subsyndromal depressive and anxiety symptoms has been 

recognized as a nosological entity of its own, known as mixed anxiety-

depression (Hettema et al., 2015). 

One of the samples analyzed in the context of the present thesis dis-

sertation was drawn from the general population; thus, the number of sub-

jects affected by psychiatric disorders was fairly low with most of the affect-

ed subjects presenting either depressive or anxious symptomatology, and a 

significant subset of those presenting comorbid anxious-depressive pat-

terns. Thus, patients affected by either depression or anxiety disorders were 

considered as a single group of anxious-depressive subjects. 

1.5. Schizophrenia 

Schizophrenia is regarded as the most severe and recognizable psy-

chiatric disorder due to the presence of hallucinations and delusions, per-

haps the most noticeable psychiatric symptoms. Nevertheless, schizophre-

nia spectrum disorders (SSD) can be characterized by three main domains or 

dimensions: positive, negative and cognitive. While positive or psychotic 

symptoms include all behavioral abnormalities most striking to neurotypical 

subjects such as hallucinations, delusions, disordered thought and move-

ment disorders; negative symptoms refer to the lack of energy and motiva-

tion, flattened affect and anhedonia—which is a core feature of severe de-

pression. Finally, cognitive symptoms comprise deficits in working memory 

and executive functioning together with attention deficits. 

In this regard, findings from a polynosologic study of multiplex fami-

lies affected by psychotic disorders revealed the lack of familiality6 for either 

                                                           
6
 Familiality refers to the heritable component of a certain trait as measured by its transmis-

sion in family studies. Familiality is used instead of heritability to refer to the combined effect 
of shared genetics and environment between the members of the same family. 
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delusions or hallucinations (Peralta et al., 2016). Conversely, deficit and 

negative syndromes exhibited striking familiality estimates suggesting the 

genetic basis for SSD to rely on genetic liability for the negative dimension. 

Although negative and cognitive symptoms have been shown to be the most 

pervasive and deleterious for patients with SSD, almost all antipsychotic 

treatment are only effective in diminishing the impact of positive symptoms. 

While depression and anxiety are not only highly comorbid but also 

share genetic and neurobiological bases, SSD would be in the other extreme 

of the psychopathological spectrum, in a position between (i) autism spec-

trum disorders (ASD) and other neurodevelopmental disorders, and (ii) bi-

polar disorder (Figure 3). SSD, and particularly schizophrenia, are character-

ized by the highest heritability estimate of all psychiatric disorders pointing 

to the preeminent role of genetics in their pathophysiology (Sullivan et al., 

2012)(Figure 5).  

Accordingly, genome-wide association studies (GWAS) have re-

vealed one of the most robust genetic architectures in psychiatric genetics 

so far, with 113 loci significantly associated with this disorder (Li et al., 2017; 

Schizophrenia Working Group of the Psychiatric Genomics Consortium, 

2014). 

Nevertheless, all risk alleles identified so far confer low-to-moderate 

risk (all ORs lower than 1.2), and the combined effects of all loci included in 

the polygenic risk score (PRS)7 account for an approximate 18.4% of the 

disorder variance (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). Therefore, several environmental risk factors 

have been highlighted as putative triggering factors for schizophrenia in 

genetically vulnerable individuals (Alemany et al., 2011). In this context, the 

neurodevelopmental hypothesis of schizophrenia was born relying on three 

main ideas: (i) evidence for a prodromal cognitive delay prior to the onset of 

schizophrenia (Reichenberg et al., 2010), (ii) the association between ob-

stetric complications (OCs) and schizophrenia incidence (Cannon et al., 

2002), and (iii) the obvious gap left by genetic studies pointing to the exist-

ence of environmental risk factors. 

                                                           
7
 The polygenic risk score used in this analysis included all genetic variants associated with 

schizophrenia under a 0.05 level of significance as opposed to the validated 113 loci, which 
surpassed the 5x10

-8
 threshold of significance. 
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Figure 5. Genetic architecture of psychiatric disorders. Plot of heritability by log10 

(lifetime prevalence) for nine psychiatric disorders and three complex diseases 

characterized by a successful genetic dissection. Color indicates qualitative success 

in identifying etiological genetic variation (bright green meaning notably successful 

and red highlighting minimal or no clear success). The bubble sizes are proportional 

to the number of cases studied in genome-wide association studies. Abbreviations: 

AD, Alzheimer’s disease; ADHD, attention-deficit hyperactivity disorders; ALC, alco-

hol dependence; AN, anorexia nervosa; ASD, autism spectrum disorder; BIP, bipolar 

disorder; BRCA, breast cancer; CD, Crohn’s disease; MDD, major depressive disor-

der; NIC, nicotine usage; SCZ, schizophrenia; T2DM, type 2 diabetes mellitus. Re-

produced with permission from Sullivan P, Daly M & O’Donovan M. Genetic archi-

tectures of psychiatric disorders: the emerging picture and its implications. Nature 

Reviews Genetics 13, 537-551 (2012). 
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This conceptualization of psychosis had been already presented by 

the Scottish psychiatrist Thomas Clouston back in 1891 who referred to 

what we now know as schizophrenia as «the last cortical developmental 

disease» (Clouston, 1891). One century later, this hypothesis was refined by 

several researchers leaving an unresolved issue: the latency between the 

perinatal insult and the onset of frank symptomatology—around late ado-

lescence and early adulthood (Murray, 2010; Weinberger, 1996). This per-

spective leads to the consideration of the first stages of life and neurodevel-

opment as crucial time windows for the exploration of such hypothesis. 

Actually, a recent study has highlighted the role of the prenatal environment 

as an essential factor interacting with the genetic architecture of schizo-

phrenia by means of placental regulation (Ursini et al., 2018). 
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2. The quest for risk factors underlying psychopathologi-

cal manifestations 

As discussed in section 1.2, the lack of validated biomarkers for any 

psychiatric disorder forces psychiatrists to exclusively rely on diagnostic 

manuals—such as the DSM-5. Nevertheless, several decades worth of scien-

tific research have revealed robust evidence regarding environmental and 

genetic factors that modestly increase the risk for suffering a mental disor-

der. 

2.1. The human genome 

The central dogma of molecular biology as postulated by Francis 

Crick posits that genetic information encoded in the DNA is transcribed into 

RNA to later be translated into protein, which will then exert its function 

(Crick, 1970). Although this dogma has been revisited several times in the 

light of later findings regarding gene regulation and non-coding DNA re-

gions, it provided the starting point for genetic studies on any known phe-

notype, including human disorders and traits. 

Whereas there is a considerable number of monogenic diseases in 

which a single mutation on a single gene is sufficient to induce a pathologic 

phenotype, the most prevalent disorders are complex in nature, i.e. they are 

caused by numerous mutations in several genes, thus exhibiting a polygenic 

architecture. In this regard, the penetrance of a certain genetic variant is 

inversely associated with its prevalence in the general population (Figure 6). 

Such a negative correlation follows the laws of natural selection considering 

that deleterious mutations are suppressed from the genetic pool of a spe-

cies whenever they reduce an individual’s fitness8. Importantly, this poly-

genic architecture is also present in continuous human traits—such as intel-

ligence, height or skin color—for which the endless combinations of alleles 

determine the specific phenotype. 

                                                           
8
 The concept of fitness is crucial in evolutionary biology and has been a recurring topic of 

discussion since psychiatric disorders often debut in juvenile stages (teen to early 20s), co-
occurring with the peak of reproductive activity. 
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Figure 6. Inverse relationship between population frequency of a certain 

genetic variance and its contribution to disease (displayed data derives 

from schizophrenia studies). At one extreme, rare variants of large effect 

are carried by few individuals. At the other extreme, common variants of 

small effect are carried by lots of people; the increased risk of disease to an 

individual from such variants may be trivial but the effect on population var-

iance can be the same as for the rare variant of large effect. Abbreviations: 

CNV, copy number variant; SNP, single nucleotide polymorphism. Repro-

duced with permission from Gratten J, Wray N, Keller M & Visscher P. Large-

scale genomics unveils the genetic architecture of psychiatric disorders.  

An initial study design to ascertain which genetic variants could be 

underlying a certain complex trait consists of candidate approaches in which 

the genes under investigation have been selected following functional crite-

ria. At the beginning of psychiatric genetic exploration, it was logical to start 

analyzing genes involved in the different neurotransmission systems target-

ed by available psychoactive drugs. Thus, studies focusing on genes encod-

ing dopamine receptors 2, 3 and 4—DRD2, DRD3 and DRD4, respectively—, 

the serotonin transporter—SLC6A4—, or the brain-derived neurotrophic 

factor—BDNF—, among others, proliferated during the 90s and 00s (Farrell 

et al., 2015). Nevertheless, such approaches have yielded mostly negative or 
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non-replicable findings; hence, candidate gene study designs are slowly 

falling into disuse with the advent of the genomic era. 

More recently, the successful9 sequencing of the human genome 

back in 2001 (The International Human Genome Mapping Consortium et al., 

2001) allowed the development of genome-wide association studies (GWAS) 

to find out which genes are involved in a certain complex trait or disorder. 

Briefly, GWAS consist of hypothesis-free approaches in which thousands of 

SNPs10 are tested comparing groups of subjects informative for the pheno-

type of interest being researched. Typically, the subject of study is a com-

plex disorder; thus, the dependent variable in the analysis is qualitative and 

dichotomic—according to presence/absence of categorical diagnosis—and 

the GWAS is conducted in two differentiated groups of healthy controls and 

affected subjects. Due to the multiple comparisons conducted in such mas-

sive analyses, sample size must reach at least several thousand subjects in 

order for the GWAS to have sufficient statistical power. 

Paradigmatically, psychiatric disorders are highly polygenic and mul-

tiple GWAS have been conducted in the last years in an attempt to identify 

genetic variants of risk for several categorical diagnoses such as schizophre-

nia, bipolar disorder, major depressive disorder, and autism, among others 

(Anney et al., 2017; Deckert et al., 2017; Hyde et al., 2016; Li et al., 2017). To 

summarize, there are three main findings that deserve attention: (i) the 

number of significant hits depends on the heritability of the disorder being 

analyzed, (ii) the proportion of the variance explained by the sum of all risk 

alleles is low-to-moderate, and (iii) there is a shared genetic basis for the 

major psychiatric disorders. 

Firstly, the notably higher number of significant loci described in 

schizophrenia when compared to major depressive disorder came as no 

                                                           
9
 Although the publication of the first map for the human genome was a research landmark 

and it served as the cornerstone for the developing of genomics as a new biology field, the 
reported sequencing did not cover the entire human genome but an approximate 90% in-
cluding ~150,000 gaps (International Human Genome Sequencing Consortium, 2004) 
10

 Single nucleotide position or SNP refers to genetic mutations affecting one single nucleo-
tide of the DNA sequence giving rise to two alternative genetic variants known as alleles. 
Specifically, a genetic variant of one single nucleotide is considered as a SNP when the minor 
allele frequency—the frequency of the less common variant—can be found in % of the popu-
lation. 
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surprise since such results paralleled the different heritability estimates for 

both disorders (section 1.4). However, even when summarizing the odds 

ratio (OR) conferred by the 108 identified loci associated with schizophrenia, 

the accumulated risk only accounted for a 18.4% of the total variance of the 

disorder (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). Such paucity of results was generalizable to other com-

plex non-psychiatric disorders and was recognized as the missing heritability 

problem (Manolio et al., 2009). On the other hand, the shared loci for sev-

eral psychiatric disorders is in line with the p factor hypothesis presented in 

section 1.3. 

2.2. Environmental stress 

The inability to find genetic variants unambiguously associated with 

psychiatric disorders lead to a growing interest in the study of the environ-

ment. Actually, the preeminent role of external factors is nothing but re-

stricted to psychopathology; virtually all polygenic traits are influenced by 

environmental factors such as diet, sunlight exposure, lifestyle and socioec-

onomic status. Environmental factors considered as major risk factors for a 

given psychiatric disorder include exposure to traumatic stress (especially 

during early development), substance abuse, low socioeconomic status and 

urbanicity (Patel et al., 2018). 

Threatening environmental insults are most deleterious when they 

occur during ontogenic windows of development such as the prenatal peri-

od or childhood.  

2.2.1. Prenatal stress 

As briefly introduced in section 1.5, prenatal stress has been hy-

pothesized to play a key role in the etiology of neurodevelopmental disor-

ders, including ASD and schizophrenia, and other psychiatric disorders such 

as depression. The neurodevelopmental hypothesis of schizophrenia was 

first hinted in the late 19th century by the Scottish psychiatrist Thomas Clou-

ston who referred to what we now know as psychosis as «the last cortical 

developmental disease» (Clouston, 1891). It was not until the 80s when this 

hypothesis was regained based on exploratory analyses testing the associa-

tion between several obstetric complications and the development of schiz-

ophrenia in later stages of life (Lewis and Murray, 1987). Such theories were 
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often questioned due to the substantial latency between the risk factor—

during the perinatal period—and the onset of the disorder—around the 

early twenties (Paus et al., 2008). Nevertheless, there is no longer doubt 

about the extant association between obstetric complications and schizo-

phrenia, with an associated OR of 2 (Belbasis et al., 2018).  

Likewise, psychosocial stress as experienced by the expectant moth-

er has been described to influence postnatal behavior, the infant’s stress 

response and his/her long-term psychopathological liability. This kind of 

prenatal stress ranges from low-to-moderate daily stressors to the most 

severe forms of intimate partner violence and war trauma. Additionally, 

maternal psychopathology during pregnancy entails considerable emotional 

suffering which has also been incorporated in the notion of prenatal stress 

(O’Donnell et al., 2012). Evidence from animal and human studies reveals 

the potential role of prenatal stress in the regulation of placental gene ex-

pression, particularly of genes involved in the stress response system which 

may shape fetal long-term stress responsivity (Welberg et al., 2005). 

Furthermore, maternal immune activation (MIA) during pregnancy 

due to either viral, bacterial or parasitic infections has been epidemiological-

ly linked to an increase in neurodevelopmental disorders, particularly ASD 

and schizophrenia (Estes and McAllister, 2016). A most recent outbreak 

exemplifying the extreme risks of MIA for fetal neural development is the 

association between Zika virus infection and congenital abnormalities in-

cluding microcephaly (Melo et al., 2016; Wen et al., 2017). Accordingly, an-

imal models for neurodevelopmental disorders rely on experimentally in-

duced MIA. One of the most commonly used models in psychiatric research 

consists of poly(I:C) inoculation in pregnant dams, which triggers an acute 

immune response (Meyer and Feldon, 2012). 

Prenatal insults have been also associated with a number of non-

psychiatric phenotypes such as cardiovascular and metabolic disorders. The 

developmental origins of health and disease (DOHaD) hypothesis sumps up 

this evidence suggesting fetuses have the ability to program themselves to 

adapt to the prenatal environment on the assumption that it will be a proxy 

for postnatal environment (Barker, 1998). Such calibration was first sug-

gested to explain metabolic programming of a thrifty phenotype leading to 

type 2 diabetes and obesity whenever the fetus is first exposed to prenatal 
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famine but is later reared in a nutrient rich environment (Hales and Barker, 

1992). More recently, the DOHaD hypothesis has been explored in the con-

text of psychiatric disorders (Robinson et al., 2018). 

2.2.2. Childhood adversity 

Childhood is another highly vulnerable period for the development 

of psychiatric disorders. Although several milestones of human brain devel-

opment such as neurulation, neuronal proliferation and neural migration 

take place during prenatal stages, there are as much brain maturation 

events in postnatal life including apoptosis, synaptogenesis, myelination and 

synaptic pruning (Figure 7). Thus, human brain continues to mature until the 

early twenties.  

Childhood adversity encompasses any circumstance that a child 

could experience as a threat to the self and thus includes childhood mal-

 
Figure 7. Key processes in human neurodevelopment. Timeline of human de-

velopment during prenatal (in postconception weeks, pcw) and postnatal (in 

years) periods, in which the horizontal bars represent the approximate timing of 

key neurobiological processes and developmental milestones. Reproduced with 

permission from Marín O. Developmental timing and critical windows for the 

treatment of psychiatric disorders. Nature Medicine 22, 1229-1238 (2016). 
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treatment, poverty, loss of a parent, witnessing domestic violence, and ex-

posure to natural disasters, among others. 

One of the strongest environmental predictors of psychiatric illness 

is early exposure to trauma, adversity or maltreatment. Analogous to genet-

ic predisposition, childhood maltreatment exerts a transdiagnostic effect 

increasing the risk to suffer any psychiatric disorder, which further supports 

the hypothesis of the p factor (section 1.3) (Teicher and Samson, 2013). 

Furthermore, presence of childhood maltreatment has been associated with 

worse course of illness and treatment response (Nanni et al., 2012). 

Of note, stress during childhood has more subtle effects in neural 

functioning when compared to prenatal exposure to stress according to the 

neural processes taking place during this period (Figure 7). The individual 

impact of childhood adversity depends on both genetic liability to stress-

related disorders, prior exposure to stress in the prenatal period and the 

availability of a support network provided by family, caretakers and peers. 

Specifically, schizophrenia was the first psychiatric disorder suggest-

ed to be caused by the cumulative effects of several insults occurring at 

different developmental stages (Bayer et al., 1999). This principle is current-

ly known as the double hit hypothesis, which dialogues with the neurode-

velopmental hypothesis for schizophrenia (section 1.5) positing prenatal 

stress to act as the first hit. Consequently, postnatal stressful situations 

would operate upon a sensitized state, finally triggering the onset of a dis-

order (Giovanoli et al., 2013). 

The cumulative risk conferred by multiple adversities during child-

hood was also described to directly correlate with the number of comorbid 

mental health disturbances in a dose-response fashion (Anda et al., 2006). 

This finding was independent of either genetic liability or prenatal environ-

ment, highlighting the developmental relevance of childhood in shaping 

adult mental health and wellbeing. Of note, clinical outcomes of interest in 

this study included depressed mood, somatic complaints, substance abuse, 

impaired memory, promiscuity and perceived stress. 

Nevertheless, the biological mechanisms mediating the association 

between childhood trauma and later vulnerability for psychiatric disorders 

remain unknown.  
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2.2.3. Brain areas involved in the stress response 

Exposure to stress has been associated with several neuroimaging 

abnormalities including volumetric and connectivity changes. Specifically, 

different types of childhood maltreatment have been associated with differ-

ential gray matter loss, reduced cortical surface and thickness, and de-

creased network connectivity (Teicher et al., 2016). Globally, maltreatment 

is clearly associated with alterations in brain regions and pathways involved 

in both the perception and memory of threatening/emotional situations. 

The amygdala and the hippocampus, as the main components of the 

limbic system, are critically involved in socioemotional functioning and 

stress response (Figure 8). While the hippocampus is essential for learning, 

memory and neuroendocrine regulation of the stress response; emotional 

and social information is primarily processed by the amygdala (Hanson et 

al., 2015).  

The hippocampus is particularly sensitive to heightened circulating 

levels of cortisol. Thus, exposure to toxic stress has been described to de-

crease hippocampal volume; meta-analytic evidence revealed significant  

 
Figure 8. Mechanisms underlying stress effects on the brain. In the hippocam-
pus, stress and glucocorticoids cause dendritic shrinkage and loss of spines 
while stress on the amygdala is associated with increased spine density and 
dendrites’ expansion. Reproduced with permission from: McEwen B et al. 
Mechanisms of stress in the brain. Nature Neuroscience 18, 1353-1363 (2015). 
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hippocampal reductions in association with childhood maltreatment, partic-

ularly when it was experienced during middle childhood (Riem et al., 2015). 

Remarkably, hippocampal gray matter loss is a neuroimaging finding specific 

to depression, as opposed to a majority of neuroimaging findings overlap-

ping across different categorical diagnoses (Goodkind et al., 2015).  

Beyond volumetric alterations, brain wiring and activation patterns 

have also been widely researched in the context of psychiatry. Functional 

magnetic resonance imaging allows us to study both brain connectivity and 

activity by means of blood-oxygen-level-dependent (BOLD) contrast. This 

methodology has been instrumental in the description of several neural 

networks affected in psychiatric disorders. In this regard, heightened amyg-

dala reactivity in healthy subjects was described as a reliable biomarker of 

stress-triggered anxiety and depressive disorder up to four years later 

(Swartz et al., 2015). Higher amygdala reactivity and activity have been also 

described in traumatized individuals in response to negative valence stimuli 

presented in experimental settings. 

Interestingly, integration between genetic and neuroimaging ap-

proaches has led to a new research field, imaging genetics and, more re-

cently, to imaging epigenetics. Such new approaches allow the exploration 

of stress vulnerability, resilience and plasticity mechanisms. 

2.2.4. Stress response: the hypothalamic-pituitary-adrenal axis 

 The hypothalamic-pituitary-adrenal (HPA) axis is one of the main 

stress response systems; its activation allows resource reallocation to ap-

propriately react before a threat, including regulation of digestion, energy 

expenditure and immune response. Exposure to threatening situations me-

diates the secretion of corticotropin-releasing hormone (CRH) by the para-

ventricular nucleus of the hypothalamus. Once in the anterior pituitary, CRH 

promotes the release of adrenocorticotropic hormone (ACTH) to the adrenal 

glands, which finally release cortisol—the end product of human HPA axis 

activation (Figure 9). Once in the bloodstream, this steroid hormone is dis-

tributed systemically, including the hypothalamus and the pituitary where it 

suppresses CRH and ACTH production, terminating the stress response. As a 

lipophilic molecule, cortisol crosses the cellular membrane by passive diffu-

sion and can bind to both mineralocorticoid and glucocorticoid receptors 
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(MR and GR, respectively) in the cytoplasm. While the MR has a higher affin-

ity for glucocorticoids, the GR is characterized by a higher threshold for acti-

vation and thus responds to heightened cortisol states indicative of stress 

exposure.  

When cortisol binds to the GR, the later changes its conformation, 

gets rid of co-chaperones preventing the receptor from translocating to the 

nucleus and directly accesses the DNA sequence, functioning as a transcrip-

tion factor. The GR-cortisol complex then binds to glucocorticoid responsive 

elements (GRE) in the genome activating and repressing gene expression. Of 

 
Figure 9. Schematic representation of the hypothalamic-pituitary-adrenal 
(HPA) axis. Activation of the parvocellular neurons in the parvocellular neurons 
in the paraventricular nucleus of the hypothalamus leads to synthesis of CRH 
and AVP, which stimulate release of ACTH at the pituitary, which in turn acts at 
the adrenals to stimulate synthesis and release of corticosteroids. While the 
hippocampus negatively regulates HPA axis functioning, amygdala activity trig-
gers its activation. Reproduced with permission from: Papadopoulos A & Cleare 
A. Hypothalamic–pituitary–adrenal axis dysfunction in chronic fatigue syn-
drome. Nature Reviews Endocrinology 8, 22-32 (2012). 
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note, the GR is ubiquitously distributed throughout the organism and corti-

sol release from the adrenal glands results in homeostasis regulation at both 

peripheral and central levels.  

Interestingly, one of the key actions of cortisol consists in the termi-

nation of the stress response by means of a negative feedback mediated by 

GRs located at hypothalamic and pituitary regions. Deterioration of this 

feedback leads to glucocorticoid resistance, giving rise to chronically height-

ened levels of circulating cortisol, followed by immune dysregulation and 

altered stress response (Cohen et al., 2012; Pariante, 2017). Glucocorticoid 

resistance can be monitored by administration of a synthetic glucocorticoid, 

dexamethasone, and later measuring of cortisol circulating levels (Leistner 

and Menke, 2018).  

Effects of excess cortisol can be easily monitored in Cushing’s syn-

drome patients. Cushing’s syndrome is a medical condition characterized by 

chronically high levels of circulating cortisol due to either corticosteroid 

medication or the presence of tumors in any of the organs involved in the 

HPA axis (Lacroix et al., 2015). Hypercortisolism observed in Cushing syn-

drome patients causes a wide range of symptoms such as weight gain, 

headache, muscle weakness or hypertension. Of note, Cushing syndrome 

also presents with psychological symptoms including depression, anxiety 

and cognitive difficulties, further confirming the deleterious role of hyper-

cortisolism in mood and cognition. 

HPA axis functioning and GR itself have been thoroughly analyzed in 

both psychiatric patients and subjects exposed to severe trauma. Human 

response to acute stress can be measured in a lab setting by means of ex-

perimentally controlled challenges such as the Trier Social Stress Test (TSST), 

a validated procedure shown to reliably activate stress response systems in 

both children and adult subjects (Allen et al., 2014). Such approaches have 

revealed abnormal cortisol outputs after exposure to acute stress in both 

depressed and maltreated subjects. However, whether HPA axis alterations 

are causal or consequential in such associations remains a controversial 

matter (Zorn et al., 2017). 

From puberty onward, men and women display significant differ-

ences in their HPA axis reactivity in front of threatening stimuli. In this re-
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gard, men have been described to show greater increases in peripheral cor-

tisol after exposure to acute stress than women (Eisenberger et al., 2007). 

From an evolutionary point of view, males are expected to prioritize compe-

tition and aggression in threatening situations while females favor investing 

in offspring protection (Glover and Hill, 2012). Remarkably, prenatal stress 

induces sex-specific adaptations, contributing to the fetal programming 

theory (section 2.2.1). Interestingly, these differences have been hypothe-

sized to be caused by sexual dimorphism of the human placenta; while male 

fetuses prioritize growth at the expense of survival, females adapt to prena-

tal environment increasing their overall survival rate but limiting their po-

tential to grow (Clifton, 2010). 

2.2.4.1. The glucocorticoid receptor gene 

GR is encoded by the nuclear receptor subfamily 3 group C member 

1—NR3C1—gene, located in chromosome 5q31. NR3C1 gene transcription 

gives rise to 16 splice variants and several isoforms (the most commonly 

expressed being GR-α and GR-β). While GR-α is the predominant isoform, 

carrying out GR physiological activity, GR-β is shorter and resides mainly in 

the cell nucleus. Since GR-β cannot bind to glucocorticoids, it inhibits GR-α 

by forming heterodimers and preventing GR-α-mediated transcription regu-

lation (Oakley et al., 1999). Interestingly, decreased monocytic expression of 

GR-α in depressed patients was reported together with an upregulation of 

pro-inflammatory pathways (Carvalho et al., 2014). 

NR3C1 gene is comprised of 8 coding exons and 9 alternate non-

coding first exons (1A, 1B, 1C, 1D, 1E, 1F, 1H, 1I and 1J). Non-coding exons are 

located in the gene promoter region and are transcribed into different 

mRNA variants, but they have not been described to be translated into any 

of the protein isoforms (Figure 10). Molecular studies have revealed each of 

the non-coding exons transcripts to display a characteristic tissue distribu-

tion (Turner and Muller, 2005). 

Given the essential role of GR in the regulation of HPA axis function-

ing, NR3C1 genetic variants have been widely analyzed in the context of 

psychiatric genetics research, with a focus on depression (see section 1.4). 
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Accordingly, NR3C1 SNPs and haplotypes11 have been associated with: MDD 

liability and antidepressant response (van Rossum et al., 2006), predomi-

nance of depressive symptoms in bipolar disorder (Szczepankiewicz et al., 

2011), disease severity as reflected by hospital admissions (Lahti et al., 

2011), hippocampal volume reduction (Zobel et al., 2008), and HPA axis 

reactivity as measured by cortisol output after acute exposure to stress 

(Plieger et al., 2018). 

 

Figure 10. Structure of the NR3C1 gene, its potential mRNA transcripts and the 

binding sites within the CpG island. (A) Genomic structure of NR3C1 gene in-

cluding 5’ untranslated exons (arrows), common exons and 3’ alternatively 

spliced exons (9α and 9β). (B) Potential mRNA transcripts encoding the three of 

the GR isoforms (GRα, GRβ and GR-P). (C) Location of known transcription fac-

tor binding sites. Reproduced with permission from: Turner et al. Transcription-

al control of the glucocorticoid receptor: CpG islands, epigenetics and more. Bi-

ochemical Pharmacology 80 (12): 1860-1868. 

                                                           
11

 Haplotype refers to a group of alleles inherited together due to their proximity in 
the chromosome (high linkage disequilibrium) 



32 
 

Nevertheless, such studies have also revealed inconsistent results 

regarding the specific effects of particular SNPs. Anyway, NR3C1 genetic 

variation does not seem to fully account for observed variability in HPA axis 

functioning and regulation, suggesting the involvement of additional mech-

anisms yet to be identified. 

2.2.4.2. Serotonergic involvement in HPA axis regulation 

Serotonin (5-HT) regulates a plethora of physiological processes in-

cluding mood, aggression, memory consolidation, food intake and stress 

response. As introduced in section 1.4, 5-HT is one of the key neurotrans-

mitters altered in depression, with a serotonergic deficit suggested as one of 

the main etiological factors for MDD. 

Additionally, evidence points to synergistic regulation of stress re-

sponse by HPA axis and serotonergic pathways. For instance, experimental 

activation of the HPA axis in animal models has been described to increase 

5-HT release in several brain areas (Lanfumey et al., 2008). Similarly, the 

study of genetically modified mice with defective serotonergic transmission 

revealed increased stress sensitization, decreased GR expression and blunt-

ed response to dexamethasone administration (Jiang et al., 2009). 

SLC6A4 gene and 5-HTTLPR 

The serotonin transporter—also known as 5-HTT or SERT—is encod-

ed by the solute carrier family 6 member 4—SLC6A4—gene, located in 

chromosome 17q11.2. SERT reuptakes serotonin from the synaptic cleft into 

the pre-synaptic neuron, thus terminating serotonergic transmission. Selec-

tive serotonin reuptake inhibitors (SSRIs), the most widely prescribed anti-

depressants worldwide, act by pharmacologically blocking this transporter. 

A long polymorphic region in SLC6A4 promoter—5-HTTLPR—

consisting of a short (s) and a long (l) alleles has been characterized to influ-

ence SERT expression and thus has been thoroughly researched in the con-

text of psychiatric genetics (Figure 11). Accordingly, s carriers exhibit poorer 

regulation of the HPA axis and increased vulnerability to early life stress 

when compared to ll homozygotes (Gunnewiek et al., 2018). Furthermore, 

5-HTTLPR has also been associated with course of illness and antidepressant 

response (Arias et al., 2003). Nevertheless, association between both varia-
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bles remains controversial due to inconsistent results across studies (Taylor 

et al., 2010). 

Additionally, 5-HTTLPR has also been described to alter brain func-

tioning, particularly in the amygdala, a brain area involved in emotion pro-

cessing and response to aversive stimuli. Specifically, s carriers exhibit 

heightened amygdala reactivity to environmental threat when compared to 

l homozygotes (Munafò et al., 2008). 

2.3. Nature versus Nurture: a paradigm for the understanding of 

psychiatric phenotypes 

Throughout section 2.1. the genetic bases of mental disorders have 

been discussed revealing the moderate risk conferred by the genetic vari-

ants identified so far. Conversely, section 2.2 considers the role of the envi-

ronment in psychiatric disorders unfolding a similar lack of definitive 

knowledge to be used as either a biomarker or a target for treatment. Final-

ly, section 2.3 presents the inconsistent genetic associations between vari-

ants at candidate genes involved in HPA axis regulation—NR3C1, FKBP5, 

SKA2, SLC6A4—and a number of psychiatric, cognitive and stress outcomes. 

 
Figure 11. Structure of the SLC6A4 gene, including its promoter-located 

CpG island, the 5-HTTLPR, alternative splicing and several SNPs. The de-

picted 5-HTTLPR corresponds to the long allele (16 repeats designated by 

Greek letters according to Nakamura et al.’s nomenclature). DNA methyla-

tion at an AluJb element and a CpG island may regulate SLC6A4 expression. 

Reproduce with permission from: Iurescia S, Seripa D & Rinaldi M. Looking 

Beyond the 5-HTTLPR Polymorphism: Genetic and Epigenetic Layers of 

Regulation Affecting the Serotonin Transporter Gene Expression. Molecular 

Neurobiology 54 (10): 8386-8403. 
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This framework lead to the so-called nature versus nurture debate, 

applied to several human phenotypes, particularly those of a psychological 

nature, such as intelligence, personality or psychopathology. Currently, it is 

widely accepted that both innate and acquired factors are required to the 

development of such complex traits. 

2.3.1. Gene per environment interactions 

The simultaneous and synergistic involvement of genes and envi-

ronment (GxE interaction) in psychiatric phenotypes was firstly recognized 

by Caspi and colleagues in their seminal works regarding the interaction 

between (i) monoamine oxidase A (MAOA) risk alleles and exposure to se-

vere childhood maltreatment to give rise to antisocial behavior (Caspi et al., 

2002), and (ii) the 5-HTTLPR and exposure to stressful life events to trigger 

depression (Figure 12) (Caspi et al., 2003). Such interaction models broke 

new ground and lead to a new conceptualization of psychiatric disorders 

and related phenotypes. 

Thenceforth, several GxE interactions have been suggested in the 

psychiatric field. Nevertheless, candidate approaches are limited by its own 

simplistic conceptualization consisting of one single genetic variant of risk 

and one unique environmental factor. Unlike solely genetic designs, massive 

exploration of the environment is restrained by methodological and statisti-

cal limitations. 

 
Figure 12. GxE interaction between childhood maltreatment and adult depression 

as a function of 5-HTTLPR. Reproduced with permission from: Caspi A. Influence of 

Life Stress on Depression: Moderation by a polymorphism in the 5-HTT gene. Sci-

ence 301, 386 (2003). 
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3. Epigenetics 

In this maelstrom of inconsistent findings and elusive etiologies, ep-

igenetics emerged as a jack of all trades which could potentially explain at 

the same time (i) the dialogue between genes and environment, (ii) the 

latency from distant exposure to proximal symptomatology, (iii) the sex-

biased prevalence of most psychiatric disorders, and (iv) the observed phe-

notypic discordance between monozygotic, or identical, twins. 

The term epigenetics was coined by Waddington back in 1942, to re-

fer to the developmental processes operating from the genotype to the 

phenotype (Waddington, 2012). Since then, epigenetics definition has been 

reshaped several times to better reflect the nature of the mechanisms and 

modifications considered to be epigenetic. From the many definitions of 

 

Figure 13. Main epigenetic mechanisms. DNA methylation, histone post-

translational modifications and RNA-based mechanisms. Reproduced with 

permission from Lee J, Murphy G & Lian C. Melanoma epigenetics: novel 

mechanisms, markers, and medicines. Laboratory Investigation 94(8): 822-

838 (2014). 
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what epigenetics means, and for the purpose of this thesis dissertation, 

epigenetics refers to «any heritable change in gene expression that does not 

affect the DNA sequence itself» (Jaenisch and Bird, 2003).  

This definition contains three main features shared by all epigenetic 

modifications, the first of them being their impact on chromatin confor-

mation and subsequent gene expression and regulation. Additionally, nei-

ther of them affects the DNA sequence although epigenetic marks are 

passed from one cell to another, making such mechanisms heritable. Of 

note, the heritable component of epigenetic mechanisms refers to the 

maintenance of epigenetic signatures along subsequent cell divisions. Herit-

ability of epigenetic patterns across different generations will be discussed 

in more detail in section 3.4. This epigenetic maintenance is confronted with 

its plasticity and responsivity to the environment; thus, acquired epigenetic 

changes have been acknowledged as contributors to health and disease 

(Romanoski et al., 2015). 

Histone tail modifications (acetylation, phosphorylation and ubiqui-

tination, among others), DNA methylation and microRNAs constitute the 

major epigenetic modifications (Figure 13). Such mechanisms are involved 

in key physiological pathways such as cell lineage determination or X chro-

mosome inactivation in females (Riggs, 1975). By modulating the compac-

tion of the chromatin, DNA methylation and histone acetylation, among 

other mechanisms, dictate which genes are transcriptionally silenced. Simi-

larly, miRNA directly bind to complementary mRNA molecules thus silencing 

gene expression (without modifying chromatin structure). 

3.1. DNA methylation 

DNA methylation usually occurs in cytosines adjacent to guanines, 

also known as CpG dinucleotides12, although it has also been described to 

occur in non-CpG dinucleotides, particularly in brain tissue (Guo et al., 

2013). Of note, although the GC content spans an approximate 40% of the 

human genome, CpG dinucleotides are underrepresented (Josse et al., 

1961). This phenomenon is thought to operate through spontaneous muta-

tions of methylated cytosines into thymines. Interestingly, CpG dinucleo-

tides tend to cluster together in small regions of the DNA, known as CpG 
                                                           
12

 The “p” in the CpG refers to the phosphate group between both nucleotides 
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islands; specifically, CpG islands and first exons occupy less than 0.5% of the 

genome but contain 4.5 of the total CpG content of the genome. CpG dinu-

cleotides within CpG islands are characterized by their low levels of DNA 

methylation. In this regard, CpG islands are typically located near gene pro-

moter regions—containing 75% of all human gene promoters—and their 

methylation has been reliably associated with gene expression (Edwards et 

al., 2017; Jones, 2012). Thus, there is an interest in analyzing DNA methyla-

tion of CpG islands close to candidate gene promoter regions since it could 

be mediating the pernicious role of the environment upon disease vulnera-

bility. 

DNA methyltransferases (DNMTs) mediate both de novo and 

maintenance methylation across the genome. Somatic inheritance of meth-

ylation patterns is mediated by DNMT1, an enzyme that preferentially binds 

to hemimethylated DNA (i.e. when only one of the two strands of the DNA is 

methylated) (Edwards et al., 2017). Demethylation processes are less under-

stood and have been described to occur either passively or actively mediat-

ed by ten-eleven translocation—TET—methylcytosine dioxygenase enzymes 

(Wu and Zhang, 2017).  

Briefly, DNA methylation can be experimentally measured by means 

of bisulfite treatment. This substance triggers conversion of any unmethyl-

ated cytosine to uracil while methylated cytosines remain the same. Hence, 

sequencing of bisulfite treated DNA allows the detection of methylated cy-

tosines. Based on this procedure, DNA methylation can be assayed either in 

candidate gene—where bisulfite treated DNA is pyrosequenced—or massive 

approaches—including an array of CpG sites distributed throughout the 

whole genome. Other methods to measure methylation include methyla-

tion-specific PCR, luminometric methylation assay and mass spectrometry 

based approaches, among many others (Kurdyukov and Bullock, 2016). 

3.2. Epigenetic clock 

Time is one of the modulators of DNA methylation patterns. So 

much so that an epigenetic clock was developed exclusively based on DNA 

methylation patterns. The notion of biological age as opposed to chronolog-

ical age emerged as a more accurate estimation of age where environmen-

tal exposures and disease states could be considered (Figure 14). In this 
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regard, several attempts have been made to estimate biological age based 

on telomere length, proteomics or metabolomics. Nevertheless, DNA meth-

ylation based epigenetic estimation has proven most accurate (Jylhävä et 

al., 2017). 

Currently, there are three different estimators of epigenetic age based on 

DNA methylation. Horvath’s clock was the first to be developed, it was 

trained in samples of multiple tissues ranging from 0 to 100 years old and it 

can predict chronological age with an accuracy of 3.6 years (Horvath, 2013). 

 

Figure 14. Epigenetic modifications as aging biomarkers. DNA methylation-

based age estimations accurately predict chronological or real age. Devia-

tions between chronological and biological age might reflect underlying 

pathologic effects and/or accelerated senescence. Reproduced with permis-

sion from: Benayoun B, Pollina E & Brunet A. Epigenetic regulation of age-

ing: linking environmental inputs to genomic stability. Nature Reviews Mo-

lecular Cell Biology 16, 593-610 (2015). 
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Concurrently, a second clock was built in a dataset of adult blood samples; 

despite its low reliability in children and non-blood samples, it has been 

described to better predict time to death (B. Chen et al., 2016; Hannum et 

al., 2013). Finally, a third clock was developed in cord blood and neonatal 

blood spots in order to predict gestational age at birth (Knight et al., 2016). 

Due to the limited range of human gestational ages at birth, the latter clock 

is characterized by a more precise accuracy of only 1.24 weeks of median 

error. 

Epigenetic age estimation allows the calculation of age acceleration 

whenever epigenetic age is higher than chronological age. In this regard, age 

acceleration has been associated with time to death, body mass index, in-

fections, cancer and menopause; of note, age acceleration has also been 

associated with exposure to trauma (Wolf et al., 2018). Thus, it could be 

underlying the so far discussed long-term consequences of adverse events 

such as heightened immune activation and, particularly, increased vulnera-

bility to psychiatric disorders. 

Interestingly, CpG sites included in Horvath’s clock have been de-

scribed to be enriched in glucocorticoid responsive element (GRE) sequenc-

es, 85 out of 353 clock CpG sites colocalized with GREs (Zannas et al., 2015). 

Additionally, dexamethasone administration induced significant changes in 

gene expression of 81.7% of probes colocalizing with clock CpG sites further 

suggesting glucocorticoid responsivity of the epigenetic clock. 

3.3. Sex-specific methylation 

Another obvious modulator of DNA methylation patterns is sex. Sex-

biased methylation is highly suggestive in the context of psychopathology 

due to the profoundly biased prevalence ratios of most psychiatric disor-

ders. Specifically, depression and anxiety disorders (section 1.4) are far 

more prevalent in women than men while the opposite is true for neurode-

velopmental disorders. 

Remarkably, sex-based methylomic signatures have been described 

in prefrontal cortex (Xu et al., 2014); up to 5.1% of CpG sites investigated 

were found to be differentially methylated between men and women (n = 

22,124 CpG sites). Shortly after, another study also explored the role of sex 

in DNA methylation differences in a peripheral blood based genome-wide 
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approach with a significant overlap with CpG sites identified in prefrontal 

cortex (Inoshita et al., 2015). Interestingly, both studies found a majority of 

sex-differentially methylated CpG sites to be hypermethylated in females 

when compared to males. Such differences have been hypothesized to rely 

on hormonal mechanisms.  

3.4. Stochasticity 

Epigenetic modifications are usually understood from a functional 

and adaptive point of view. Whenever an epigenetic mark is associated with 

an environmental exposure it is hypothesized to arise from such exposure as 

a sort of adaptive feature. Nevertheless, stochastic epigenetic modifications 

had been largely neglected from epigenetic research until recently. 

In a general sense, stochasticity can refer to biological processes 

that arise from randomness or noise. The notion of stochastic epigenetics 

builds upon the observation that genetically identical organisms exposed to 

the same environment experimentally exhibit epigenetic differences that 

cannot be attributed to either genes or (macroscopic) environment. Inter-

estingly, there are genomic regions more susceptible to stochastic epigenet-

ic variation, which are referred to as variably methylated regions or VMRs 

(Feinberg and Irizarry, 2010). Epigenetic plasticity has been suggested to be 

favored in the context of natural selection since it allows better adaptation 

in changing environments. 

Just like the epigenetic field itself, stochastic epigenetic modifica-

tions with potential pathogenic effects were first described in cancer 

(Hansen et al., 2011). In this regard, epimutations giving rise to tumors 

would emerge as a side-effect of increased epigenetic plasticity in the evolu-

tionary timescale. Specifically, repeatedly changing environments through-

out human lifespan would induce cumulative stochastic epigenetic effects 

finally giving rise to tumorigenic activity (Feinberg and Irizarry, 2010). Ac-

cordingly, epimutations have been described to accumulate with age in hu-

mans (Gentilini et al., 2015).  

Exploration of epigenetic stochasticity has been scarcely explored in 

other complex traits such as obesity of depression revealing suggestive find-

ings. Preliminary studies point to the presence of higher methylation varia-
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bility and methylation outliers (suggesting stochastic effects) in subjects 

affected by depression (Oh et al., 2015).  

3.5. Transgenerational epigenetics 

Although the heritable component of epigenetic mechanisms pre-

sent in the aforementioned definition refers to the maintenance of epige-

netic patterns through subsequent cell divisions, there has been extensive—

and controversial—research regarding transgenerational transmission of 

epigenetic signatures.  Such studies suggest acquired epigenetic modifica-

tions can be transmitted to subsequent generations in organisms with sexu-

al reproduction, such as Caenorhabditis elegans, mice and humans. 

While some researchers argue that epigenetic reprogramming in the 

germline precludes epigenetic transmission from progenitors to offspring, 

others have developed thorough experimental designs to empirically 

demonstrate the existence of such transgenerational effects. Evidence 

comes from modifications of the same paradigm: one generation is experi-

mentally exposed to stress (e.g. thermal stress in C. elegans and odor fear 

conditioning in mice) and the subsequent generations are investigated for 

behavioral adaptations and the allegedly underlying epigenetic marks 

(Klosin et al., 2017; Szyf, 2013). 

In this regard, trans- and inter- generational effects must be told 

apart. While transgenerational refers to the transmission through multiple 

generations, intergenerational effects are not necessarily transmitted by 

inherited epigenetic embedding but by direct exposure of the F1 and F2 at 

the same time than the F0. That is possible when a pregnant female (F0) is 

exposed to an environmental threat since both the fetus (F1) and the gam-

etes13 to give rise to the F2 are simultaneously exposed (Bowers and Yehuda, 

2016). Intergenerational effects can also be transmitted through offspring 

rearing since progenitors exposed to traumatic stress will be more prone to 

develop psychiatric symptoms during the early postnatal period giving rise 

to insecure attachment (Choi et al., 2017). 

                                                           
13

 The primary oocytes, which would give rise to mature  gametocytes, are already formed 
during the fetal period. 
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Whether exposure to trauma can lead to transgenerational inher-

itance via epigenetic mechanisms in humans is currently under debate. 

However, intergenerational effects have been demonstrated after exposure 

to (i) the Holocaust (Yehuda et al., 2016), (ii) intimate partner violence 

(Serpeloni et al., 2017), and other types of traumatic stress during pregnan-

cy (Bowers and Yehuda, 2015). Currently, epigenetic inheritance is thought 

to be passed on to the next generation by RNAs contained in the sperm 

rather than by DNA methylation (Q. Chen et al., 2016). 

3.6. Stress-dependent methylation: a model for GxE interactions 

As introduced in section 2.3.1, GxE interaction models were devel-

oped to resolve the longstanding debate of whether genes or environment 

were the causative agents underlying psychiatric physiopathology. However, 

after describing several of such interactions, their mediator biological mech-

anisms remained largely unknown. In this regard, epigenetic mechanisms, 

and DNA methylation in particular, have been suggested to bridge the envi-

ronment and the genome to give rise to psychiatric disorders. Favoring this 

hypothesis, epigenetic embedding of early life exposures could explain the 

latency observed between epidemiologically described associations be-

tween obstetric complications and later risk for neurodevelopmental disor-

ders of late onset such as schizophrenia (section 1.5). 

Recently, a paradigmatic GxE interaction was described to be medi-

ated by differential DNA methylation (Klengel et al., 2013). FKBP5 polymor-

phisms had been already described to interact with childhood abuse in the 

onset of depression, PTSD symptoms and increasing the risk for attempted 

suicide (Binder et al., 2008; Roy et al., 2010; Zimmermann et al., 2011). Ex-

ploration of DNA methylation patterns at FKBP5 gene revealed the presence 

of a CpG-specific allele-specific demethylation in response to childhood 

trauma (Klengel et al., 2013). This demethylation was associated with HPA 

axis dysregulation  

3.7. An epigenetic view of NR3C1 gene 

Biological and clinical relevance of HPA axis disturbances and, more 

specifically, of NR3C1 gene variation have been discussed in section 2.2.3. In 

the context of epigenetic research, NR3C1 gene emerges as the most prom-

ising candidate gene due to its crucial role in stress response and regulation 
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and its well-described sensitivity to chronic stress. In this regard, glucocorti-

coid resistance observed in psychiatric patients has been suggested to be 

mediated by increased DNA methylation in its promoter region. 

To test this hypothesis, a research group lead by Meaney focused on 

an animal model naturally displaying two distinct maternal rearing behav-

iors. While some rats repeatedly lick and groom (LG) their pups and acquire 

an arched back position to nurse them (ABN), others do not. Thus, rats were 

dichotomically classified as either high or low LG-ABN dams based on their 

displayed rearing behavior. Several studies revealed offspring from low LG-

ABN mothers to (i) be more fearful, (ii) exhibit increased HPA axis activity, 

and (iii) show lower hippocampal expression of GR, when compared to 

those reared by high LG-ABN (Caldji et al., 1998; Liu et al., 1997). Further-

more, the same research group demonstrated the nongenomic inheritance 

of such behaviors by means of cross-fostering experiments (Francis et al., 

1999). Finally, DNA hypermethylation at a promoter region of the Nr3c1 

gene was found only in pups from low LG-ABN dams setting precedent for 

myriad studies exploring DNA methylation at NR3C1 gene in humans. 

NR3C1 gene has a long CpG island—spanning 3kb and 303 CpG 

sites—in its promoter region encompassing seven out of its nine first non-

coding exons (1D, 1J, 1E, 1B, 1F, 1C, 1H). The complexity of the NR3C1 promot-

er region and, more specifically, enrichment in CpG sites of the seven exons, 

suggests DNA methylation to play a role in the tissue distribution of the 

different transcripts.   

3.8. An epigenetic view of SLC6A4 gene 

Another candidate gene of interest in the context of psychiatric epi-

genetics is the SLC6A4 gene. Due to the targeting of the serotonin trans-

porter by SSRIs, SLC6A4 methylation has been hypothesized to mediate 

treatment response. Furthermore, like NR3C1, SLC6A4 methylation has also 

been suggested to be responsive to environmental threats and to mediate 

psychopathological liability. 

SLC6A4 contains a CpG island in its promoter region encompassing 

the first coding exon. Interestingly, DNA methylation at this CpG island has 

been reliably described to decrease SERT expression, following the widely 
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accepted notion that CpG island methylation inversely correlates with gene 

expression. 

3.9. Limitations 

However, the nature of DNA methylation comes along with a num-

ber of limitations specific to the field. As opposed to the genomic sequence, 

DNA methylation varies from cell to cell, with each cell tissue being charac-

terized by a particular epigenomic signature. This posits two major challeng-

es: (i) confounding by cellular heterogeneity and (ii) dubious replication of 

methylation signatures across different tissues. 

Scientific evidence of epigenetic modulation in association with psy-

chopathology mostly comes from studies focusing on the study of peripheral 

blood samples due to invasiveness of sampling brain tissue in living subjects. 

On the one hand, peripheral blood consists of a mixture of cell types such as 

lymphocytes, monocytes and NK cells with differing epigenetic patterns 

each (Houseman et al., 2012). On the other hand, brain and blood tissue 

exhibit low-to-moderate methylation correlation making interpretation of 

results challenging (Hannon et al., 2015). 

When a genetic variant is associated with a certain disorder, it is as-

sumed that either the variant itself or one in linkage disequilibrium plays a 

causal role in the phenotype of interest. Since DNA methylation can be mod-

ified due to environmental exposures, whenever an association is described 

in a cross-sectional study, causality cannot be stablished. Thus, epigenetic 

approaches allow the identification of both causes and consequences of the 

disorder. In this regard, an epigenomic wide association study in schizo-

phrenia revealed the top findings to be derived from higher smoking in cas-

es than controls (Hannon et al., 2016).  

Finally, DNA methylation is partially determined by the genetic se-

quence. The identification of methylation quantitative trait loci (mQTL), i.e. 

genetic variants that directly influence DNA methylation, highlights the im-

portance of incorporating genetic influences into epigenetic research (Gaunt 

et al., 2016; Hannon et al., 2018a). Discerning the influence of environmen-

tal and genetic factors in epigenetic studies is essential for understanding 

how methylation signatures associated with a certain trait are established.  
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4. Twin studies 

As introduced in section 3.4, genetically identical subjects experi-

mentally exposed to the same environment exhibit differential epigenetic 

patterns. Furthermore, across sections 3.1 and 3.2, both age and sex have 

been described to influence epigenetic patterns. Additionally, epigenetic 

variability is known to depend on the underlying genetic sequence. In this 

framework, human twins emerge as an excellent resource to disentangle 

the role of genes and environment on a phenotype for which they are dis-

cordant. 

4.1. Human twinning and twin-based studies  

There are two types of human twins: monozygotic (MZ) and dizygot-

ic (DZ). MZ twins origin from a single zygote that splits into two individuals 

in an early phase of embryonic development. Depending on the timing of 

 

Figure 15. Formation of three patterns of MZ twins. (A) Early twinning, 

occurring in the first cell divisions, leads to diamniotic dichorionic twins. 

(B) When twinning takes place during the early blastocyst stages, it gives 

rise to diamniotic monochorionic twins. (C) Finally, twinning occurring in 

the post-implantation blastocyst results in monochorionic monoamniot-

ic twins. 
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this division, MZ twins can share or not the amnion and the chorion; very 

late or partial splitting gives rise to conjoined twins. Figure 15 illustrates the 

three most common twinning processes giving rise to the three main types 

of human MZ twins. Molecular mechanisms mediating twinning processes in 

humans remain unknown (Blickstein and Keith, 2007; Steinman, 2000). 

In turn, DZ twins develop from different zygotes due to the matura-

tion and release of more than one oocyte in the same menstrual cycle. Re-

markably, although DZ twins arise from different zygotes, there have been 

several case reports of monochorionicity in DZ twin pregnancies highlighting 

the need to test zygosity instead of assuming monochorionic twins to be 

always MZ (Ekelund et al., 2008; Hackmon et al., 2009). An increase in mon-

ochorionic dizygotic twins has been suggested to be mediated by a rise in 

the use of assisted reproduction technologies (Miura and Niikawa, 2004). 

Interest in the prevalence of monochorionic dizygotic pregnancies derives 

from the higher frequency of OCs observed in monochorionic versus dicho-

rionic twin pregnancies (Coutinho Nunes et al., 2016; D’Antonio et al., 

2012).  

Traditionally, both MZ and DZ twins have been employed to esti-

mate the heritability of complex traits and disorders. In order to do so, the 

phenotypic variance (P) of a certain trait is considered to arise from three 

additive terms: (i) additive genetic influences (A), (ii) shared environmental 

influences (C), and (iii) non-shared or unique environmental influences (E). 

More complex models including, for example, the effects of non-additive 

genetic influences (D), due to interactions between alleles, have also been 

developed but the more simplistic view of P = A + C + E is sufficient to un-

derstand preliminary calculations of heritability (Figure 16). According to 

Falconer’s formula, heritability (h2) can be estimated as follows: 

h2 = 2(rMZ – rDZ) 

where rMZ and rDZ refer to the mean phenotypic concordance for 

the trait of interest between monozygotic and dizygotic twins, respectively 

(Falconer and Mackay, 1996). 

A recent meta-analysis of all heritability studies based on twin sam-

ples revealed an outstanding interest in psychiatric traits with 5 million sub-

jects being analyzed with regard to this category (Polderman et al., 2015). 
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4.2. Intrapair designs 

Nevertheless, alternative study designs exclusively based on MZ 

twin pairs have also been developed to disentangle the role of genes and 

environment in complex traits. The high degree of intrapair discordance for 

a number of traits of interest allows comparison between healthy, discord-

ant and concordant twin pairs. In such studies, healthy twin pairs carry nei-

ther genetic nor environmental liability while discordant and concordant 

pairs carry the unique environment and genetic liability, respectively. Alt-

hough the effects of additive genetics cannot be dissected from shared envi-

ronment, both drivers of phenotypic variance are merged into a familial 

component. 

Interestingly, discordant monozygotic twins can be analyzed in 

terms of intrapair differences. Specifically, testing the association between 

two variables of interest by including in the statistical model the intrapair 

difference values for each twin pair instead of the actual values for each 

subject, removes sex and age confounding from the analysis together with 

 

Figure 16. Path diagram for the basic univariate twin model. The pheno-

type of each twin is decomposed into A, C and E variance components cor-

responding to additive genetics, common environment and unique envi-

ronment, respectively. Adapted from Rijsdijk and Sham (2002). 
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any other variable shared by both twins of a pair. The downside of this study 

design is that the sample size is halved, thus decreasing the power of the 

analysis. 

4.3. Obstetric complications in twin pregnancies 

Remarkably, MZ twin pregnancies give rise to differential co-twin 

specific intrauterine microenvironments. Thus, the presence of non-shared 

or unique environment (E) is already apparent during prenatal stages of life. 

Interestingly, methylomic exploration of MZ twins at birth revealed mono-

chorionic—shared placenta—twins to be more discordant in terms of DNA 

methylation than dichorionic—non-shared placenta—twins (Gordon et al., 

2012); additionally, an independent study in adolescent subjects revealed 

these differences to be maintained in buccal epithelial cells (Kaminsky et al., 

2009). These effects have been hypothesized to arise from the struggle for 

resources in co-twins that share placenta. Consequently, epigenetic explora-

tion of birth samples from monochorionic monozygotic twins could help 

unravel how prenatal stress gets biologically embedded to later give rise to 

psychopathological outcomes as postulated by the DOHaD hypothesis (sec-

tion 2.2.1).  

As a matter of fact, around 30% of all MZ pregnancies result in spe-

cific pregnancy complications; two of the most common are: (i) selective 

intrauterine growth restriction (sIUGR), and (ii) twin-to-twin transfusion 

syndrome (TTTS). Both conditions are associated with increased mortality 

and morbidity of exposed individuals including lower birthweight, prema-

ture birth, and cardiac failure, among others. 

TTTS consists in the existence of intrauterine vascular anastomoses 

between MZ twins leading to an unequal blood supply (Figure 17). These 

communications decompensate blood flow between twins giving rise to a 

donor and a recipient twin. Briefly, the donor twin becomes hypovolemic 

while the recipient twin suffers hypervolemia (Bebbington, 2010). TTTS is 

particularly severe and both the donor and the recipient conditions are le-

thal in the absence of prenatal surgery (Chalouhi et al., 2010; Rossi and 

D’Addario, 2008). In this regard, laser photocoagulation of vascular anasto-

moses between co-twins is the current procedure of choice to treat TTTS 

(Khalek et al., 2013). 
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Meanwhile, sIUGR arises from asymmetric placental distribution in 

monochorionic (MC) twin pregnancies (Figure 18). Specifically, it is diag-

nosed when one of the co-twins has an estimated fetal weight under the 

10th percentile (Valsky et al., 2010). As opposed to TTTS cases, sIUGR is 

maintained alongside the whole pregnancy due to the lack of intrauterine 

treatment options. Actually, the growth discordance is present at birth with 

both twins of a pair exhibiting significant weight differences. 

Birthweight (BW) has been reliably associated with long-term com-

plex traits such as all-cause mortality, overweight and obesity, and coronary 

heart disease (Belbasis et al., 2016). Nevertheless, the association between 

BW and psychiatric conditions remains controversial; a recent meta-analysis 

of the relationship between birthweight and depression concluded there is 

only weak evidence to support this association (Wojcik et al., 2013). Twin 

studies might aid to unravel the actual risk conferred by non-genetically 

determined low birthweight; accordingly, a MZ twin approach further sup-

ported lack of association between BW and anxious-depressive disorders 

            

Figure 17. Twint-to-twin transfusion syndrome. (Left) A monochorionic 

twin placenta following vascular injection studies, demonstrating multiple 

vascular anastomoses, including both clear arterioarterial and arteriovenous 

communications. Reproduced with permission from: Weber M & Sebire N. 

Genetics and developmental pathology of twinning. Seminars in Fetal & Ne-

onatal Medicine 15: 313-318 (2010). (Right) Schematic representation of 

fetoscopic laser photocoagulation in a TTTS pregnancy. Reproduced with 

permission from Khalek N, Johnson M & Bebbington M. Fetoscopic laser 

therapy for twin-to-twin transfusion syndrome. Seminars in pediatric sur-

gery 22 (1): 18-23 (2013). 
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(Córdova-Palomera et al., 2014). Nevertheless,  intrauterine unique envi-

ronment leading to BW differences has been associated with brain morpho-

logical alterations and cortical surface area (Raznahan et al., 2012). 

Consequently, subjects previously exposed to sIUGR exhibit short 

and long-term alterations at both neurodevelopmental and cognitive levels. 

These effects have been hypothesized to rely in abnormal brain circuitry. In 

this regard, alterations in functional connectivity, neurobehavior and neu-

rodevelopment have been described in both neonates and 1-year old tod-

dlers who experienced IUGR (Batalle et al., 2016; Eixarch et al., 2016). 

The key parameters used in routine clinical visits to assess the pres-

ence of either TTTS or sIUGR are measured by means of Doppler ultrasound. 

The pulsatility index (PI)—a hemodynamic parameter reflecting blood 

flow—of the umbilical artery (UA) can be used as a surrogate marker of pla-

cental vascular resistance, i.e. decreased blood supply to the fetus. Com-

plementarily, a decreased middle cerebral artery (MCA) PI indicating in-

creased blood flow to the fetal brain can be used as a proxy of fetal hypoxia; 

the organism prioritizes the most hypoxia-compromised organ: the brain.  

The ratio between both UA and MCA PIs, cerebroplacental ratio (CPR), is 

widely used in clinical settings as a good estimator of fetal well-being and 

perinatal morbidity (DeVore, 2015). 

 

Figure 18. A monochorionic placenta of a type III sIUGR. The dotted 

white line indicates the vascular equator. Note the small placental area 

of the IUGR fetus (left). Reproduced with permission from: Valsky D, Eix-

arch E, Martinez J & Gratacós E. Prenatal Diagnosis 30: 719-726 (2010). 
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4.4. Twin epigenetics 

In the context of epigenetic research, MZ twins are instrumental not 

only for the identification of biomarkers and risk factors but also for a better 

understanding of epigenetic dynamics in humans. For instance, MZ twins 

have been described to grow epigenetically apart; as they get older they 

accumulate epigenetic intrapair differences (Fraga et al., 2005). Such find-

ings revealed the plasticity of epigenetic mechanisms and their responsive-

ness to environmental agents. As shown in Figure 19, a methylomic ap-

proach developed in MZ and DZ twins revealed the impact of A, C and E 

variance components and analyzed their association with methylation vari-

ability (Hannon et al., 2018b). 

 
Figure 19. The contribution of genetic and environmental influences on DNA 

methylation differs as a function of average DNA methylation level at that 

location. The most heritable sites are characterized by intermediate levels of 

DNA methylation. Reproduced from Hannon E et al. Characterizing genetic and 

environmental influences on variable DNA methylation using monozygotic and 

dizygotic twins. PLOS Genetics 14(8): e1007544 (2018) under the terms of the 

Creative Commons Attribution 4.0 International (https://creativecommons.org/ 

licenses/by/4.0/). 
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Remarkably, a recent study sought to determine whether epigenetic 

similarity observed in MZ twins was due to either genetic or environmental 

influences. Surprisingly, heritability values greater than 1 were found for 

several CpG probes revealing the so-called epigenetic supersimilarity of MZ 

twins (Van Baak et al., 2018). These unprecedented findings were comple-

mented by a wide array of analyses finally demonstrating (i) temporal meta-

stability of such epialleles and (ii) the potential of the periconceptional envi-

ronment to induce epigenetic changes prior to the embryo cleavage into MZ 

twins. This phenomenon is a most likely contributor of missing heritability 

and a contributor of the inflated heritability estimates obtained in twin stud-

ies when compared to family studies. 

In this framework, MZ twin based designs constitute quasi-

experimental studies where the role of genetic and environmental factors 

can be dissected. Specifically, MZ twins are ideal for the exploration of the 

epigenetic landscape and its involvement in the etiology of complex traits 

and disorders. A better definition and development of tools to assess and 

measure the environment remain a current research challenge.  
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General hypothesis: 

Epigenetic mechanisms might underlie anxious-depressive liability 

and neurodevelopmental consequences arising after exposure to stress. 

Particularly, three specific hypotheses were proposed: 

(i) DNA methylation at candidate genes of interest for stress re-

sponsivity—the glucocorticoid receptor gene and the serotonin 

transporter gene—could explain differential vulnerability to 

anxious-depressive disorders and related traits. 

(ii) Epigenetic stochasticity, as measured by DNA methylation outli-

ers, could also be involved in the pathophysiology of anxious-

depressive disorders. 

(iii) The fetal epigenome might be modified in response to prenatal 

insults, such as placental insufficiency or hypoxia, and alter neu-

rodevelopmental trajectories of relevance for mental disorders. 

Specific objectives 

To address the first specific hypothesis (i), five different objectives 

were developed in five independent manuscripts: 

(1) To systematically review all scientific papers analyzing the associa-

tion between human NR3C1 methylation and both exposure to 

stress and risk for stress-related disorders. 

(2) To meta-analyze the impact of maternal psychosocial stress as expe-

rienced during pregnancy upon newborn NR3C1 methylation profile. 

(3) To explore DNA methylation at a novel promoter region of the 

NR3C1 gene, and its association with (a) anxious-depressive disor-

ders and (b) hippocampal connectivity, in a sample of adult 

monozygotic twins from the general population affected and non-

affected by anxious-depressive disorders, with availability for fMRIs. 

(4) To systematically review all scientific papers analyzing the impact of 

SLC6A4 methylation in response to early life stress and in conferring 

risk for psychiatric conditions, and the role of 5-HTTLPR in such as-

sociations. 

(5) To explore SLC6A4 methylation with regard to internalizing symp-

toms dimensions in a sample of adult monozygotic twins from the 
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general population affected by anxious-depressive categorical diag-

noses. 

In order to test the second specific hypothesis (ii), a sixth objective 

was developed in another manuscript:  

(6) To analyze the contribution of stochastic epigenetic signatures in 

the risk for anxious-depressive liability in a sample of adult monozy-

gotic twins discordant for such psychiatric conditions. 

Finally, the third specific hypothesis (iii) was tested through the last 

objective in a seventh manuscript: 

(7) To identify DNA methylation signatures arising from exposure to 

prenatal stress measured in a sample of newborn monochorionic 

twins enriched for severe obstetric complications. 
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in the first quartile of the area of Genetics & Heredity (ranking: 

30/171). The scientific value and interest of this meta-analysis is fur-
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7. Prenatal suffering is associated with epigenetic age deceleration 

and differential methylation in hypoxia-responsive EP300 gene, 

currently submitted to Clinical Epigenetics. This open access journal 

is the official journal of the Clinical Epigenetics Society, it encom-

passes all aspects of epigenetic principles and mechanisms in rela-

tion to human disease, diagnosis and therapy. The journal is indexed 

in Journal Citation Reports (Science Edition) with a current impact 
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Oncology (ranking: 37/223). 
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Prenatal suffering is associated with epige-

netic age deceleration at birth and hypo-

methylation at the hypoxia-responsive EP300 

gene 

Helena Palma-Gudiel1,2, Elisenda Eixarch3,4, Fátima Crispi3,4, Sebastián Morán5, Anthony 

Zannas6, Lourdes Fañanás1,2* 

Abstract 

Background: Obstetric complications have long been retrospectively associated with 
a wide range of short- and long-term disorders, including neurodevelopmental dis-
orders such as schizophrenia. However, prospective studies assessing fetal well-
being during pregnancy exclusively focus on perinatal outcomes. Thus, hemodynam-
ic variables assessed during routine ultrasounds in a sample of monozygotic mono-
chorionic twins (n = 60) enriched for several prenatal complications were analyzed 
with regard to (i) epigenetic age acceleration, and (ii) DNA methylation at genes in-
cluded in the polygenic risk score for schizophrenia, and highly expressed in placen-
tal tissue. 

Results: Decreased cerebroplacental ratio (CPR) measured during the third trimester 
was associated with epigenetic age deceleration (β = 0.21, t = 3.362, p = 0.002). 
Methylation at cg06793497 (EP300 gene) was associated with CPR (r = 0.41, p = 
0.001, q = 0.12). This association was reinforced by means of an intrapair analysis in 
monozygotic twins discordant for prenatal suffering (r = 0.64, p < 0.001). 

Conclusions: Prenatal suffering during the third trimester of pregnancy is associated 
with both (i) developmental immaturity in terms of epigenetic age, and (ii) decreased 
CpG-specific methylation in a gene involved in hypoxia response. 

Keywords: DNA methylation; obstetric complications; epigenetic clock; monozy-
gotic twins; hypoxia 
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 Background 

Prenatal environment constitutes the first 

modulating agent the developing fetus en-

counters as it progresses through gestation. 

The tremendous impact of any environmen-

tal threat occurring during this period for 

both short- and long-term consequences is 

now widely accepted and well-known as the 

Developmental Origins of Health and Dis-

ease (DOHaD) hypothesis [1]. Also known 

as the theory of fetal programming, the em-

bedding of early life and its ability to exert 

long-term effects in late-life is thought to 

rely on epigenetic mechanisms [2]. 

Recently, several DNA methylation-based 

epigenetic clocks have been developed in 

order to predict chronological age with high 

accuracy [3, 4]; afterwards, Knight and 

colleagues developed a new predictor specif-

ically aimed to predict gestational age (GA) 

in perinatal samples [5]. Although epigenet-

ic and chronological age robustly show high 

correlation across studies, the difference 

between both variables allows the estimation 

of the so-called age acceleration (i.e. when 

epigenetic age is higher than chronological 

age). 

On the one hand, epigenetic age acceleration 

in adult subjects has been associated with 

cumulative lifetime stress, lifestyle and all-

cause mortality, among others, suggesting its 

utility as a better predictor for life expectan-

cy than chronological age itself [6-8]. On the 

other hand, epigenetic GA deceleration (i.e. 

when chronological age is higher than epi-

genetic age), as measured in cord blood, has 

been described in newborns born to women 

with low socioeconomic status, Sjögren 

syndrome, insulin-treated gestational diabe-

tes mellitus, and experiencing antenatal 

depressive symptoms [5,9,10]. Such findings 

suggest that newborns exposed to prenatal 

stressors are born in an immature state inde-

pendently of their chronological GA. In this 

regard, boys – but not girls – who exhibited 

lower epigenetic GA at birth exhibited high-

er internalizing problems at follow-up (mean 

age 3.7 years), suggesting they are born with 

a developmental disadvantage [10]. 

Nevertheless, there is a dearth of studies 

examining the putative relationship between 

clinical measures routinely acquired during 

trimestral pregnancy ultrasounds and epige-

netic GA acceleration. In this regard, the 

cerebroplacental ratio (CPR) has been re-

ported to predict lower GA, lower birth-

weight and an increased rate of newborn 

intensive care unit admissions, among other 

detrimental perinatal outcomes [11,12]. 

Briefly, CPR is calculated by dividing the 

middle cerebral artery (MCA) pulsatility 

index (PI) by the umbilical artery (UA) PI 

[13]. The pulsatility index is a Doppler ul-

trasound measure reflecting vascular imped-

ance or resistance, i.e. decreased blood flow. 

Specifically, fetal brain blood supply is 

known to increase in front of hypoxic stimu-

li thus decreasing PI in the MCA [14]; while 

placental insufficiency decreases umbilical 

blood flow hence increasing UA PI, and has 

been associated with both short- and long-

term detrimental outcomes, including in-

creased cardiovascular risk and deficits in 

cognition [15,16]. Consequently, a de-

creased CPR reflects the combination of 

both alterations and is an indicator of fetal 

suffering [11]. 

Obstetric complications (OCs) constitute 

one of the risk factors more reliably associ-

ated with psychopathology, particularly with 

neurodevelopmental disorders; specifically, 

the putative association between OCs and 

schizophrenia has been debated since the 



173 
 

70s [17-19]. In this regard, a recent umbrella 

review evaluating all published meta-

analysis regarding risk factors and bi-

omarkers for schizophrenia spectrum disor-

ders revealed a history of OCs to significant-

ly increase the risk for developing the disor-

der with an OR of 2 [20]. Furthermore, ex-

posure to severe OCs together with in-

creased genetic vulnerability, as measured 

with the polygenic risk score (PRS) for 

schizophrenia, interact to increase the risk to 

suffer the disorder up to an OR of 8.36 [21]. 

Since CPR is a robust indicator of prenatal 

stress and a predictor of perinatal and long-

term morbidity, DNA methylation analysis 

of genes included in the PRS for schizo-

phrenia could shed light on the epigenetic 

mechanisms mediating the interaction be-

tween OCs and neurodevelopmental 

disorders. 

Results 

GA estimation using Knight’s epige-

netic clock 

The mean GA at birth of this cohort was 

35.3 weeks (range = 31.7 – 37.1) and the 

mean DNA methylation GA at birth was 35 

weeks (range = 31.4 – 37.7). To validate the 

epigenetic clock predictor in our sample, 

DNA methylation-based GA was tested for 

correlation with chronological GA (r = 0.76, 

p = 1.68 x 10
-12

; Fig. 1). The average abso-

lute difference between epigenetic GA and 

chronological GA—hereinafter referred as 

ΔGA—was 0.9 weeks (range = 0.03 – 4.02), 

i.e. 6.3 days. There was a significant nega-

tive correlation between ΔGA and chrono-

logical GA, according to previous studies (r 

= -0.47; p < 0.001). 

 
Figure 1. Correlation between chronological GA and epigenetic GA. Chronological GA was 

clinically assessed as a function of last menstrual period and epigenetic age was calculated based 

on DNA methylation-based Knight’s clock. Both GA estimations were significantly correlated (r = 

0.76; p = 1.68 x 10-12). 
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Association between ΔGA and CPR 

ΔGA was tested for associations with CPR 

measured during the third trimester (mean = 

33.8 weeks, range = 28.3 – 36.4), a few days 

before childbirth (median = 6.5 days). CPR 

was significantly associated with ΔGA (β = 

0.21, t = 3.362, p = 0.002) when adjusting 

for sex, birthweight, diagnostic of either 

TTTS or sIUGR, surgery time interval 

(when laser fetoscopy had been applied) and 

gestational age at ultrasound as covariates. 

Figure 2 shows the positive association 

between 3
rd

 trimester CPR and ΔGA. 

Epigenetic exploration of placental 

PRS for schizophrenia with regard to 

CPR 

Following the approach developed by Ursini 

and collaborators (2018), association be-

tween CPR and DNA methylation was test-

ed in all CpG sites included in the DNA 

methylation array located within genes of 

the PRS for schizophrenia expressed in 

placental tissue (placental PRS) [21]. There 

were 1,466 CpG sites annotated to placental 

PRS genes out of 866,091 CpG sites includ-

ed in the array. After FDR correction for 

multiple testing, methylation at one single 

CpG site, cg06793497, was significantly 

associated with CPR (r = 0.41, p = 0.001, q 

= 0.12; Fig. 3a). 

To further explore the association between 

cg06793497 methylation and CPR, it was 

analyzed in a monozygotic twin intrapair 

design. Thus, intrapair differences for both 

measures were calculated for all twin pairs 

 
Figure 2. Association between epigenetic age acceleration and cerebroplacental ratio 

measured during the third trimester. Epigenetic age delta (ΔGA) corresponds to estimated 

epigenetic age minus chronological age. Thus, ΔGA positive values reflect epigenetic age accel-

eration while negative values point out the presence of epigenetic age deceleration. The cerebro-

placental ratio (CPR) is calculated as the ration between the pulsatility indexes of middle cerebral 

and umbilical arteries. Thus, lower CPR values reflect a combination of placental vascular re-

sistance and hypoxia. Both variables were significantly correlated when adjusting for sex, chrono-

logical gestational age, birthweight, and gestational age at ultrasound. 
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of the sample (n = 30). Four observations 

were removed from the analysis due to miss-

ingness for any of the variables in one of the 

co-twins of a pair. The intrapair twin design 

further allows controlling for chronological 

GA, sex and timing of the Doppler ultra-

sound, since these variables are shared by 

co-twins of a pair. In this regard, intrapair 

differences in cg06793497 methylation and 

CPR, measured during the third trimester, 

were significantly correlated (r = 0.64, p < 

0.001; Fig. 3b). The association between 

both variables remained significant after 

adjusting for cell type count intrapair differ-

ences (β = 17.6, t = 3.924, p = 0.001). 

Discussion 

This is the first study to date analyzing the 

epigenetic age in association with an obstet-

ric marker of prenatal risk. Firstly, we de-

scribe the significant association between 

CPR measured during the third trimester of 

pregnancy with epigenetic age acceleration. 

Specifically, subjects exhibiting decreased 

CPR—exposed to prenatal suffering—were 

born with decelerated epigenetic age, i.e. 

prenatally stressed subjects were born imma-

ture adjusting for their gestational age at 

birth. Additionally, methylomic exploration 

of schizophrenia PRS genes known to be 

expressed in placenta revealed the associa-

tion between CPR and cg06793497 methyla-

tion. 

Developmental deficits and developmental 

delays have been previously described in 

children who would later develop schizo-

phrenia [22]; although such prodromal 

symptoms were in accordance with the neu-

rodevelopmental hypothesis for schizophre-

nia, biological mechanisms mediating these 

effects remain largely unknown. Epigenetic 

immaturity in response to prenatal stress 

could be contributing to this developmental 

delay. Interestingly, epigenetic age decelera-

tion has been previously described in associ-

ation with maternal pathologies during preg-

nancy suggesting it could be a robust bi-

omarker of prenatal suffering [9,10]. It is 

worth noting CPR was measured a few days 

 
Figure 3. Schizophrenia PRS methylation exploration with regard to cerebroplacental ratio 

measured during the third trimester. (A) Methylation at cg06793497 (EP300 gene) was signifi-

cantly associated with CPR in the whole sample (n = 54). (B) Intrapair methylation difference at 

cg06793497 was significantly associated with intrapair CPR difference (n = 26). 
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prior to childbirth; thus, it can be used as a 

surrogate marker of prenatal suffering expe-

rienced at the end of the pregnancy, i.e. as a 

marker of perinatal risk.  

Integration of the schizophrenia PRS [23] 

with obstetric and placental information 

[21], allowed the identification of E1A bind-

ing protein p300 (EP300) gene CpG-specific 

methylation as a putative marker of expo-

sure to prenatal stress. Interestingly, EP300 

gene encodes a histone acetyltransferase 

(HAT) involved in several cell pathways 

such as cell proliferation and differentiation. 

Mutations at EP300 gene have been de-

scribed to cause Rubinstein-Taybi syn-

drome, a rare autosomal dominant neurode-

velopmental disorder characterized by intel-

lectual disability, psychomotor and language 

delay and facial dysmorphisms [24].  

Remarkably, EP300 has been identified as a 

co-activator of the hypoxia-inducible factor 

1 alpha (HIF1A). In this regard, hypoxic 

conditions stimulate EP300 expression, 

which has a neuroprotective role [25]. Ac-

cordingly, genetic variability at EP300 gene 

has been associated with human adaptations 

to high altitude regions, e.g. the Tibet [26]. 

Likewise, pre- and peri- natal hypoxia have 

been associated with schizophrenia spectrum 

disorders, particularly by decreasing hippo-

campal volume [27;28]; complementarily, a 

decreased or impaired response to hypoxia 

via neurotrophic factors has also been impli-

cated in the etiology of schizophrenia [29]. 

Overall, these findings point to the existence 

of a GxE interaction between genetic vul-

nerability and exposure to prenatal hypoxia, 

as already highlighted by Ursini and collab-

orators [21]. In this framework, EP300 

methylation could be one of the mediators of 

such interaction. 

A number of limitations of the present study 

should be noted. First, the moderate sample 

size (n = 60) limits the statistical power of 

the analysis; however, smaller sample sizes 

(n = 22 MZ twin pairs) have been described 

to be sufficient to identify methylation dif-

ferences of 6% with >80% power [30]. 

Moreover, a lenient significance threshold 

after correction multiple testing was used; 

however, previous epigenetic studies have 

described FDR values between 5 and 20% as 

markers of medium-confidence sites [31]. 

Finally, MZ twin pregnancies are character-

ized by lower gestational ages at birth than 

singleton pregnancies; besides, obstetric 

scales commonly used in psychiatric studies 

include twin pregnancies as an obstetric 

complication. Thus, findings derived from 

the present design might not be generaliza-

ble to the general population.  

Conclusions 

Further studies are needed to test the time 

stability of the hereby identified methylation 

signature. It will be equally relevant to ex-

plore neurobehavioral correlates of EP300 

methylation during early childhood along 

with its putative association with neurode-

velopmental outcomes, including psychosis 

liability. Additionally, a longitudinal follow-

up is required to test the role of postnatal 

environment in these phenotypes since both 

epigenetic age deceleration and CpG-

specific differential methylation in associa-

tion with CPR could return to basal levels 

after birth. Finally, genetic exploration of 

these subjects regarding schizophrenia PRS 

will be instrumental for the study of GxE 

interactions and genetic liability for an im-

paired hypoxia response. 
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Methods  

Study Population 

This was a prospective study including fetal 

pairs from monochorionic diamniotic twin 

pregnancies attended at Hospital Clínic de 

Barcelona (Spain) during a two-year re-

cruitment period. The study protocol was 

approved by the hospital ethics committee 

and all patients provided written informed 

consent. 

Fetal cord blood was collected at birth from 

32 monochorionic pregnancies (n = 64 sam-

ples).  

Maternal age and pre-pregnancy BMI were 

retrieved from hospital records. Gestational 

age was calculated based on last menstrual 

period. The sample was enriched for two 

monochorionic-specific severe obstetric 

complications: twin-to-twin transfusion 

syndrome (TTTS; n = 8) and selective intra-

uterine growth restriction (sIUGR; n = 9). 

Seven out of 8 TTTS cases were treated 

upon detection by means of laser fetoscopy 

[32].  

Fetal Ultrasound Assessment  

Ultrasound assessment was performed on a 

Voluson Expert 8 (General Electrical Medi-

cal Systems, Milwaukee, WI, USA) or a 

Siemens Sonoline Antares (Siemens Medi-

cal Systems, Erlangen, Germany) with 8- to 

4-MHz or 6- to 4- MHz curved array probes, 

respectively. All fetuses underwent detailed 

ultrasound evaluation including fetal anato-

my and Doppler measurements such as um-

bilical artery pulsatility index (PI), middle 

cerebral artery PI and ductus venosus PI. All 

Doppler evaluations were acquired at a nor-

mal fetal heart rate (FHR) in the absence of 

fetal body/respiratory movements and at an 

angle of insonation as close to 0° as possible 

(but always < 15°), and the mechanical and 

thermal indices were maintained below 1. 

CPR was calculated as the ratio between 

middle cerebral artery PI and umbilical 

artery PI, according to previous studies [11]. 

DNA methylation 

Genomic DNA was extracted from fetal 

cord blood using QIAamp DNA Mini Kit 

(Qiagen). DNA quality and quantity were 

assessed by NanoDrop One (Thermo Scien-

tific). Genomic DNA was bisulfite convert-

ed using the Zymo EZ-96 DNA Methylation 

Kit (Zymo Research). Genome-wide DNA 

methylation levels were assessed over 

850,000 CpG sites by means of the Infinium 

MethylationEPIC BeadChip Kit (Illumina 

Inc., CA, USA) according to the manufac-

turer’s protocol. Pre-processing and normal-

ization were performed using the Biocon-

ductor minfi package [33]. CpG probes 

containing common SNPs were discarded. 

All probes mapping to the X and Y chromo-

somes were also removed. All samples (n = 

64) were run in the same plate. 

Absence of maternal contamination was 

confirmed after retrieving DNA methylation 

values at 10 CpG sites previously described 

to identify sample contamination by mater-

nal blood during sample collection [34]. 

None of the samples assayed exhibited DNA 

methylation values above the threshold at 5 

or more of those CpG sites (see Supplemen-

tary material for specific methylation val-

ues). Two samples (from the same twin-pair) 

were excluded from further analyses due to 

lack of monozygosity as assessed by 59 

SNPs included in the array. One of the sam-

ples was removed from analysis due to in-

sufficient DNA concentration, the co-twin 

sample was also excluded from further anal-

ysis.  
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Statistical analyses 

All statistical analyses were conducted in R 

version 3.5.0 [35]. DNA methylation-based 

GA prediction was performed using the R 

code and statistical pipeline developed by 

Knight, based on the methylation profile of 

148 CpG sites [5]; this predictor was devel-

oped using 15 Illumina DNA methylation 

datasets (n = 1434 neonates). Following 

Simpkin et al. recommendations, the Knight 

clock was preferred for our analysis as it 

was developed and tested in preterm infants’ 

datasets such as our monozygotic twin popu-

lation, characterized by a mean gestational 

age at birth of 35.3 weeks [36]. The EPIC 

array lacks 6 of the CpG sites originally 

included in the Knight clock, these values 

were inputed manually as non-available. 

Interestingly, DNA methylation-based age 

estimation relying on EPIC array data has 

already been described to accurately predict 

age despite the lack of several CpG sites 

originally included in Horvath’s and Han-

num’s clocks [37]. 

Gestational age acceleration (ΔGA) was 

calculated as the absolute difference be-

tween epigenetic GA and chronological GA. 

Since ΔGA was associated with chronologi-

cal GA (r = -0.47; p < 0.001), the latter was 

included as a covariate in all statistical mod-

els; this association has been already report-

ed in prior studies exploring epigenetic-

based GA estimations at birth [5,9,10]. 

Cell counts of CD4
+
 T cells, CD8

+
 T cells, B 

cells, NK cells, granulocytes, monocytes, 

and nucleated red blood cells (nRBCs) were 

estimated using the R code and statistical 

pipeline developed by Houseman [38]. 

A multiple linear regression model was built 

to analyze the correlation between ΔGA and 

CPR. Fetal sex, birthweight, diagnostic of 

either TTTS or sIUGR (binary variable), 

post-surgery interval (in TTTS cases where 

laser fetoscopy had been applied) and gesta-

tional age at ultrasound were included as 

independent variables in the model as they 

are known to influence either DNA methyla-

tion (from which ΔGA is calculated) or 

CPR. This analysis was not adjusted for cell 

types’ proportions since the gestational age 

estimation has been developed in cord 

blood. This analysis was conducted in the 

total MZ twin sample (n = 60).  

DNA methylation at CpG sites annotated to 

the 43 genes of the Placental PRS1 as de-

scribed by Ursini et al. [21] were retrieved to 

test their association with CPR. A second 

multiple linear regression model was then 

designed to explore putative effects of CPR 

upon methylation of PRS genes, testing 

1,466 associations. The aforementioned 

confounding variables along with cell types 

proportions (CD4
+
 T cells, CD8

+
 T cells, B 

cells, NK cells, granulocytes, monocytes, 

and nRBCs) were included as covariates, as 

they are known to affect methylation values. 

False discovery rate (FDR) correction for 

multiple testing was applied, considering q 

values under 20% to be indicative of medi-

um-confidence probes following prior stud-

ies [31].  

A twin-based approach previously devel-

oped in our group [39] was also applied to 

refine the association between cg06793497 

methylation and CPR. Briefly, intrapair 

differences for both variables of interest 

were computed for each twin pair; after-

wards, a regression model was fitted with 

estimated intrapair cg06793497 methylation 

(Δmethylation) and intrapair CPR (ΔCPR). 

This last model was not adjusted for either 

sex or chronological gestational age since 
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both variables are identical for both twins of 

a pair. 
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The main hypothesis was tested throughout the seven independent studies 

mentioned above.  

Regarding the first specific hypothesis, DNA methylation at NR3C1 and 

SLC6A4 genes contributed to explain the risk for anxious-depressive disor-

ders, as revealed by the first five publications presented in this dissertation. 

I. A systematic review on NR3C1 methylation unveiled a gap in the 

scientific literature with regard to non-coding alternative first 

exons other than exon 1F. This work also showed NR3C1 meth-

ylation to be robustly associated with early exposure to stress 

while more inconsistent findings were found with regard to psy-

chopathology.  

II. A meta-analysis on the effects of maternal psychosocial stress 

during pregnancy implied the existence of intergenerational ef-

fects mediated by NR3C1 exon 1F methylation. The specific CpG 

probe identified as differentially methylated in newborns ex-

posed to maternal stress was homologous to one of the CpG 

sites previously described in a rat model. 

III. Methylation at exon 1D, in a biologically relevant region (gluco-

corticoid responsive element), was associated with both (i) the 

familial component of anxious-depressive disorders, and (ii) 

lower hippocampal connectivity within the emotional network. 

IV. A systematic review on SLC6A4 methylation exposed there is 

suggestive evidence favoring the existence of a GxE interaction 

between early life stress and 5-HTTLPR in increasing psycho-

pathological liability by means of SLC6A4 methylation. Moreo-

ver, SLC6A4 methylation has been found to influence SERT ex-

pression in several independent studies. 

V. Exploration of SLC6A4 shore methylation revealed sex-

differential SLC6A4 methylation signatures to be associated with 

somatization symptoms, such that women exhibit higher levels 

of both variables when compared to men, according to prior 

clinical evidence. 
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Regarding the second specific hypothesis, epigenetic stochasticity was de-

scribed to be involved in anxious-depressive vulnerability. 

VI. DNA methylation outliers were found exclusively in some sub-

jects of the twin pairs discordant for anxious-depressive disor-

ders, with an enrichment on genes previously associated with 

neuropsychiatric disorders. 

Finally, the newborn epigenome measured in cord blood exhibited changes 

related to prenatal suffering. 

VII. An exploratory study on an independent sample of monozygotic 

monochorionic twins exposed to severe prenatal stress high-

lighted prenatal suffering as a modulator of the epigenetic land-

scape during intrauterine development. Prenatally stressed sub-

jects were born in an immature state as reflected by epigenetic 

age deceleration. Furthermore, EP300 gene CpG-specific meth-

ylation was also associated with prenatal stress. Remarkably, 

EP300 gene is involved in response to hypoxia and its genetic 

variants have been identified in the largest schizophrenia GWAS 

to date.  
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Regarding NR3C1 methylation and its association with exposure to 

stress, psychopathological liability and abnormal brain connectivity (man-

uscripts 1, 2 and 3) 

After the seminal study in rats revealing the ability of maternal 

postnatal rearing behavior to epigenetically program the offspring stress 

response (Weaver et al., 2004), dozens of projects focusing on human 

NR3C1 methylation analysis were developed. However, the complexity of 

NR3C1 gene structure and expression were neglected in most of the studies. 

As introduced in section 2.2.3, a CpG island in the NR3C1 promoter region 

includes 303 CpG sites distributed across seven alternative non-coding ex-

ons. There is no study assessing DNA methylation through the whole CpG 

island, i.e. including all CpG sites; authors rather focus in smaller regions 

with a clear preference for 1F exon (Palma-Gudiel et al., 2015b). This bias 

originates from the seminal observation in rats of differential methylation at 

Nr3c1 exon 17 in association with early stress, given that human exon 1F is 

homologous to 17 in rats. Furthermore, CpG sites within exon 1F are charac-

terized by homogenous hypomethylation; thus, most of the studies focusing 

on this region reported methylation differences across diagnostic groups 

lower than 5%, which are difficult to interpret from a biological point of 

view. 

Nevertheless, a modest meta-analysis of all published studies specif-

ically analyzing NR3C1 1F methylation in association with prenatal stress (n = 

7) revealed a significant cross-study effect in a specific CpG site very close to 

an NGFI binding site (Palma-Gudiel et al., 2015a). Although the effect size 

was limited (0.14) and the confidence interval was close to zero (0.05 – 

0.23), the combined effects of almost one thousand dyads revealed a signif-

icant association between maternal exposure to psychosocial stress during 

pregnancy and DNA methylation at a specific CpG site located at the exon 1F 

in their offspring. These results support the relevance of maternal experi-

ences for the future HPA axis functioning and stress reactivity of their chil-

dren. 

In the light of controversial associations between NR3C1 methyla-

tion and psychopathology, exon 1D was selected for epigenetic analysis in a 

sample of monozygotic twins from the general population informative for 

anxious-depressive disorders as diagnosed following DSM-IV-TR criteria. In 
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order to compare our results with the wider body of evidence regarding 

NR3C1 methylation, exon 1F was also explored. Unsurprisingly, we did not 

find any significant association between 1F methylation and anxious-

depressive psychopathology. Instead, 1D findings revealed the role of famili-

al factors—either genetic or due to common environment—in the modula-

tion of DNA methylation at this region and its dialogue with hippocampal 

connectivity (Palma-Gudiel et al., 2018). As discussed in sections 2.2.3 and 

3.7, hippocampal reductions have been described in association to excessive 

glucocorticoid exposure; additionally, exposure to low maternal rearing 

behavior was associated with decreased levels of GR expression in rat hip-

pocampus. Thus, the association between human NR3C1 exon 1D increased 

methylation and lower hippocampal connectivity suggests epigenetic modi-

fications to mediate the impact of familial liability to anxious-depressive 

disorders via altered brain wiring. Furthermore, these results added to pre-

liminary exploratory evidence of the role of prenatal environment in the 

modulation of exon 1D methylation in humans (Hompes et al., 2013).  

Regarding SLC6A4 methylation and its association with exposure to 

stress, psychopathological liability and sex-biased presentation of psychi-

atric symptoms (manuscripts 4 and 5) 

Likewise, SLC6A4 methylation has received similar attention from 

the scientific community although it does not build upon animal models but 

on the relevance of SERT in human response to antidepressants and stress. 

Thus, a region preferentially assessed by researchers does not exist in the 

SLC6A4 gene (Palma-Gudiel and Fañanás, 2017). 

Following the exon 1D approach, we focused in a CpG island shore 

region, from now on SLC6A4 shore methylation, that had been scarcely 

studied in relation to prenatal stress and bipolar disorder (Dukal et al., 2015; 

Sugawara et al., 2011). The reported association between SLC6A4 methyla-

tion and somatization symptoms was revealing in many ways (Palma-Gudiel 

et al., 2019). On the one hand, it adds to the evidence that shore regions 

might be more informative than CpG islands about psychopathological phe-

notypes. On the other hand, DNA methylation is not associated with either 

nosological entities or more lenient categorizations including a range of 

anxious-depressive disorders; instead, it correlated to symptoms of the so-

matic dimension. 
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More importantly, the main modulator of methylation in this region 

is sex. As opposed to NR3C1 (despite the well described differences in HPA 

axis functioning between men and women), SLC6A4 shore methylation has 

been repeatedly shown to be higher in females when compared to males. 

This moderator effect of sex has been described in cord blood samples—

obtained at birth—, adult peripheral blood and postmortem brain samples, 

highlighting the temporal stability and cross-tissue nature of this sex-based 

differential methylation mark. Thus, the association between methylation at 

a sex-controlled region and somatization contributes to the sex-biased 

presentation of these psychiatric symptoms and is congruent with epide-

miological data. Hence, these unprecedented findings pave the way for fur-

ther studies focusing on DNA methylation and its putative role in mediating 

sex-biased phenotypes. Interestingly, differential serotonergic functioning in 

females had been already suggested following animal findings in which es-

trogen administration resulted in a decrease of brain SERT expression 

(Pecins-Thompson et al., 1998).  

Although DNA methylation was first proposed as a putative media-

tor of gene—environment interactions, studies assessing SLC6A4 methyla-

tion and 5-HTTLPR hardly provide any evidence of such an epigenetic medi-

ated interaction (Palma-Gudiel and Fañanás, 2017). 5-HTTLPR associations 

with either treatment response or psychopathological liability along with 

GxE models of stress exposure have been largely controversial (de Vries et 

al., 2016). Thus, current inability to detect robust GxE interactions involving 

SERT could be due to an excessive focus on 5-HTTLPR, neglecting other 

SLC6A4 genetic variants, or poor targeting of CpG sites (Murphy et al., 

2013).  

Regarding the contribution of epigenetic stochasticity in the etiol-

ogy of psychopathological manifestations (manuscript 6) 

The identification of methylation outliers in MZ twin pairs discord-

ant for anxious-depressive disorders builds upon a growing body of evi-

dence regarding epigenetic stochasticity in complex disorders and traits 

other than cancer (Córdova-Palomera et al., 2018). This methodology bears 

the potential to identify novel molecular pathways that could contribute to 

the etiology of psychiatric phenotypes in only a subgroup of patients. These 

targets cannot be identified by means of classical GWAS approaches since 



194 
 

these differences are not generalizable to a high proportion of affected sub-

jects. Despite the divergent statistical management of data, epigenome-

wide DNA methylation of affected and non-affected subjects is required to 

develop this stochastic model. The acknowledgment of stochasticity as an-

other player in the emergence of mental health issues is essential for the 

understanding of their heterogeneity in terms of clinical presentation, prog-

nostic, comorbidities, and treatment response, among others. Chorionicity 

might be underlying the different number of methylation outliers detected 

in the available MZ twin pairs discordant for anxious-depressive disorders. 

Unfortunately, detailed obstetric information including chorionicity was not 

available with optimal reliability for this sample of adult twins and this hy-

pothesis could not be tested. 

Conceptually, methylation outliers could operate like copy number 

variants (CNVs) of very low frequency in the population but outstanding 

penetrance (for more details see Figure 6, in section 2.1 of the Introduc-

tion). As opposed to reported findings in both NR3C1 and SLC6A4 genes, 

methylation outliers identified in our sample of MZ twins discordant for 

anxious-depressive disorders ranged from 14.2 to 39.9% absolute methyla-

tion difference between co-twins of a pair. Reported differences are several-

fold higher than those described in candidate gene approaches. The magni-

tude of such changes might indicate a greater functional effect on gene ex-

pression. 

Regarding epigenetic embedding of severe prenatal suffering al-

ready detectable at birth (manuscript 7) 

Finally, an independent MZ monochorionic twin sample enriched for 

subjects exposed to severe prenatal complications—namely, TTTS and 

sIUGR—allowed us to explore the epigenetic landscape at birth in response 

to perinatal stress. Although epigenetic age acceleration has been repeated-

ly associated with both exposure to stress and a wide range of deleterious 

outcomes, research focusing on epigenetic aging in the context of prenatal 

stress has robustly revealed this association to be in the opposite direction; 

i.e. exposure to prenatal suffering is associated with epigenetic age deceler-

ation instead of acceleration. Thus, exposure to stress during prenatal stag-

es would render the fetus developmentally immature. This development 
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delay or deficit is in line with the neurodevelopmental hypothesis for schiz-

ophrenia. 

Accordingly, EP300 gene CpG-specific methylation was found to be 

associated with prenatal suffering. Remarkably, this histone acetyltransfer-

ase has been previously identified in hypoxia response and several EP300 

mutations are known to cause several forms of Rubinstein-Taybi syndrome, 

a rare congenital disease characterized by facial dysmorphisms, psychomo-

tor and language delays, and intellectual disability, among other symptoms; 

most of these symptoms are also characteristic of ASD and schizophrenia. 

On the other hand, fetal hypoxia has been associated with brain volume 

abnormalities in several regions; remarkably, this effect seems to rely in 

particular genetic liability suggesting the involvement of a GxE interaction. 

Thus, EP300 methylation emerges as a putative mediator of hypoxia-

conferred risk to neurodevelopmental disorders, and particularly schizo-

phrenia. These findings highlight the need for multidisciplinary approaches; 

the joint work of obstetricians, psychiatrists, psychologists and biologists is 

required for disentangling the role of prenatal environment in the etiology 

of neurodevelopmental disorders such as autism spectrum disorders or 

schizophrenia. 

Further studies are needed to understand the nature of these asso-

ciations. Specifically, a longitudinal follow-up would allow (i) the analysis of 

temporal stability of epigenetic marks identified, (ii) the study of postnatal 

factors, such as attachment or parenting styles, in modulating the DNA 

methylation patterns derived from exposure to prenatal stress, and (iii) the 

identification of neurobehavioral, cognitive and clinical long-term outcomes 

of exposure to stress, in relation with identified epigenetic marks. Further-

more, an independent sample is required to test the replicability of our re-

ported findings. Finally, a GxE interaction between schizophrenia PRS and 

exposure to prenatal stress could be tested in the currently recruited sam-

ple in the near future.  

Overall limitations of the presented work 

As introduced in section 3.9, DNA methylation studies entail a num-

ber of limitations to be cautious about. Although the focus of this disserta-

tion is to understand the (epigenetic) nature of psychopathological pheno-



196 
 

types, all novel findings reported herein are based on DNA methylation as-

sessments in peripheral samples, namely peripheral blood and cord blood. 

The field of psychiatric genetics has been constrained by the unavailability 

of brain tissue, with the exception of postmortem samples. Nevertheless, 

the later do not allow complementary assessments such as direct inter-

views, including state measures as collected by psychometric instruments 

such as the Brief Symptom Inventory (BSI). Thus, most of the findings in the 

field rely on either peripheral blood or saliva samples. This issue has been 

addressed by four different strategies. 

Regarding the association between NR3C1 exon 1D methylation and 

familial liability to anxious-depressive disorders (Palma-Gudiel et al., 2018), 

the study of peripheral blood is justified by HPA axis functioning and regula-

tion. Although the psychiatric literature has often focused on the central 

effects of hypercortisolism and glucocorticoid resistance, HPA activation 

leads to the release of cortisol from the adrenal glands intro the blood-

stream (for further details, see section 2.2.3); thus, cortisol is distributed 

systemically. One of its targets is the immune system, where it regulates the 

immune system. In this regard, overactivation of the innate immune system 

has been described in several psychiatric disorders. Peripheral blood NR3C1 

methylation patterns leading to changes in its expression and, potentially, to 

glucocorticoid resistance, would have a clinically measurable outcome in-

volved in the etiology of psychopathological manifestations. Thus, peripher-

al methylation of genes acting at a peripheral level is meaningful on its own. 

Since SLC6A4 gene, encoding the serotonin transporter, has a clear 

role in neurotransmission, biological relevance of peripheral SLC6A4 meth-

ylation for psychological symptoms such as somatization could be question-

able. That is why we complemented our findings by exploring putative sex-

based differences in postmortem brain SLC6A4 methylation (Palma-Gudiel 

et al., 2019). Additionally, the same sex-biased pattern was also found in 

SLC6A4 methylation as measured in cord blood revealing the stability of this 

mark. These analyses only allow us to suggest SLC6A4 shore is differentially 

methylated according to sex. However, the association between SLC6A4 

methylation and somatization symptoms is most likely to rely on this cross-

tissue correlation rather than to be artefactual. 
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As to methylation outliers identified in monozygotic twins discord-

ant for anxious-depressive psychopathology, they were further validated by 

means of an online tool providing brain-blood correlations across CpG sites 

included in methylomic commercial arrays.  

Finally, peripheral epigenetic signatures of prenatal suffering rely on 

hemodynamic surrogates of prenatal stress. Thus, cord blood derived epi-

genetic patterns must be informative of stress adaptations. Furthermore, 

epigenetic age is known to reflect biological aging irrespective of the tissue 

used for analysis. Conversely, the EP300 gene is highly expressed in the 

bone marrow, consistent with its role in response to hypoxia, hinting the 

biological role of its methylation in cord blood.  

Two reviews and one meta-analysis have been included in the pre-

sent dissertation due to their relevance for the subsequent original research 

developed (Palma-Gudiel and Fañanás, 2017; Palma-Gudiel et al., 2015a, 

2015b); nevertheless, limitations of such works are mainly limitations of the 

papers reviewed and thus they will not be discussed herein. 

Strengths of the present work 

As revealed by the first systematic review (Palma-Gudiel et al., 

2015b), although numerous articles assessing NR3C1 methylation have been 

published, there is a clear scarcity of works integrating epigenetics, psychia-

try and neuroimaging findings. Thus, brain functional connectivity (specifi-

cally, hippocampal connectivity within the emotional network) was analyzed 

with regard to NR3C1 methylation for the first time (Palma-Gudiel et al., 

2018). 

Likewise, SLC6A4 methylation has been assessed in myriad ap-

proaches demonstrating its relevance as a biomarker of early stress expo-

sure and its involvement in depression and other psychiatric conditions 

(Palma-Gudiel and Fañanás, 2017). Nevertheless, no published study to date 

had previously assessed SLC6A4 methylation in association with somatiza-

tion symptoms (Palma-Gudiel et al., 2019). 

Although evidence of epigenetic outliers had been already reported 

in a number of complex phenotypes including depression, our MZ twin ap-

proach is the first to verify the CpG sites identified in discordant twin pairs 
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with the study of healthy and concordant twin pairs, suggesting the report-

ed findings to be associated with observed phenotypic divergence between 

genetically identical individuals (Córdova-Palomera et al., 2018).  

Finally, despite the recognition of the neurodevelopmental hypoth-

esis of schizophrenia, it was entirely build upon retrospective assessments 

of clinical records and animal models without any attempt to prospectively 

analyze human prenatal trajectories and epigenomic signatures in candidate 

gens of risk for mental disorders. Accordingly, our findings revealed associa-

tion between prenatal suffering and both (i) epigenetic age, and (ii) EP300 

methylation in the first epigenetic exploration of the cerebroplacental ratio, 

a validated obstetric marker of prenatal stress (Palma-Gudiel et al., submit-

ted). 
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Our understanding of epigenetic mechanisms, and more specifically 

DNA methylation, in the comprehension of complex human characters and 

its environmental modulation has only just begun. Hundreds of papers 

deepening in the nature of these modifications are currently published each 

year, in an increasing fashion; nevertheless, translation and applicability of 

reported findings is still very low. The epigenetic field was born in the con-

text of cancer studies and continues to develop and provide research break-

throughs in carcinogenesis. Epigenetic approaches in the context of psychia-

try are way more recent. The epigenetic exploration of psychiatric pheno-

types is largely constrained due to the nature of psychopathological mani-

festations, i.e. their heterogeneity, the diagnostic overlap, their unpredicta-

ble course and the fact that mental health can only be understood from a 

dimensional, dynamic and probably biographic point of view. 

The findings reported in the seven publications included in the pre-

sent dissertation are a good representation of both promises and pitfalls of 

psychiatric epigenetics. DNA methylation is most certainly involved in the 

pathophysiology of anxiety and depression. Excess circulating cortisol—due 

to either chronic stress or glucocorticoid resistance, which are commonly 

associated—during developmental periods is a great candidate for the es-

tablishment of long-term epigenetic marks near glucocorticoid responsive 

elements. Theories and evidence of fetal programming might only be feasi-

ble in the context of DNA methylation and other epigenetic mechanisms, 

analyzed in follow-up studies. 

Monozygotic twin studies are instrumental in order to understand 

when and why DNA methylation abnormal patterns are established. Epige-

netic patterns rely on genetic variability and controversy regarding 

transgenerational and intergenerational effects of stress suggest they might 

be heritable. The only human design that allows the disentangling of genu-

inely acquired epigenetic signatures from inherited patterns is the study of 

monozygotic twins. Beyond cross-sectional and retrospective approaches, 

the longitudinal and prospective follow-up of newborns exposed to prenatal 

stress offers a quasi-experimental study design that will continue to shed 

light on the origins of psychiatric liability. 
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Specific conclusions derived from studies included in the present 

dissertation are developed below: 

1) NR3C1 methylation is reliably associated with exposure to early life 

stress. However, biased approximations and methodological heteroge-

neity prompt the scientific community to widen their scopes and ex-

plore widely unknown regions of the NR3C1 promoter.  

2) Association between maternal psychosocial stress experienced during 

pregnancy and newborn NR3C1 methylation revealed the existence of 

intergenerational effects that might be involved in abnormal or dysreg-

ulated newborn stress response and subsequent psychiatric liability. 

3) NR3C1 exon 1D increased methylation was found associated with the 

familial component of anxious-depressive disorders suggesting it might 

arise during developmental prenatal shared environment between 

monozygotic twin pairs. Furthermore, this epigenetic signature was al-

so associated with lower hippocampal connectivity within the emotion-

al network suggesting downstream effects of epigenetic modifications 

might be mediated by abnormal brain wiring. 

4) SLC6A4 methylation is reliably associated with exposure to early life 

stress. Furthermore, there is moderate evidence suggesting it might 

mediate the so far controversial GxE interaction between 5-HTTLPR and 

depression. 

5) The interaction between SLC6A4 methylation, sex and somatization 

symptoms suggests hormone-based DNA methylation modifications to 

underlie the epidemiologically described increased prevalence of this 

psychiatric dimension in women when compared to men. 

6) Identification of DNA methylation outliers only in monozygotic twin 

pairs discordant for anxious-depressive disorders highlights the role of 

stochastic epimutations in the etiology of complex psychiatric pheno-

types. 

7) Exposure to severe prenatal suffering is embedded via epigenetic 

mechanisms as reflected by both epigenetic age deceleration and 

EP300 decreased methylation at birth in exposed monochorionic twins. 

These findings highlight the epigenetic landscape as a biomarker of 

prenatal exposures and as a putative predictor or delayed neurodevel-

opmental trajectories, of great interest in psychiatric disorders. 
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