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Abstract: Post-traumatic stress disorder (PTSD) only develops after exposure to a traumatic event
in some individuals. PTSD can be chronic and debilitating, and is associated with co-morbidities
such as depression, substance use, and cardiometabolic disorders. One of the most important
pathophysiological mechanisms underlying the development of PTSD and its subsequent maintenance
is a dysfunctional hypothalamic—pituitary-adrenal (HPA) axis. The corticotrophin-releasing hormone,
cortisol, glucocorticoid receptor (GR), and their respective genes are some of the mediators of
PTSD’s pathophysiology. Several treatments are available, including medication and psychotherapies,
although their success rate is limited. Some pharmacological therapies based on the HPA axis are
currently being tested in clinical trials and changes in HPA axis biomarkers have been found to
occur in response not only to pharmacological treatments, but also to psychotherapy—including the
epigenetic modification of the GR gene. Psychotherapies are considered to be the first line treatments
for PTSD in some guidelines, even though they are effective for some, but not for all patients with
PTSD. This review aims to address how knowledge of the HPA axis-related genetic makeup can
inform and predict the outcomes of psychotherapeutic treatments.

Keywords: posttraumatic stress disorder; psychotherapy; glucocorticoids; cortisol; glucocorticoid
receptor; NR3C1; FKBP5

1. Introduction

Post-traumatic stress disorder (PTSD) is a trauma- and stressor-related disorder which can only
develop after the experience of a major traumatic event (TE) [1]. In the fifth Edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) [1], PTSD criteria were redefined and are now
characterised by four symptom clusters, namely: re-experience of the TE; avoidance of stimuli
associated with the TE; negative cognitions and mood; and alterations in arousal, all of which must
last for more than one month and cause significant clinical distress or impairment in important areas
of functioning. Although the experience of TEs is very frequent in the population, with a lifetime
prevalence ranging from 64-90% [2,3], only around 10% of the population will develop the disorder [4].
PTSD development is highly dependent on the type of TE, the individual genetic makeup, and other
risk factors, as is also the manifestation of different symptoms and the severity of PTSD [5,6].

When an individual experiences a TE, the stress-reactive systems are activated, which include the
sympathoadrenomedullary drive and the hypothalamic—pituitary—adrenal (HPA) axis [7]. Individuals
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with a history of previous increased vulnerability to PTSD development (e.g., childhood adversities
which modify the stress-reactive systems [8,9]) can experience PTSD symptoms immediately after the
TE experience, or later on, while those with no such vulnerability can develop PTSD due to specific
direct TE-related effects on the stress systems (e.g., epigenetic modifications or trauma interaction with
specific single nucleotide polymorphisms (SNPs)).

The reason why only a limited number of people who experienced TEs develop PTSD has been
subject to debate in the scientific community [10]. Gene/environment (G x E) interactions have been
indicated as reliable mechanisms [11]. Indeed, it appears that vulnerability to develop PTSD can
result from exposure to environmental adversity in cases of specific genetic makeup, such as, for
example, SNPs and the epigenome [12]. TEs can also influence genetic expression through epigenetic
mechanisms. Furthermore, exposure to other previous adverse experiences increases the risk of PTSD
development [13], through epigenetic mechanisms [8]. SNPs can also interact with environmental
exposure and epigenetic modifications to increase the risk of PTSD development [14].

A recent systematic review found that the examination of all the included PTSD studies consistently
implicated DNA methylation and gene expression changes in the HPA axis and inflammatory genes
in PTSD pathophysiology [15]. Indeed, genetic factors have been estimated to account for 30—46%
of the variance in PTSD [16,17]. Being a stress-related disorder, HPA axis regulator genes have been
extensively studied—such as the glucocorticoid receptor (GR) and FK506 binding protein 51 (FKBP5)
genes [10]. Although the risk of developing PTSD is polygenetic, a recent meta-analysis found SNPs
in these two genes to be associated with PTSD [18]. Furthermore, the GR gene (NR3C1) has been
considered to be a candidate gene which underlies the neurobiological-related glucocorticoid (GC)
processes involved in the development or maintenance of PTSD [12].

PTSD is a heterogeneous disorder and the determinants of different conditional risks for PTSD
development can be categorised in several ways [19], including the type and burden of the TE and
the sex and age of the exposed subject, which also determine the symptomatic expression, clinical
trajectories, co-morbidity, and treatment response. Furthermore, the HPA axis regulation of the
response to TE and stress is highly complex and is subject to a large degree of variability.

As a result, different clinical trajectories of PTSD development have been described in different
trauma-exposed populations [10,20-23]. The longer-lasting prospective study found five classes of
trajectories based on PTSD symptom severity, which were assessed using the Clinician-Administered
PTSD Scale score, during the six years after traumatic injury. These are: chronic (4%), recovery (6%),
worsening/recovery (8%), worsening (10%), and resilient (73%) [21]. In addition, PTSD can be very
debilitating and is also associated with mental and somatic comorbidity [24,25], such as depression,
substance use disorders, cardiovascular conditions, and endocrine and metabolic disorders, as well as with
intergenerational transmission of depression, emotion dysregulation, and HPA axis dysfunction [26-28].

Several treatments have been indicated for patients with PTSD, which mainly include
pharmacotherapy and psychotherapy. As pharmacotherapy approaches have considerable high rates
of non-response, significant investment has been carried out in applying other therapies—particularly
psychotherapies. Various psychotherapies have been indicated for the treatment of PTSD, with
reported success being superior to that of the prescription of medication in several studies [29],
although their effectiveness has been questioned [30]. Accordingly, there is a need to improve existing
PTSD psychotherapeutic treatments, as almost two-thirds of patients receiving prolonged exposure
therapy (PE) or cognitive processing therapy (CPT)—which are the two most widely-recommended
first-line therapies—maintained the same diagnosis posttreatment [31].

It is becoming clearer that psychotherapeutic interventions must be individually tailored.
Psychotherapeutic intervention in patients with PTSD has been associated with change in plasma
cortisol [32], and more recently with changes in the epigenome [33,34]. Furthermore, SNPs in the GR
and FKBP5 genes and FKBP5 epigenomic alterations predict psychotherapeutic outcomes [33,35,36].
Another ten genes, including a gene related with stress vulnerability (ZFP57), have also been recently
associated with psychotherapeutic outcomes in a longitudinal study of genome-wide DNA methylation
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levels [34]. Successful treatment of PTSD patients with psychotherapy was accompanied by changes in
DNA methylation.

In this paper we aim to review the extant knowledge regarding the interplay between the HPA axis
regulatory genes and psychotherapeutic interventions for patients with PTSD, by taking into account
the previously-reported HPA axis-related G X E interactions involved in PTSD pathophysiology, as well
as the interactions between the genetic makeup and psychotherapy and the urgent need to improve
patients’ psychotherapeutic outcomes.

2. The HPA Axis
2.1. Neuroendocrine Regulation

The HPA axis is necessary for adaptation to stress. Physiological stimuli and stress activate
the HPA axis (a three-organ hormonal cascade and feedback cycle) which leads to GC (cortisol in
humans) secretion and release from the adrenal cortex (Box 1). Indeed, cortisol is both the primary GC
which signals the stress response and the primary inhibitor of continuing HPA axis activity and of the
autonomic stress responses [7].

Box 1. The hypothalamic—pituitary—adrenal (HPA) axis.

Both physiological stimuli and stress trigger the HPA axis leading to glucocorticoids (GCs, cortisol in humans)
release from the adrenal cortex:

e  Physiological homeostatic challenges involve, through sensory relays, the direct noradrenergic
and peptidergic (originating mainly from the nucleus of the solitary tract) stimulation of the
corticotrophin-releasing hormone (CRH) neurons which are located in the dorsomedial parvocellular (mp)
division of the hypothalamic paraventricular nucleus (PVN) [37]. Further processing of the information
includes glutamatergic, serotoninergic, and cytokine stimulation of the PVN. Under specific conditions,
GABA can also stimulate the HPA axis at the PVN.

e Anticipatory responses involve the trans-synaptic activation of the HPA axis through the integration
of multimodal sensory information, and the respective higher processing, which involves the ventral
hippocampus, the medial prefrontal cortex, and the amygdala, among other limbic structures [7].

e  Hypothalamic PVN is subject to regulation by several structures by way of glutamatergic and GABAergic
neurons and the endocannabinoid system.

e  The amygdala plays an important role in the defensive responses to learned threats. [38]. The lateral
nucleus is important for the acquisition of aversive learning [39,40]. The aversive stimulus is recognised
and processed in the amygdala’s basolateral complex, which connects with the central nucleus to stimulate
the brainstem through CRH projections to the locus coeruleus [41] and the hypothalamus preparing the
person to cope with the stimulus.

e GCs act through rapid non-genomic mechanisms in the basolateral amygdala through a membrane GC
receptor (mGR), inducing the release of endocannabinoids from postsynaptic membranes, generating a
retrograde feedback suppression on GABAergic neurons, and thereby driving the release of norepinephrine
to the amygdala, which is required for emotional memory acquisition [42,43]. The prefrontal cortex and the
hippocampus project to both the PVN and the amygdala in order to regulate the response to the aversive
stimulus [7,44].

e CRH binds to the CRH type 1 receptor in the anterior pituitary, stimulating the release of the
adrenocorticotrophic hormone (ACTH) into the bloodstream. Arginine vasopressin is co-released and it
complements CRH actions in ACTH release.

e  ACTH action on the adrenal cortex leads to cortisol production and release, which is potentiated by the
sympathetic nervous system and cytokines.

o  The GC response depends on the timing of the stressful event: if this event occurs during the ascending
phase of the ultradian pulse, it tends to have a greater level of response than if it were to occur during the
falling phase [7,45].

e  Cortisol serves several functions, including mobilisation of energy to cope with the aversive stimuli, memory
processing, immune system modulation, the termination of the response by active feedback processes,
repressing all unnecessary activity—such as growth (emergency mode: when a person is faced with a
traumatic event (TE) GCs inactivate all non-essential activities for survival [46]). Another important effect
of GCs is to enhance the consolidation of the memories of fear and other strong emotions to facilitate coping
with re-exposure [47].
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Cortisol exerts crucial feedback effects on binding to GRs in the hypothalamus and the pituitary,
which reduces the release of both corticotrophin-releasing hormone (CRH) and adrenocorticotrophic
hormone (ACTH) [7]. GC-bound mGR releases endocannabinoids, which, in turn, inhibit the release
of glutamate, which reduces the stimulation of the hypothalamic paraventricular nucleus (PVN)
CRH neurons. GABAergic and neuropeptidergic inputs also play important roles in inhibiting CRH
release. Transsynaptic GR mediated HPA axis inhibition also occurs in the hippocampus, as well as the
prefrontal cortex and the hindbrain. These feedback effects are very important to stop the exposure to
the catabolic actions of GC and the sympathetic nervous system effects. Norepinephrine is an important
mediator of the central nervous system (CNS) and autonomic stress responses. Norepinephrine and
CRH interact in the hypothalamus, locus coeruleus, and amygdala circuit, integrating autonomic and
HPA axis responses to stress.

The HPA axis regulation is highly complex. In addition to trans-synaptic regulation, the secretion
of CRH by the PVN is also regulated by GCs, arginine vasopressin, and oxytocin [48]. The secretion of
ACTH is regulated by GCs. The sensitivity of the adrenal cortex to ACTH is another possible limiting
step in HPA axis activity. For in the serum, cortisol is bound to proteins—mainly corticosteroid-binding
globulin (CBG)—where only 5% of systemic cortisol is free and bioactive (Figure 1) [49]. The availability
of CBG, which is negatively regulated by GC, is another influence on GC actions. At the cellular
level, cortisol availability is regulated by tissue-specific enzymes, as well as the 113-hydroxysteroid
dehydrogenases (113-HSDs). 113HSD-1 is widely expressed in all the GC target tissues (e.g., neurons
and glial cells), where it converts cortisone to active cortisol, whereas 11 3HSD-2 has the opposite effect,
particularly in the kidney (Figure 1) [50]. At the cellular level, cortisol actions are also regulated by the
GR and its respective NR3C1 gene, as well as co-chaperones of the GR, such as FKBP5, among others.
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Figure 1. Modulators of the cellular action of glucocorticoids. These modulators include
glucocorticoid availability, glucocorticoid receptor number and affinity, GRf isoform expression,
glucocorticoid receptor signalling, mineralocorticoid receptor signalling, glucocorticoid receptor-gene
interaction, and glucocorticoid receptor single nucleotide polymorphisms. Abbreviations: 113-HSD:
11-B-hydroxysteroid dehydrogenase; CBG: Corticosteroid-binding globulin; GR: glucocorticoid receptor;
HSP: heat shock protein; MR: mineralocorticoid receptor; NF-«B: nuclear factor k B; SNPs: single
nucleotide polymorphisms; HDAC2: histone deacetylase 2; AP-1: activator protein 1. Adapted by
permission from [Nature] [51].
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Cortisol alone, therefore, cannot be considered to reflect the HPA axis regulation of the stress
response. Furthermore, cortisol response to stressful events is moderated by sex—with women showing
greater variability in the HPA axis response than men [52,53]. Testosterone has been shown to inhibit
the stress response, whereas in women, estradiol has an important moderating role in the activation
of the HPA axis in response to stress [7]. HPA axis stress response is also moderated by the stage of
development and the age of the subject, as well as the type, intensity, and duration of the stressful
event. Additionally, also important to mention is the fact that cortisol is difficult to measure accurately
to represent the reflection of HPA axis activity, as most methods show considerable intraindividual
variability and, as described above, HPA axis function depends on a great variety of factors [54].

2.2. The GC Receptors

The HPA axis—through the secretion of cortisol—is the primary hormonal mediator of stress
responses (Box 1). GC actions are mediated by two types of receptors: the mineralocorticoid receptor
(MR) and the GR. The MR has a 6-10-fold higher affinity for binding GCs than the GR [55]. The MR is
basally occupied, while the GR is only activated during periods of stress and during the circadian peak
of the HPA axis activity. The MR is important in terms of the time of day of HPA axis activity and the
regulation of basal circadian and ultradian rhythms. Whereas the GR is widely found in the brain, the
MR is restricted to the limbic areas [7]. The capability to cope with a TE depends on the balance of
these two receptors in the regulation of the stress response [56] as low GC concentrations enhance MR
homodimerisation, while GC stress levels induce MR-GR heterodimerisation [57]. The MR has a role
in the appraisal of the threat and initiation of the response (Figure 1) [56].

The GR has three domains: the N-terminal transactivating domain (NTD), the DNA binding
domain (DBD) (which binds to DNA GC response elements (GRE)), and the C-terminal ligand-binding
domain (LBD) [58]. The NTD is the most variable domain, due to alternative translation initiation.
There are many GR isoforms which depend on alternative splicing at several points of the NR3C1 gene.
Alternative translation initiation and post-translational modifications add to the functional pool of
GC signalling diversity—which has tissue and cell specificity [59,60]. Epigenetic mechanisms which
regulate gene transcription and expression have differential functional effects depending both on the
gene’s region where they occur and on the SNPs” makeup [61]. In addition, the location of the SNPs
has specific influences on gene function [62].

The unbound GR is not alone in the cell’s cytoplasm, as it is associated with a multiprotein
complex, including chaperone proteins and immunophilins [63]. Upon GC binding, this complex
conformation changes and the GR becomes hyperphosphorylated and translocates to the nucleus,
where it regulates the transcription of various genes directly and indirectly [46]. The GR binds to GRE
as a homodimer directing transactivation of target genes. GC-induced gene expression is frequently
cell type-specific, which has been shown to be dependent on the accessibility of the GR-binding site. In
turn, this is determined by the chromatin structure and DNA methylation, as well as histone acetylation
and methylation (HDAC?2) (Figure 1) [58]. Bound-GRs also act as monomers, by interacting with other
transcription factors, such as activator protein 1 (AP-1) and nuclear factor k (NF-kB), which represses
their transcriptional activity and results in less pro-inflammatory effects (Figure 1) [64].

Furthermore, GCs have fast acting non-genomic actions which are mediated by cytosolic GRs and
mGRs and use the activity of various kinases, thus adding greater complexity to GC signalling [65].
The effects are strongly dependent on both cell type and the cellular context. The existence of mGRs
in the neuronal cells of the hypothalamus, basolateral amygdala, and hippocampus [42] plays an
important role in rapid energy mobilisation and memory consolidation under stress, as well as rapidly
preparing the cell for the ultimate genomic effects [66,67].

Chaperones and co-chaperones influence GR affinity for GCs. In particular, the co-chaperone
of the heat shock protein (hsp)-90 FKBP5 gene is subject to the transcriptional influence of the GR
upon cortisol binding, leading to an increase in its expression, which is associated with GC resistance,
serving as an intracellular feedback control of GC actions [68,69].
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2.3. GR Gene and Other Genes that Regulate the HPA Axis

The most-studied gene related to the HPA axis is the GR NR3C1 gene, which is located on
chromosome 5q31-32 and is a member of the nuclear hormone receptor superfamily of ligand-activated
transcription factors [70]. The human GR gene has nine exons, whereas exon 9 alternative splicing
generates two GR isoforms: GRa and GR. The first exon is in effect a set of nine exons, which are
referred to as A-J (excluding “G”), which are not translated and result in different mRNA, as they
are independently controlled by a unique promoter which is located immediately upstream and thus
influences the translation start site [71,72]. In the 5’ untranslated region of the NR3C1 gene, there is a
cytosine—phosphate—guanine dinucleotides (CpG) island which includes seven of the first exon’s set of
nine exons: 1p, 1j, 1g, 1, 1, 1c and 1 [71] and is a target of DNA differential methylation studies.

Several functional SNPs (Table 1) of the NR3C1 gene have been extensively studied, namely:
TthllIl, ER22/23EK, N363S, Bcll, and GR-93 [73].

Table 1. Single nucleotide polymorphisms (SNPs) of the NR3C1, FKBP5, and CRHR1 genes which have
been associated with post-traumatic stress disorder (PTSD) or which have altered sensitivity of the
hypothalamus-pituitary—-adrenal axis.

Gene SNI;ISI‘;‘“:"‘“ dbSNP ID Wild Allele  Variant Allele  GR Sensitivity *
NR3C1 TthIIIT rs10052957 C T Lt
ER22/23EK rs6189/rs6190 G/G A/A !
N3635 rs6195 (rs56149945) ¥ A G )
Bell rs41423247 C G 1
(A§6R699Gﬁ) v rs6198 A G l
rs258747 A G ?
rs10482612 G A )
rs6191 C A !
NR3C1-1 rs10482605 T C l
FKBP5 rs3800373 A C !
rs9296158 G A l
rs1360780 C T !
159470080 C T l
CRHRI1 rs110402 G A !
rs242924 G T ?
rs12944712 G A ?
rs12938031 A G ?
rs4792887 C T ?

* Studied specifically for GR sensitivity or inferred from functional research. ¥ Only with the ER22/23EK; 1: GR
hypersensitivity; |: GR resistance; ?: unknown.  Aliases. ¥ Also known as. Abbreviation: dbSNP ID: Single
Nucleotide Polymorphism Database identification. Adapted by permission from [10].

The TthIIII SNP (rs10052957) is a C to T change in the promoter of the GR gene, and is only
functional when associated with ER22/23EK [74].

The ER22/23EK polymorphism (rs6189/rs6190) is located in the transactivation domain and results
in altered translation to the GR protein: glutamic acid-arginine (E-R) to glutamic acid-lysine (E-K) [75].
This SNP has been associated with relative GC resistance [76,77], which in turn has been attributed to
the reduced transactivating capacity of the GR [78].

The N363S SNP (rs6195; alias rs56149945) results from one nucleotide substitution in codon 363 of
exon 2, and the subsequent alteration from asparagine (N) to serine (S) [75]. This SNP is associated
with increased sensitivity to GCs in vivo, which was manifested by significantly enhanced suppression
of serum cortisol levels after a low dose of dexamethasone [79], which is probably due to increased
transactivating capacity [10,76].
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The Bcll intronic SNP (rs41423247) which is situated downstream of exon 2, results from a C to G
substitution at nucleotide 646, and has been associated with increased sensitivity to GCs [80,81]. This
SNP was associated with emotional memory performance in healthy individuals [82], although its
action mechanism is not known [10,73].

The 93 (also referred to as A3669G) SNP (rs6198) which consists of a naturally-occurring A to G
substitution in the 3" UTR of exon 93 [73], is associated with increased expression and stability of the GRp
isoform of the GR [62], and with GC resistance, probably owing to decreased transrepression [10,83,84].

Other SNPs of the GR gene are associated with PTSD and depression, such as: rs258747 [18,85],
rs10482612 [86], rs6191, rs33388 [87], rs6196, and rs10482605 [88].

The FKBP5 gene, which is located in the human chromosome 6p21.31 [89], has also been extensively
studied as it encodes a co-chaperone of hsp-90 in the GR molecular complex, which influences cortisol
binding and subsequent conformational changes in the GR and the subsequent translocation to the
nucleus [10]. FKBP5 is implicated in the feedback regulation of the GC response, as GCs increase
FKBP5 expression, which in turn decreases GR affinity for GCs. This is considered to be the ultra-short
negative feedback loop for GR activity [90,91].

FKBP5 overexpression is associated with GC resistance [68,69]. This increase in GC resistance
has not been associated with higher plasma cortisol levels [92]. Four functional SNPs (Table 1) in the
FKBP5 gene (rs9296158, rs3800373, rs1360780, and rs9470080) have been identified which are associated
with GR resistance, in normal, mainly Afro-descent individuals (Figure 2) [93].

rs1360780 protective rs1360780 protective
GR .~ G
& =5 Regular & o
ortisol = ortisol
il Negative el

Feedback

Promotel@é e ——— Pmmoler@

151360780risk rs1360780risk

/

G / Cortisol = i
R p clrdiid Impalred Cortisol

] Gp !.":I
% Negative % il
Promoter Feed baCk
% _ Promoter 3
6 3

Figure 2. Representation of the epigenetic modification in FKBP5. The single-nucleotide polymorphism
151360780 which is close to a functional GRE in intron 2 constitutes the genetic predisposition for an
increased FKBP5 transcriptional response to stress. Demethylation with higher cortisol levels is possibly
restricted to certain developmental periods (e.g., childhood). The exposure to childhood trauma leads
to an increased activation of FKBP5 due to a reduction in DNA methylation in SNP risk allele carriers.
Adapted by permission from [Nature] [94].

The corticotrophin-releasing hormone receptor 1 (CRHRI) and 2 (CRHR?2) genes have also been
studied. In addition, variants for CRHR1 (Table 1), rs110402, rs242924, rs7209436, rs12944712, rs12938031,
and rs4792887 have been studied [93,95,96] and some of them demonstrate G X E interactions [97,98].
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2.4. Epigenetic Regulation of the HPA Axis

Epigenetics refers to modifiable, potentially heritable, non-nucleotide changes to DNA
transcription which are essential for normal cell differentiation and neurogenesis [99]. These changes
can both be stable over time and dynamically responsive to environmental challenges such as
nutritional, pharmacological, physical, and psychosocial changes, providing experience-dependent
DNA modulation. Three main mechanisms have been identified for epigenetic gene transcription
regulation and expression. The first is the DNA methylation of the cytosine pyrimidine ring of CpG
sites, which suppresses gene transcription. It should be noted that these dinucleotides are especially
numerous in the promoter regions (CpG islands). However, DNA methylation of the gene body can
have the opposite effect [100]. The second mechanism consists of post-translational modifications of
histone proteins, such as methylation, phosphorylation, and acetylation, which alter DNA that bind
to regulatory proteins as well as the availability of chromatin for transcriptional activity. The third
mechanism comprises RNAs (including siRNAs, miRNAs, and piRNAs) and long noncoding RNAs,
which also regulate gene expression [99,101-104].

These modifications constitute the epigenome, which can record long-lasting influences from the
environment and can be inherited [105,106]. These influences from the environment can occur at specific
sensitive periods of development, including exposures in adulthood. DNA methylation is the most
studied epigenetic mechanism of genes involved in HPA axis regulation, such as NR3C1 and FKBP5. In
particular, methylation of NR3C1 is thought to underlie the programming of the HPA axis function in
response to environmental exposures, such as childhood abuse [107,108]. Furthermore, higher cortisol
levels demethylate FKBP5 intron 7 in carriers of the SNP rs1360780 T risk allele possibly in specific
developmental periods such as childhood, increasing FKBP5 expression and GR resistance [94].

A review of the methylation effects on the GR gene concluded that early life adversity has been
repeatedly shown to be associated with hypermethylation of the non-coding first exons [71], which
could impair HPA axis functioning, specifically with the respective decreased GR expression, and
predispose the exposed subjects to several psychiatric disorders.

The noncoding RNAs epigenetic mechanism has also been shown to influence the regulation of
the HPA axis in response to stress. The miRNA miR-320a interacts with the FKBP5 SNP rs3800373 C
risk allele, leading to increased FKBP5 expression and GR resistance [109]. Other studies of noncoding
RNAs influences on the HPA axis regulation are reviewed elsewhere [110].

In sum, the HPA axis response to stress challenges has multiple levels of regulation
which are influenced by variability in genes (SNPs) and epigenome. These effects can further
expand environmental influences on genetic expression and consequently on endophenotypes and
phenotypes [14]. This means that nature and nurture interactions have endless possibilities. This
phenomenon can also be viewed from a therapeutic point-of-view, as these interactions can use
pharmacotherapy and psychotherapy to environmentally manipulate these genes—by gene, by
epigenome, and by environment interactions.

3. HPA Axis and PTSD

As the new DSM-5 classification rightfully implies, PTSD is a disorder of the stress adaptation
system, which is initiated by the influence of the TE on a susceptible person [111]. Accordingly, HPA
axis dysfunction has been consistently pointed out to constitute the main pathophysiologic mechanism
involved in the development and maintenance of PTSD [54,112,113].

Although PTSD only develops after exposure to TEs, other risk factors exist which increase the
probability of a TE influencing the development of PTSD [4,6]. Some of these risk factors also influence
the HPA axis function, examples being childhood adversity, parental PTSD, or the occurrence of prior
TE or PTSD [9,28]. Exposure to these TEs generates anticipatory responses of the HPA axis, which in
turn are moderated by SNPs and the epigenome [7,54,114]. Another important moderator between
HPA axis functioning and PTSD is the biological sex, even when controlling for confounders. It is
well known that women have a greater risk of developing PTSD than men [115,116]. Interestingly,
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female victims of sexual assault with lower hippocampal volumes showed increased risk of developing
PTSD [117].

The most studied regulator of the HPA axis in PTSD is the GR [10]. Patients with PTSD show
reduced GC signalling, which has been shown to be associated with increased GR responsiveness
or sensitivity [113]. Indeed, hypersensitivity of the GR in PTSD patients has been found in several
studies [111,118-121] and has been specifically attributed to decreased GC signalling [113]. In addition,
studies which assess learning and memory also argue that PTSD patients have increased CNS GC
hypersensitivity [122]. Indeed, cortisol plays an important role in coping with the emotional memories
of trauma by enhancing consolidation and by decreasing retrieval and working memory [42].

Accordingly, lower cortisol levels in saliva, blood, or urine have been found in two
metanalyses [118,123] in specific samples and assessment moments of the day, although lower cortisol
levels were also found to be associated with trauma exposure, especially in the afternoon and evening.
Another metanalysis, which included only saliva samples, showed that morning cortisol levels were
significantly lower in PTSD patients when compared to controls [124]. Accordingly, a recent metanalysis
found lower concentrations of 24-h urinary cortisol in PTSD patients when compared to controls [125].
Furthermore, neurobiological correlates of PTSD symptom clusters have also been found in some
studies to show a negative association between cortisol levels and specific symptom clusters, such as
intrusion, avoidance, and numbing e.g., [126,127].

On the other hand, CRH overactivity has been pointed out to be a possible model of HPA axis
dysfunction in PTSD [54]. Central spinal fluid CRH levels have been found to be increased in patients
with PTSD [128-130]. This finding is consistent with decreased GC signalling in PTSD, as GCs are
potent inhibitors of CRH release [131]. Consistent with these HPA axis alterations is the concept that
PTSD is a fear disorder, characterised by an excessively strong learning of trauma-related fear, or a
failure over time to extinguish memories of previous trauma-related fear experiences [132].

Whether these HPA axis alterations are a cause or a consequence of PTSD development, or
whether they are TE exposure-related has been a matter of debate in the scientific community [54]. HPA
axis-related pre-trauma altered functions have been found to be more consistently associated with PTSD.
High pre-deployment GR number, low FKBP5 mRNA expression, and high glucocorticoid-induced
leucine zipper (GILZ) gene mRNA expression are all independently associated with increased risk for
a high level of PTSD symptoms six months after deployment to a combat zone [133]. Accordingly,
lower hair cortisol concentrations prior to deployment were associated with post-deployment PTSD
symptoms related to new stressors [134]. Furthermore, different clinical trajectories after experiencing a
TE are also predicted by cortisol secretion as a response to experimental stress challenges, showing lower
saliva cortisol change. When assessed prior to exposure to TEs, these trajectories are less-favourable
on the whole [134,135]. With regards to peritraumatic HPA axis-related risk factors, lower cortisol
levels [121,136] have been found to predict PTSD development, although a metanalysis only found
that heart rate was correlated with posterior PTSD symptoms, among the other biological markers
studied, including cortisol measured immediately after TE [137].

Imaging studies also link PTSD pathophysiology with the HPA axis. As an example, lower levels
of expression of FKBP5 were associated with smaller hippocampus and medial orbitofrontal cortex
in PTSD patients when compared to non-PTSD controls [138]. A systematic review has shown that
lower hippocampal volumes are associated with PTSD [139]. Excessive activation of the amygdala on
exposure to threat stimuli has also been demonstrated in patients with PTSD [140].

3.1. PTSD and GC Regulation Genes SNPs

Genome wide association studies have failed to find associations between HPA axis-related genes
and PTSD e.g., [141]. However, a recent meta-analysis found that SNPs in NR3C1 and FKBP5 genes
(rs258747 in NR3C1 and rs9296158 in FKBP5) are significantly associated with PTSD [18]. It has been
hypothesised that some of the SNPs of the NR3C1 gene associated with PTSD could be in linkage
disequilibrium with previously-identified functional SNPs [85]. With regards FKBP5, the risk allele
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of the SNP rs9296158 has been previously associated with GR resistance in normal Afro-descent
individuals and with GR hypersensitivity in PTSD patients (Figure 2) [93].

Although no main effects had been found for any of the previously-identified functional GR
gene SNPs in PTSD, the severity of PTSD symptoms and basal plasma cortisol levels were negatively
correlated within war veterans with PTSD who are homozygous for the Bcll SNP. In this same
subgroup of PTSD patients, the authors also found a tendency for an increased response to a test of
peripheral GC sensitivity which correlated with higher PTSD symptoms [142]. In cardiac surgery
patients, homozygous carriers of the Bc/l SNP variant allele showed significantly lower preoperative
plasma cortisol levels and more traumatic memories six months after surgery and intensive care unit
treatment [143]. A significant interaction effect was found of haplotype BclI carrier state and childhood
trauma on the pre-deployment GR number [133]. In this study, childhood trauma and a pre-deployment
high GR number both predicted the subsequent development of a high level of PTSD symptoms. The
higher GR number in the PTSD group was maintained after one and six months [10,144].

With regards FKBPS, the four functional SNPs which have been identified as being associated
with GR resistance in normal, mainly Afro-descent individuals (rs9296158, rs3800373, rs1360780, and
rs9470080) have all shown hypersensitivity to GC in patients with PTSD (Figure 2) [10,93]. This
finding suggests that other factors influence the functionality of these SNPs. Interestingly, in this study,
these SNPs significantly interacted with the severity of child abuse to predict levels of adult PTSD
symptoms [93]. In a study on the genetics of substance dependence which also screened for PTSD, the
FKBP5 1s9470080 genotype (TT) was shown to moderate PTSD risk in interaction with childhood abuse
in Afro-American participants, but not in the case of European—Americans [145]. Afro-Americans
who were carriers of the TT genotype, but with no experience of childhood adversity, demonstrate
the lowest risk for PTSD, but inversely they had the highest level if they had experienced childhood
adversity. This result suggests that childhood adversity changes FKBP5 gene functionality, as was the
case in the study by Binder et al. [93]. A study of gene expression in 15 patients with PTSD, comparing
them with 20 participants without PTSD, all of whom had been exposed to the World Trade Centre
attacks, found that FKBP5 expression was significantly reduced in current PTSD which was predicted
by cortisol when entered with PTSD symptom severity in a regression analysis [146]. This study was
extended to include SNP analyses of the FKBP5 gene, as well as a sample of recovered PTSD patients
and it was found that any of the four PTSD risk-related SNPs was a negative predictor of FKBP5
expression, which in turn was related to lower levels of plasma cortisol and higher PTSD symptom
severity [147]. Low pre-deployment levels of FKBP5 mRNA expression were independently associated
with the increased risk of high PTSD symptoms when assessed six months after deployment [148].
However, the study found no associations between FKBP5 SNPs rs1360780 and rs3800373 haplotypes
and pre-deployment FKBP5 mRNA expression or GR number. On the other hand, in a sample of 412
chronic pain outpatients, the FKBP5 gene SNP rs9470080 was associated with lifetime PTSD and it
was found that participants without the risk allele had decreased PTSD risk, even in the presence
of high levels of previous trauma exposure [149]. The interaction of genotype and PTSD symptoms
associated with specific gene expression patterns suggested the existence of different biological PTSD
endophenotypes, which are determined by functional SNPs in the FKBP5 gene [150]. In this study,
PTSD patients carrying the risk allele of the FKBP5 gene SNP rs9296158 showed GR super-sensitivity
with the dexamethasone suppression test, whereas those without the risk allele had lower baseline
serum cortisol concentrations. PTSD carriers of this SNP risk allele had lower FKBP5 mRNA expression,
whilst those without PTSD had increased expression. However, in a study of 3890 US service members
deployed to Iraq and Afghanistan, the carriers of the most frequent haplotype AGCC tended to have
probable PTSD. Furthermore, each wild type variant SNP was associated with probable PTSD. In this
study, the authors considered that FKBP5 could be a risk factor for PTSD. No interactions with lifetime
stressful events were found [151].

Klengel et al. [14] found that this diversity is determined by developmental impacts, such as early
childhood adversities, which occurred by way of epigenetic mechanisms in the FKBP5 SNP rs1360780
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(Figure 2). This study showed that being a carrier of this FKBP5 SNP risk allele, together with being
exposed to early childhood adversities, both lead to FKBP5 intron 7 demethylation. Furthermore, a
recent meta-analysis found strong evidence of interactions between FKBP5 genotypes in three SNPs
(namely risk allele carriers of the rs1360780, rs3800373, or rs9470080) and early-life stress, which
the authors considered could constitute significant risk factors for stress-related disorders such as
PTSD [152]. Unfortunately, rs9296158 FKBP5 SNP, which has been found to be associated with PTSD
in a recent metanalysis [18], was not included.

The first study of the associations between CRHR1 gene and PTSD in adults found that the SNPs
rs12938031 and rs4792887 major alleles were associated with post-hurricane PTSD symptoms and that
the former was also associated with PTSD diagnosis [96]. A longitudinal study of pediatric injury
patients found an association of the CRHR1 gene SNP rs12944712 with acute PTSD symptoms and
their trajectory over time. Results from this study were considered preliminary, as the sample size was
small [95]. One study identified that two SNPs (rs8192496 and rs2190242) in the CRHR2 gene reduced
PTSD risk among trauma-exposed female veterans. The minor allele of these SNPs was associated with
reduced risk and severity of PTSD symptoms, although these findings have not been replicated [153].

The studies reviewed in this section show that GC regulation genes’ SNPs have an important role
in PTSD risk and development. Studies have a greater focus on FKBP5 gene variation, and on the
whole, the literature shows that SNP alleles which are associated with HPA axis hypersensitivity are
associated with PTSD. G X E interactions have also been shown, particularly in cases with experience
of childhood adversity.

3.2. PTSD and Epigenetic Effects

The NR3C1, FKBP5, and CRHRI genes methylation have all been shown to be associated
with childhood adversity [8,14,108,154]. These modifications could constitute risk factors for PTSD
development upon later exposure to a TE. Epigenetic modifications could also result from TE proper
exposure and influence the pathophysiology of PTSD development. Methylation levels of NR3C1 and
FKBP5 have been repeatedly associated with the status of PTSD diagnosis [155].

Despite the different methodologies across studies, a recent systematic review found strong
evidence of an association between NR3C1 increased methylation levels and decreased gene expression,
which suggests a role for this gene’s methylation in stress-related psychopathology [156]. Methylation
levels of the NR3C1 gene have been studied in the promoter regions of exons 1g, 1¢, and 1, which
are rich CpG sites. Hypermethylation of 1r is associated with a decreased expression of the gene and
accordingly with GR resistance [108]. An association between the demethylation of the GR gene exon
1 promoter and both PTSD and plasma cortisol decline on the dexamethasone suppression test was
found [157]. In this study, war-related PTSD male subjects showed greater cortisol suppression after
the administration of dexamethasone, and higher levels of peripheral blood mononuclear cell lysozyme
inhibition in the lysozyme suppression test. Accordingly, another study of survivors of the Rwanda
genocide found that the sex-dependent salivary GR gene exon 1y promotor DNA methylation was
associated with PTSD [158]. Male but not female survivors with increased GR gene exon 1 promotor
methylation, which was associated with lower NR3C1 expression, showed less intrusive memory of the
traumatic event and reduced PTSD risk. In these studies, it was not possible to distinguish the effects of
trauma from the effects of PTSD. Another study focussing on female victims of the same Rwanda Tutsi
genocide, found higher peripheral blood leukocytes NR3C1 exon 1 promotor methylation levels than
those of Tutsi non-victims [159]. However, the association between PTSD and NR3C1 gene exon 1p
promotor methylation levels was not addressed, and in this case, hypermethylation could be attributed
to trauma exposure. NR3C1 exon 1r promotor methylation levels negatively correlated both with
cortisol levels and NR3C1 mRNA expression levels. In this same study, those exposed to trauma
showed higher methylation of CpGs located within the NR3C2 coding sequence than non-exposed
subjects. On the other hand, peripheral T lymphocytes NR3CI 1 and 1¢c promoters” methylation
levels were found to be lower in subjects with lifetime PTSD related to different types of trauma, when
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compared with non-traumatised controls. Cortisol levels were inversely correlated with NR3C1 1p
mRNA expression. Furthermore, overall and CpG site-specific methylation levels were inversely
correlated with total NR3C1 and 15 mRNA expression [160]. However, in this study, the NR3C1 exon
1 promotor methylation did not associate with PTSD risk. Another study of female interpersonal
violence victims found PTSD severity to be negatively correlated with the mean percentage of NR3C1
exon 1y methylation [161].

FKBP5 methylation has also been extensively studied. Klengel et al. [14] found that being a carrier
of the FKBP5 SNP rs1360780 risk allele T and also being exposed to early life trauma lead to FKBP5
intron 7 demethylation. FKBP5 intron 7 is situated in a GC response element zone, which is subject to
the action of GCs as part of the ultra-short feedback loop between FKBP5 and the GR, which leads to
GR resistance, as demethylation increases levels of this co-chaperone. However, [162] no main effects
of PTSD diagnosis on FKBP5 intron 7 methylation were found in a sample of Holocaust survivors,
nor in their offspring and comparison subjects. A recent study did find significantly higher intron
7 methylation levels among veterans with PTSD carrying the rs1360780 risk allele when they were
compared to the non-PTSD group [163]. On the other hand, FKBP5 exon 1 promoter methylation was
associated with lower plasma cortisol levels in subjects with combat-related PTSD [33], which supports
previous findings of lower FKBP5 expression in PTSD [146].

In the case of GILZ—which is a transcription factor that is up-regulated by GC action [46] —mRNA
levels were associated with PTSD in males, and were negatively associated with the methylation of the
respective gene. Furthermore, the number of TEs correlated negatively with GILZ mRNA levels, and
positively with the percentage methylation of GILZ just in the case of males [164].

Other approaches to the epigenomic study of PTSD pathophysiology are still being carried out.
A longitudinal study of combat-related PTSD found decreases in DNA methylation in three novel
genomic regions (ZFP57, RNF39 and HISTIH2APS?2) across the period of exposure which constituted
marks of susceptibility to PTSD [165]. Noncoding RNAs have also been implicated in the relationship
between stress and GCs and these could prove to be useful biomarkers to facilitate the prescription of
personalised medicines for trauma-related disorders, as the majority of PTSD blood based microRNA
studies report reduced expression in PTSD [110].

Differences in gene expression can reflect epigenetic modifications and/or interactions with SNPs.
Changes in gene expression have been found to occur after combat exposure [166]. However, no
longitudinal studies have examined the combination of DNA methylation and gene expression—which
limits our understanding of associated TE exposure DNA methylation on gene expression [166].

The epigenetic regulation of gene expression is very much cell-type specific [112]. The previous
studies researched methylation in non-CNS cells, and therefore we are unable to conclude on the
neuronal methylation status, although this could well reflect exposure to environmental influences [100],
as has been shown for psychosocial adversity [167] and combat [165], which accordingly could
represent biomarkers of the brain related phenotype. In addition, substantial correlations between
blood and brain samples have been observed in post-mortem studies [168]. On the other hand, the
epigenetic modifications could be the result of PTSD effects on the HPA axis and immune system,
as DNA methylation changes in response to environmental exposure can be induced by altered GC
signalling [169].

There are also reports of intergenerational transmission of these epigenetic modifications [105,162],
which could constitute one of the many mechanisms for intergenerational transmission of PTSD [28].

In brief, PTSD has been consistently associated with lower levels of cortisol and GR hypersensitivity.
Furthermore, a meta-analysis found associations between variability in the NR3C1 and FKBP5 genes
and PTSD. Other SNPs in genes involved in HPA axis regulation have also been found to be associated
with PTSD, such as the CRHR1. Epigenome studies have found evidence of associations between
levels of methylation in several genes with a regulatory role in HPA axis functioning—mainly NR3C1
and FKBP5—which can depend on the gene’s SNPs and on the gene’s location of methylation. These
findings are consistent with previous evidence of lower cortisol levels and GR hypersensitivity in
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PTSD. All this genetic makeup variability has been found to interact with environmental influences,
consubstantiating a new paradigm of gene X trauma X epigenetic interactions [155].

4. PTSD Treatments Which Influence the HPA Axis

4.1. GC Treatments

PTSD treatments using GR as a mediator have been tested for use as secondary prevention, that
is to say, on exposure to a TE [54]. Based on studies which show that low peritraumatic cortisol
constitutes a risk factor for PTSD development, GCs could be of benefit if administered immediately
after the TE [170-173], especially in the case of individuals with this additional risk factor. A large
randomised control study found that traumatic injury patients who received hydrocortisone within 12
h after trauma for 10 days reported fewer PTSD symptoms during the first three months post trauma
than did patients who received a placebo [174]. On the other hand, GC antagonists could also be useful,
based on the role of GCs in the consolidation of the traumatic memories [42]. As GC actions influence
so many functions in the brain [46], the development of synthetic GCs or other GC action modulators
with increased tissue/cell/molecular pathway selectivity could be of great benefit for patients, as they
would act on the specific PTSD HPA axis-related pathophysiological mechanism [54,112]. However,
research is still far from finding such “chirurgical” treatments.

Several clinical trials are currently being carried out with substances which aim to influence
the HPA axis in PTSD patients [112]. These trials are supported by studies such as that by Aerni et
al. [175]—a pilot study which found that a low dose of hydrocortisone administered over three months
reduce re-experiencing and avoidance symptoms in PTSD patients, based on the assumption that
elevated cortisol levels which inhibit memory retrieval in healthy human subjects can also reduce
the excessive retrieval of traumatic memories and related symptoms in patients with chronic PTSD.
Unfortunately, other larger placebo-controlled randomised trials targeting several HPA axis-related
PTSD pathophysiological mechanisms did not achieve the same promising results [176-178].

Furthermore, hydrocortisone supplementation of prolonged exposure therapy for PTSD in military
veterans has been associated with a lower dropout rate and greater reduction in total PTSD symptom:s,
when compared to a placebo [179]. Responders to hydrocortisone supplementation had the highest
pre-treatment GC sensitivity, which decreased as symptoms improved.

Because FKBP5 SNPs, methylation, and expression variation have all been consistently associated
with PTSD pathophysiology, FKBP5 is a potential treatment target, as it confers risk for abnormal fear
extinction learning in humans [180].

A recent study by Pape et al. [181], which investigated the CRHR1 antagonist GSK561679 in female
PTSD patients supports the possible role of CRHR1 methylation levels as an epigenetic biomarker to
follow response to CRHR1 antagonist treatment in specific subgroups. Moreover, pre-treatment NR3C1
methylation levels may be useful as a potential biomarker to predict PTSD treatment outcome [33].

4.2. Psychotherapy for PTSD

Several psychotherapeutic interventions have been indicated for PTSD treatment. Some practice
guidelines recommend them as first-line treatment [112,182,183]. Psychotherapeutic interventions
for PTSD include both trauma-focussed ones, which are based on processing the emotional
and cognitive aspects of the traumatic event, and non-trauma-focussed ones. Trauma-focussed
approaches include prolonged exposure therapy (PE), cognitive processing therapy (CPT), and
eye movement desensitisation and reprocessing (EMDR), which have all been considered first line
psychotherapies [29,112]. On the other hand, stress inoculation training has been considered as first
line non-trauma-focused psychotherapy for PTSD patients [29]. Recently, the guidelines are being
increasingly questioned, as PE and CPT have high dropout rates, and only a minority of patients cease
to be diagnosed with PTSD at the end of treatment [30,31]. Furthermore, recent trials have found
no differences between several therapies, including the administration of sertraline hydrochloride
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and non-trauma-focussed therapies which were not previously considered to constitute first line
psychotherapies for PTSD patients [31]. This highlights the importance of understanding the complexity
and diversity of PTSD in each patient and also the need for the clinician to be able to adapt to the
patient’s needs, which can change over time [30]. Interestingly, Steenkamp et al. [31] state the need
for long-term personalised approaches which can rely on the building of a therapeutic relationship
to achieve better outcomes. Psychodynamic psychotherapies are also useful for the treatment of
PTSD [184] and quality-based reviews of randomised controlled trials have shown no significant
difference when compared with other psychotherapies, such as cognitive-behavioural therapy [185,186].

Psychotherapeutic interventions differ in a number of characteristics, such as the theoretical
foundations, objectives, frequency of sessions, duration, required training of therapists, and the personal
conditions required of potential candidates [187]. Although 30% of the results of psychotherapy
are attributed to factors which are common to all of them [188], ideally we should use which ever
psychotherapeutic intervention better works for each patient [189].

Daskalakis et al. [190] proposed a tree-hit model of the individual’s programming sensitivity to
environmental stress, depending on the timing of environmental exposure—should this have occurred
during highly plastic developmental phases [191]. The genetic makeup (hit-1) interacts with early-life
environmental exposure (hit-2), resulting in (endo) phenotypes (e.g., epigenetic changes and altered
HPA axis function) [14] which constitute vulnerability or resilience factors, depending on the type and
characteristics of later-life environmental challenges (hit-3) which confront the individual [190]. These
later-life environmental challenges can also constitute the basis for psychotherapeutic repair when this
three-hit model results in vulnerability and psychic suffering.

4.2.1. Psychotherapy and HPA Axis

PTSD is considered to be a memory-related fear disorder, which is characterised by
an over-consolidation of TE-related fear, or, on the other hand, a failure to extinguish fear
memories [54]. GCs have potentiating effects on emotional memories consolidation and impair
memory retrieval. Several theories exist as to which mechanisms are involved in PTSD memory-related
pathophysiology [54], including over-consolidation due to excessive noradrenergic signalling as a
consequence of low levels of GCs [192] or due to GC-enhanced (as a result of GR hypersensitivity) fear
memory consolidation [42]. After consolidation, memories can be retrieved. Important consequences
after retrieval are the reconsolidation and extinction of memories, which seem to share the same role of
GCs in both the amygdala and hippocampus as that of consolidation [54,193]. This is an important
factor, as some PTSD psychotherapeutic interventions rely on fear learning paradigms which can be
enhanced by GCs, depending on the knowledge of the adequate moment, dose, and choice of the
GC to be administered. On the other hand, a GR antagonist might be more adequate if our aim is
the GR hypersensitivity pathophysiological hypothesis of PTSD [54]. One example of this is the case
of the most studied psychotherapy indicated for treatment of PTSD, that of PE, which relies on fear
learning paradigms, particularly extinction learning, which, in turn, depend largely on the actions of
GCs [54]. Extinction includes repeated presentations of the feared stimulus without reinforcement.
Interindividual variability in extinction learning can be mediated in part by SNPs in FKBP5 [180] and
constitute one of the reasons for different treatment responses in patients with PTSD.

The first study to address the association of HPA axis-related risk factors with psychotherapeutic
outcomes in PTSD patients showed that after brief eclectic psychotherapy, significant changes occurred
in levels of cortisol and dehydroepiandrosterone in PTSD patients with civilian-related trauma. Those
who responded to therapy showed an increase in cortisol and dehydroepiandrosterone levels, while
for those who did not respond, both hormone levels decreased [32].

Accordingly, a higher bedtime salivary cortisol and 24-h urinary cortisol excretion predicted
positive treatment outcomes in PTSD veterans after PE therapy or a weekly minimal attention
intervention for 12 consecutive weeks [35]. Another study of combat-exposed male PTSD patients
found that a high cortisol awakening response (CAR;) before trauma-focussed psychotherapy predicted
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symptom reduction after 6-8 months. In this study, no differences were found between the PTSD and
the non-PTSD group who had received no treatment with regard to a decrease in CAR; at the end of the
treatment period [194]. Furthermore, a study of veterans with PTSD showed that an increased salivary
cortisol response to personal trauma script-driven imagery task prior to PTSD therapy was significantly
and uniquely related to reductions in the core symptoms of PTSD after PE [195]. Interestingly, an
8-week psychosocial intervention with war-affected adolescents regulated hair cortisol levels. While
this intervention decreased hair cortisol levels for young patients with hypersecretion and medium
secretion, it increased hair cortisol levels for young patients with hyposecretion, in relation to the
control group [196]. Steudte-Schmiedgen et al. [197] suggest that hair cortisol levels can be valuable
to complement research into long-term HPA axis predictors and correlates of clinical outcomes in
response to psychotherapy for PTSD patients.

A literature review revealed preliminary evidence that the lower levels of pre-treatment GC are
related to poorer PTSD psychotherapeutic treatment gains [12]. The authors hypothesised that HPA
axis dysregulation increases both behavioural and emotional avoidance, which interferes with the
efficacy of psychotherapy, especially exposure-based interventions. This could constitute a strong
argument for GC-enhanced psychotherapy. Another argument could be related to the fact that GCs
can potentiate extinction learning [180] or decrease the retrieval of TEs memories on exposure to
stimuli [198], either spontaneously [199], or during the application of PE therapy [179].

Imaging studies have also been carried out to understand whether structural modifications occur
after psychotherapy. A metanalysis revealed that psychotherapy effects in PTSD increased prefrontal
and decreased limbic activity, particularly by normalising hippocampal function and morphology [200].
Later studies continued to confirm these findings. Butler et al. [201] found hippocampal grey matter
increases after six weeks of multimodal psychological treatment for combat-related PTSD, when
compared with a waiting-list control group. Another study also found that clinical improvement
during cognitive behavioural therapy in PTSD was predicted by increased FKBP5 expression and
increased hippocampal size [138]. Increased hippocampal volume and elevated FKBP5 expression
were significantly correlated. The hippocampus has been shown to be highly sensitive to the effects of
GCs [202]. These studies highlight the key role that hippocampal neuroplasticity can play in improving
resilience and recovery from traumatic stress, especially bearing in mind its involvement in the HPA
axis regulation of memory extinction [54] and also that it is one of the major structures of neurogenesis
in the adult human brain [203].

4.2.2. Psychotherapy Interaction with Genetic Makeup in PTSD

Since G X E interactions are determined by a certain confluence of environmental factors on SNPs
and epigenomic mechanisms, and as these interactions exert an influence on the HPA axis-related
pathophysiology of PTSD development and maintenance, we can accordingly presume that G X E
interactions could be beneficial for the treatment of these and other disorders—if we could determine
the terms of the interaction. In other words, what environmental change would be required for which
genetic makeup? This environmental change could be a psychotherapeutic intervention.

Psychotherapeutic effects result from learning and memory-related neuronal plasticity [204] which
ultimately depend on intervention-associated gene expression [205]). As SNPs and epigenetic changes
have direct effects on gene expression, several lines of investigation have tried to better understand
these relationships.

HPA axis-related genetic makeup information can be useful in psychotherapy practice through
several of the following ways. Firstly, the SNPs of genes regulating the HPA axis function, such as
NR3C1, FKBP5, and CRHRI, can interact with psychotherapeutic interventions in patients with specific
PTSD characteristics and result in better outcomes. This knowledge can enable informed choices of
the best intervention. Likewise, knowledge of the epigenome that is associated with better outcomes
can also inform the decision regarding the most appropriate psychotherapy. This information could
be constituted by biomarkers for both the indication and outcome of the psychotherapies for specific
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patients, as, for example, appears to happen in the case of a high level of pre-treatment cortisol as a
predictor of better treatment outcomes [35,194,195]. In addition, psychotherapy addresses the trauma
which seems to be the main culprit in HPA axis dysregulation interacting with genes.

Furthermore, the usefulness of genetic makeup information for the prescription of psychotherapy
and the respective outcomes is promising, based on the results of several studies which have researched
the interaction between psychotherapy and both SNPs and the epigenome.

The Bcll SNP G carrier states predicted treatment gains after 12 consecutive weeks with PE therapy,
or a weekly minimal attention intervention for patients with PTSD [35]. Homozygotes of the same Bcll
SNP risk allele evidenced more traumatic memories of intensive care unit treatment at six months after
cardiac surgery [143]. Taken together, this information could help to identify those subjects who are at
higher risk of PTSD symptoms and provide them with a psychotherapeutic intervention before, or
shortly after the TE exposure, depending on its predictability. Interestingly, a randomised controlled
trial study showed that a pre-operation minimal cognitive behavioural intervention which targeted
homozygous carriers of this SNP’s G high-risk allele reduced traumatic memories and posttraumatic
stress disorder symptoms after heart surgery [206]. Interestingly, GG carriers of this SNP showed
increased emotional memory performance when compared to GC and CC carriers [82].

Traumatised Ugandan carriers of the FKBP5 rs1360780 risk allele were at increased risk of PTSD
symptoms relapse after 10 months of Narrative Exposure Therapy (a form of exposure-based short-term
therapy), whereas non-carriers continued to show a reduction in symptoms [36]. This is an interesting
result, as the genetic makeup which correlates with functional distinct roles impacts on different
treatment outcomes [14,152].

Gene expression studies have also shown that increased FKBP5 expression after treatment is
associated with successful response to trauma-focussed psychotherapy [33,138]. Levy-Gigi et al. [138]
found significant increases in FKBP5 expression and in hippocampal size, which were correlated,
in PTSD patients after 12 weekly 1.5-h sessions of trauma-focussed cognitive behavioural therapy.
Improvement in PTSD symptoms was predicted by increased FKBP5 expression and increased
hippocampal volume, although the primary predictor was FKBP5 expression [138].

A recent review of studies addressing the associations between various psychiatric disorders
and several genes methylation before and after psychotherapeutic interventions concluded that DNA
methylation change can be considered a marker of treatment outcome [100]. However, the author
advises adopting caution in relation to the interpretation of results, owing to different methodologies
across studies and also the need for the biological functional characterisation of the findings.

Higher NR3C1 exon 1 promoter methylation levels predict a better treatment response after 12
weeks of PE psychotherapy, whereas FKBP5 exon 1 promoter region methylation levels decreased in
those subjects who responded with remission to the same psychotherapy. Correspondingly, those
subjects who responded to treatment had higher FKPP5 gene expression than those who did not
respond [33]. The authors argue that GR gene methylation did not change in response to treatment,
due to association with early environmental changes which could be more enduring. The methylation
changes could constitute biomarkers of PTSD prognosis and symptom severity, respectively, as the
environment part of G X E interactions could be attributed to epigenetic mechanisms [14].

Other studies addressing epigenomic mechanism in other genes associated with PTSD
psychotherapy are currently being carried out. A longitudinal study of genome-wide DNA methylation
levels found that the successful treatment of PTSD patients with trauma-focused psychotherapy
(cognitive behavioural therapy, with or without EMDR) was accompanied by changes in DNA
methylation at 12 differentially methylated genomic regions and particularly of the ZFP57 gene with
regards to prospective evidence [34,207]. ZFP57 codes for a transcriptional regulator of genomic
imprinting which has been associated with hippocampus-related stress vulnerability [208].

The previous research reviewed shows that the HPA axis is an important mediator of treatment
approaches to PTSD, based on the fear learning paradigm of PTSD pathophysiology. Although
promising, pharmacotherapy targeting the HPA axis still has a long way to go. In addition, GC-enhanced
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psychotherapy also represents a possible approach which needs to be investigated better. Indeed,
psychotherapy research for treating PTSD needs to be pursued, as outcomes are far from good. It
seems that certain endophenotypes can be useful in predicting treatment outcomes and psychotherapy
has shown to normalise HPA axis-related functions in several ways, including levels or cortisol, gene
expression, and CNS function and structure. The way genetic makeup (namely SNPs and DNA
methylation) interacts with psychotherapy can also be useful to inform us of the best treatment options.
However, further studies of these relationships are needed before we can apply these interesting
discoveries to clinical practice.

5. Conclusions

5.1. Clinical Implications

PTSD is associated with many vulnerability and risk factors [6]. Several pathophysiological
mechanisms have been hypothesised [54], which make this disorder phenotypically so diverse [19],
and thus, treatments must inevitably be tailored, as we are now considering this disorder to be a
gene—trauma—epigenetic interactions paradigm (Figure 3) [155].
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Figure 3. Gene/environment interaction in PTSD. Ranging from genetic and environment interactions
through to symptoms, possible biomarkers and brain and hormonal changes. Abbreviations: HPA axis:
hypothalamic—pituitary—-adrenal axis; GR: glucocorticoid receptor. Adapted from [209].

Evidence is mounting that the HPA axis is implicated in PTSD pathophysiology and that
interventions aiming to affect this system are showing increased usefulness for treatment interventions
and can inform treatment outcomes—particularly psychotherapeutic interventions [e.g., 33,138,194].

We hope to have made it clear that traumatic experiences interact with the genetic makeup in
several ways during human development. One of these is through modifications of the epigenome
conditioning of the pathophysiology of many disorders—including PTSD. However, probably the most
important message is that this interaction can occur reversely, through psychotherapeutic interventions
which, if tailored according to the pathophysiological mechanisms, could be more useful for those
individuals who suffer, and more cost-effective for all [33], although further studies need to be carried
out to inform us better what works best, and for whom. If we could predict which patients would
improve better with which type of treatment, then the level of suffering, time, and resources could be
significantly reduced for such a complex and heterogeneous disorder. However, as promising and
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appealing the results of the studies reviewed in this paper might be, there is still a long way before
they attain clinical applicability.

Furthermore, psychotherapy delivered perinatally with modifications which are specific to
the perinatal period and are focussed on parenting are necessary for the prevention of PTSD
intergenerational transmission [210], as PTSD influenced parent-child interactions are important
and potentially modifiable contributors [211]. Evidence-based psychotherapy offers considerable
advantages for perinatal PTSD, based on the potential teratogenic effects of typically-recommended
medications for PTSD [212]. Furthermore, epigenetic modifications associated with PTSD are subject
to inheritance [105]. If these epigenetic modifications could be reversed by psychotherapy, this would
then constitute another way to break the intergenerational transmission of PTSD.

The studies mentioned in this review used psychotherapy for PTSD secondary or tertiary
prevention or treatment, however, as it is known that there is a genetic risk for exposure to TEs, a
primary psychotherapeutic intervention might also be useful, mainly for those individuals with other
cumulative risk factors, such as childhood adversity or parental psychiatric disorders [6]. Furthermore,
this review can also be useful to support the importance of trauma-informed care as a patient-centred
approach which is needed in clinical practice and which can prevent many forms of trauma-related
suffering [213].

5.2. Future Directions

Psychiatric disorders are multi-determined and have a complex pathophysiology and multiple
phenotypic expressions, and therefore any information which could help tailor treatments should be
pursued—in particular longitudinal gene x psychotherapy interaction studies.

In the case of PTSD, most of the psychotherapeutic interventions that have been studied are
short-term, limited interventions. It would be interesting to study the effects of intensive interventions,
which require treatments of more than once a week, with no time limits (e.g., psychoanalysis—which
implies 3-5 sessions a week, also with no time limit). These interventions would address not only
Daskalakis et al.’s [190] hit-3 environmental challenges, but also hit-2 early-life environmental exposure.
What would be the changes in HPA axis biomarkers (endophenotypes) and the epigenetic changes?
Would an association or interaction with SNPs of genes regulating HPA axis be found? Further research
regarding the interactions between psychotherapy and the epigenome are warranted.

Studies are needed which focus on genetic makeup and their functional correlates, which can
identify endophenotypes that constitute relevant mediators or moderators of treatment efficacy. A
limited number of studies examine mRNA expression in relation to epigenetic modifications in patients
with PTSD. This research is important, in order to find functional correlates between methylation
patterns and phenotypic variability [71]. A better selection of the region to study DNA methylation also
needs to be pursued, as well as other epigenetic mechanisms and their functional correlates [71,110].
In addition, larger samples should be studied to increase the study’s power with randomised control
trial approaches. Genome-wide studies of therapy responses would be ideal.

In the future, it should be possible to integrate different biomarkers—including SNPs,
the epigenome, and gene expression profiles—with clinical variability and psychotherapeutic
armamentarium with the objective to better inform those clinicians who practice
personalised/patient-centred care for this complex and challenging disorder of PTSD.
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