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Abstract: Post-traumatic stress disorder (PTSD) can become a chronic and severely disabling condi-
tion resulting in a reduced quality of life and increased economic burden. The disorder is directly
related to exposure to a traumatic event, e.g., a real or threatened injury, death, or sexual assault. Exten-
sive research has been done on the neurobiological alterations underlying the disorder and its related
phenotypes, revealing brain circuit disruption, neurotransmitter dysregulation, and hypothalamic–
pituitary–adrenal (HPA) axis dysfunction. Psychotherapy remains the first-line treatment option
for PTSD given its good efficacy, although pharmacotherapy can also be used as a stand-alone or
in combination with psychotherapy. In order to reduce the prevalence and burden of the disorder,
multilevel models of prevention have been developed to detect the disorder as early as possible and
to reduce morbidity in those with established diseases. Despite the clinical grounds of diagnosis,
attention is increasing to the discovery of reliable biomarkers that can predict susceptibility, aid
diagnosis, or monitor treatment. Several potential biomarkers have been linked with pathophysi-
ological changes related to PTSD, encouraging further research to identify actionable targets. This
review highlights the current literature regarding the pathophysiology, disease development models,
treatment modalities, and preventive models from a public health perspective, and discusses the
current state of biomarker research.

Keywords: stress; traumatic stress; PTSD; behaviour changes; pathophysiology; public health;
biomarkers; prevention; treatment

1. Introduction

Post-traumatic stress disorder (PTSD) is a chronic mental disorder resulting in a
reduced quality of life and increased economic burden. Exposure to a traumatic stressor
is the trigger for PTSD development [1]. For that, a distinction between ordinary and
traumatic stressors (those that have the potential to result in PTSD) is necessary. PTSD was
first introduced in the Diagnostic and Statistical Manual of Mental Disorders (DSM-III),
and further updates to the diagnostic criteria have been introduced in subsequent versions.
Traumatic stress relates to the exposure to real or threatened injury, death, or sexual assault.
Intrusion symptoms, avoidance/numbing, hyperarousal, sensitisation to stressors, and
detrimental cognitive and affective changes are all symptoms of PTSD [1].
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Although exposure to stressors is common in the general population, only a small
proportion of susceptible individuals develop PTSD [2]; however, the underlying mecha-
nism of susceptibility and resilience is still unclear. In the last decade, etiological models
have been developed to explain the interplay between biology, environment, and mind in
manifesting the disease. Examples of those models include the diathesis–stress and the
biopsychosocial models [3]. In parallel, extensive research aiming to identify the patho-
physiological mechanism of PTSD has found the association between genetic variants
and an increased risk of PTSD, hypothalamic–pituitary–adrenal (HPA) axis dysfunction,
neurotransmitter dysregulation, and alterations in brain circuits [4]. Research has advanced
over the last years in aiming to connect the alterations at the genetic, molecular, chemical,
cellular, and circuitry levels into a biological systemic view, while also aiming to discover
diagnostic and prognostic biomarkers.

Psychotherapies and pharmacotherapies are two effective PTSD treatments. However,
significant subsets of individuals who do seek treatment have symptoms that are difficult
to treat. Changing to another treatment modality or combining treatment modalities
(combining psychotherapy with pharmacotherapy) is frequently required. Trauma-focused
psychotherapy is the first line of treatment for most individuals with PTSD, as opposed
to other therapies or pharmacological medication. Cognitive behavioural therapy (CBT),
prolonged exposure therapy (PET), and eye movement desensitization and reprocessing
(EMDR) therapy are trauma-focused psychotherapies that have been shown to be useful in
the treatment of PTSD [5,6].

This review provides an introductory and overall overview of the current concept of
findings on the etiology and disease models of PTSD, pathophysiology, treatment, preven-
tion, and lastly biomarkers, including diagnostic and prognostic biomarkers. A literature
search was performed using keywords to find papers in PubMed, Cochrane Library, Scopus,
and Embase. The literature was then summarized with the aim to provide a comprehensive
overview of these topics, and representative examples of research findings were selected.
The preferred studies were meta-analyses, systematic reviews, and randomised controlled
trials (RCTs), as well as the most recent studies relevant to the presented perspective.
Abstracts were then screened for their relevance. Once selected, the limitations of the
studies were assessed for their impact on informed clinical decisions. Original studies were
preferred for models and concepts. The literature was then summarised with the aim to
provide an up-to-date, comprehensive overview of the available data (a graphical summary
of the main findings is given in Figure 1).
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2. Epidemiology and Models of PTSD Development
2.1. Epidemiology of PTSD

The public health perspective of traumatic stress takes a population-based approach
and formulates policies based on it. Epidemiological studies concern the distribution and
determinants of traumatic stress and stress-related mental disorders in specified populations.
They have shown that traumatic stress often occurs among the war-surviving population,
refugees, especially females, public health workers, and indigenous populations [7].

The war-surviving population has a high prevalence of PTSD and depression. This
statement is supported by a systematic literature search and meta-analysis of interview-
based epidemiological surveys including samples from 43 war-ridden countries with a
recent war history (1989–2019) [8]. Specifically, these war survivors diagnosed with PTSD or
depression are primarily living in low/middle-income countries [8]. Therefore, income or
social status may have an impact on the response to traumatic stress. A meta-analysis and
the Millennium Cohort study support the association between low socioeconomic status
and PTSD [9,10]. Sex/gender has also been linked to risk, e.g., in a refugee population,
females who experienced sexual trauma had a higher prevalence of PTSD than males [7].

Differences between groups of people have been reported. For example, indigenous
populations in various countries show a higher prevalence of traumatic stress-related
mental health problems than others. The standardized prevalence of 12-month PTSD
in the Australian indigenous population was three times the Australian rates [11]. The
independent predictors (determinants) of PTSD among Australian indigenous populations
are female gender, rural residence, trauma under age 10, and sexual and/or physical
violence [11]. Such findings might be attributed to the fact that the Australian indigenous
population is disadvantaged in different aspects [12].

Public health workers have been experiencing huge traumatic stress during the
COVID-19 pandemic [13]. Among 26,174 surveyed public health workers in the US, 53.0%
reported symptoms of at least one mental health condition in the previous two weeks,
especially those unable to take time off or those experiencing overwork [13]. This result
indicates that overworking is associated with the negative impact of traumatic stress.

The studies above demonstrate that specific populations with certain characteristics
are more likely to suffer from exposure to traumatic events. These characteristics can be
environmental factors like traumatic events including war/violence and workload, social
factors like social status, or biological factors like female sex. A dual influence of social and
biological factors on females is suggested. Females are more likely to experience physical
and sexual violence. Additionally, clinical evidence points to the possibility that cyclical
oestrogen discharges throughout the reproductive cycle may contribute to women’s greater
susceptibility to and severity of PTSD symptoms following psychological stress [14,15].

2.2. Models of Disease Development
2.2.1. Diathesis–Stress Model for PTSD

The initiation and maintenance of the disorder are heterogeneous, differing between
individuals with the same level of trauma and presenting with varying degrees of disease
severity. An explanation for this obvious variation is the diathesis–stress model, tested for
PTSD in different studies. According to the model, the pre-trauma state of the individual
(risk factors) constitutes a condition of susceptibility (diathesis) that can produce the
disorder after a traumatic experience (stress).

In PTSD, the trauma represents the stressor that activates certain processes in an
individual with pre-traumatic vulnerability, thereby leading to the expression of psy-
chopathology and social dysfunction. Vulnerability factors may involve aspects like genetic
predisposition, psychiatric history, a history of child abuse, a stressful and unhealthy
lifestyle, and others. The individual’s diathesis represents a hypothetical threshold, and
the impact of a stressor on the individual depends on the diathesis; the less favourable the
diathesis, the less severe the stressor needs to be to initiate the disorder.
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Not only pre-trauma (e.g., a risk of developing PTSD, genetic, and biological fac-
tors), but also peri-trauma (e.g., emotional distress), and post-trauma factors should be
considered. McKeever and Huff state that the peri-traumatic perception of trauma and post-
traumatic conditions can affect the severity and symptoms. Furthermore, different types of
vulnerabilities (e.g., biological and psychological) may interact with one another [3].

Here, we provide a few examples of research findings in line with the diathesis–
stress model. As the diathesis–stress model contends that the interplay of hereditary,
biological predisposition, and environmental stress results in the development of mental
disorders, researchers have hypothesized that during military service the onset of major
psychopathology may be precipitated by psychosocial stress, leading to an increase in
psychiatric hospitalisations during the first months of the military service period for those
with greater sensitivity or a lower stress tolerance [16]. In a sample of 118 hospitalised
subjects starting their military service assessed for the expression of psychopathology,
59.3% of the subjects were diagnosed with an anxiety disorder, especially PTSD, out of the
total sample due to traumatic stress exposure, implicating the nature of warfare stress in
the increased risk of anxiety and stress disorders. Intriguingly, the risk of disorder onset
within the first two months and hospitalisation was also higher for psychotic spectrum
disorders. As the sample was exposed to similar stress levels, these findings suggest that
individuals with psychotic spectrum disorders have increased stress sensitivity [16].

Another study for testing the model in the emergency department (ED) was carried out
by Edmondson in 2014. A sample of 189 acute coronary syndrome patients was observed
for the effect of ED crowding, depression status, and their interaction on the subsequent
development of PTSD. ED crowding significantly affected the 1-month development of
PTSD symptoms, as patients treated during ED crowding times scored significantly higher
than those treated during times with medium or little ED crowding. Similarly, depression
status and the interaction between ED crowding and depression status significantly affected
the subsequent development of PTSD [17].

Another example of findings supporting the diathesis–stress model of PTSD comes
from Elwood and colleagues, who investigated the connection between cognitive abili-
ties/vulnerabilities and exposure to sexual assault. Negative attributional style (NAS) and
anxiety sensitivity (AS) were used as cognitive vulnerabilities and sexual assault as the
negative life event. NAS is the individual’s inference that current negative events will
have negative effects, and that a negative event reflects one’s worthlessness, while AS is
the extent of fear of the harmful consequences that can result from anxiety and anxiety
symptoms [18,19]. In line with the diathesis–stress model, the authors hypothesized that
people who had both high levels of cognitive vulnerability and high levels of negative life
experiences would have the highest levels of symptoms. The relation between these cogni-
tive vulnerabilities and negative life events was examined for PTSD symptom clusters [20].
As expected, negative life events significantly predicted changes in avoidance, numbness,
and dysphoria symptoms when both NAS and AS were present. The biggest symptom
increase was recorded by participants who exhibited high levels of cognitive vulnerability
and more traumatic life events. Correspondingly, a low frequency of bad life events and
high levels of cognitive insensitivity, however, were linked to reductions in symptoms [20].
Findings from this study support the role of cognitive vulnerabilities as predictors of the
development of PTSD symptoms after exposure to traumatic stressors.

2.2.2. Biopsychosocial Model

Formulated by Engel in 1977, the biopsychosocial model emerged from the view of the
insufficiency of the biomedical model alone in explaining illnesses [21]. Engel explained
a need for a new medical model to extend the biomedicine model to account for all the
factors influencing the patient’s condition. The biopsychosocial model poses that biological
(e.g., genetics, chemical changes, and organ damage), psychological (e.g., stress, mental
illness, behaviour, and personality), and social factors (e.g., peers, socioeconomic status,
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beliefs, and culture) interact with each other in the expression of health and illness. Engel’s
justification for his criticism was made in several points:

• Biological disturbance alone is insufficient to cause the disease, as disease appearance
results from multi-factor interaction.

• Vulnerability is better accounted for by psychological and social factors than by bio-
logical changes.

• The effectiveness of biological treatments is influenced by the psychological status of a
“placebo effect”.

• Health outcomes are affected by the doctor–patient relationship to a great extent.

The biopsychosocial model would consider these factors altogether, not only in terms
of the expression of illness but also at the level of the social functioning of the individual. It
also considers the cultural perception of illness, circumstances in which the patient does
not acknowledge their illness, and other circumstances in which the patient admits their
illness, as marked by their entry into the healthcare system [22].

2.2.3. Animal Models of PTSD

In 1993, Yehuda and Antelman proposed a list to systematically evaluate stress models
of stress in animals for their relevance to PTSD [23]. To determine how applicable a model
is to PTSD, at least five distinct factors might be applied, according to this list:

(1) Even very brief stressors should cause biological or behavioural symptoms of PTSD;
(2) The stressor should be able to produce symptoms in a dose-dependent manner;
(3) Produced biological alterations should persist or become more pronounced over time;
(4) Alterations should have the potential to express biobehavioural changes in both directions;
(5) Interindividual variability in response is present as a function of experience and/or genetics.

A sixth criterion has been proposed by Whitaker et al., which is the model’s capacity
to generate co-morbid states, such as an increase in alcohol consumption, an increase in
compulsive drinking, and hyperalgesia [24]. Although these models do not fully replicate
the human condition, they simulate the symptoms and neurobiology of PTSD, allowing
the evaluation of behavioural changes, neurobiological and epigenetic alterations, and the
development of biomarkers and treatment. According to the type of stressor, the models
can be categorised as physical, social, or psychological. Table 1, provides a summary for
the commonly used animal models in PTSD, which are mostly conducted in rodents.

Table 1. Summary of the commonly used preclinical animal model in PTSD.

Model Description Aim

Physical:

Foot shock stress (FSS)

A metal-rod floor is used to deliver electrical
shocks, which are coupled with non-harmful

cues (usually auditory) to elicit post-stress fear
recall using sound in novel environments,
according to the fear conditioning model

Modelling the response to inescapable
stress [25]

Single prolonged stress (SPS)

Intends to result in the development of PTSD
from a single traumatic experience. Rats are

restrained for 2 h, subsequently forced to swim
for 20 min, and then 15 min later are subjected

to the ether until unconsciousness

Inducing PTSD symptoms by combining
multiple, severe, and different stressors [26]

Stress-enhanced fear learning (SEFL)

Exposure to repeated foot shocks in one
environment produces conditional freezing
(used to assess learned fear) in response to

cues associated with foot shock in a
second environment

Modelling the lasting effects of traumatic
stress [27]

Restraint stress (RS) Prolonged restraint between 15 min to 2 h on a
wooden board or a plastic tube

Modelling an inescapable severe psychological
trauma with chronic behavioural and

neurochemical alterations [28]
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Table 1. Cont.

Model Description Aim

Underwater trauma (UWT)

Being distinct from the forced-swim test,
animals are placed in deep water and are

forced to swim for 30 s, before being
submersed for another 30 s

Modelling an inescapable severe psychological
trauma [29]

Social:

Social defeat (SD)

Subjects are categorised as either susceptible or
resilient and are exposed to and suppressed by

an aggressor animal for several days. Only
susceptible subjects will develop

behavioural avoidance

Modelling prolonged and chronic stress as a
risk of PTSD [30]

Early life stress (ELS) From postnatal days 2–14, new-born mice are
separated from their mother 1 h daily

Modelling the ability of childhood trauma to
influence the development of PTSD [31]

Housing instability (HI)
Animals are frequently paired with different
cohorts, after being exposed to their natural

predators (e.g., cats)

Modelling the effects of housing instability in
PTSD patients [32]

Psychological:

Predator scent stress (PSS) Animals are confronted with the scents of their
natural predators (cat litter, urine, etc.)

Modelling and simulating traumatising events
and trauma-related stimulus response in

humans [33,34]

3. Pathophysiology

While much about the pathophysiology of PTSD is unknown, research into the patho-
physiological aspects of PTSD is in rapid development. Preclinical investigations of animal
models of stress and evaluations of biological variables in populations with the condition
have all contributed to the identification of biological factors and mechanisms involved in
PTSD, which can be described on the levels of brain circuits, neurochemical factors, and
HPA axis, as discussed in this section.

3.1. Brain Circuits

The core features of PTSD are fear and worry in conjunction with other features and
symptoms, including arousal, avoidance, sleep disturbance, and intrusion symptoms (e.g.,
flashbacks and nightmares) [35]. Neural circuitries and biological processes underlying
these features involve brain structures such as (i) the amygdala, anterior cingulate cortex,
and the insula in dysfunctional threat detection; (ii) frontoparietal regions (the dorsolateral
prefrontal cortex, ventrolateral prefrontal cortex, and medial prefrontal cortex) in emo-
tional regulation; (iii) the medial prefrontal cortex and the hippocampus in contextual
processing [35].

A range of structural magnetic resonance imaging (MRI) studies has reported struc-
tural abnormalities in the hippocampus and anterior cingulate cortex (ACC) in patients
with PTSD [36]. Additionally, functional magnetic resonance imaging (fMRI) studies have
reported increased activity of the amygdala, which processes fear and emotion, and de-
creased prefrontal cortex activity when completing tasks that use either trauma-related
or unrelated stimuli (script-driven recollections of trauma-related and unrelated stressful
events) [37,38].

While hippocampal alterations have been observed in patients with PTSD, including
lower volumes and lower levels of activation [39], impaired connectivity in the frontopari-
etal areas, both inside and between executive function networks, has also been observed in
patients with PTSD [40]. The aforementioned findings suggest that a disrupted connection
within these circuits may reflect a vulnerability factor for PTSD. In contrast, people who
were exposed to traumatic events but who do not develop PTSD were reported to exhibit
higher prefrontal cortex activity during extinction recall [41,42], and stronger connections
between the ACC and the hippocampus, compared to patients with PTSD [43].
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The novel findings by Borgomaneri et al. support the idea that the dorsolateral
prefrontal cortex (dlPFC) plays a crucial role in the neural network that mediates the recon-
solidation of fear memories in humans by showing that non-invasive repetitive transcranial
magnetic stimulation (rTMS) of the prefrontal cortex after memory reactivation interferes
with the expression of fear towards a previously conditioned threatening stimulus. These
results enhance our understanding of the processes behind fear memory reconsolidation,
and also have potential therapeutic applications in treating fear memories [44]. Identi-
fying the brain regions involved in the reconsolidation of emotional memories and their
particular interactions within the overall fear-processing network remains a challenge for
non-invasive brain stimulation (NIBS) and reconsolidation-based interventions, which are
increasingly applied to conditions like PTSD [45].

3.2. Neurochemical Factors
3.2.1. Dysregulation of the Noradrenergic System

Catecholamine noradrenaline is a critical transmitter in the autonomic nervous system,
and has been linked with the development of the autonomic symptoms associated with
PTSD. Noradrenaline is found in the central nervous system’s (CNS) cell nuclei and certain
noradrenergic pathways that are implicated in the pathophysiology of the illness. One area
with a high concentration of noradrenaline is the locus coeruleus (LC), which is located
in the rostral pons and serves as the hub of the neurochemical activity associated with
PTSD [46]. Clinical and preclinical evidence suggests that the dysregulation of noradrener-
gic signalling is involved in the pathophysiology of PTSD. The increased noradrenergic
tone in PTSD arises from increased central and peripheral sympathetic activity leading to
increased resting heart rates and systolic blood pressure [47]. In addition, noradrenaline
levels are higher in the urine of individuals with PTSD than in healthy individuals, but
recent studies have failed to establish such findings in the cerebrospinal fluid (CSF) [48,49].

Many of the symptoms of PTSD emerge from an increased CNS noradrenergic
tone [49,50]. Increased noradrenaline activity has been linked with dysfunction of the
medial prefrontal cortex (through impairing prefrontal signalling via α1- and β-AR in
the prelimbic (PL) and infralimbic (IL) subdivisions of the medial prefrontal cortex) and
disturbed fear extinction, which may underlie the increases in behavioural measures of
anxiety and PTSD symptom severity [51,52]. Excessive noradrenaline release was found to
be increased in the hyperactive amygdala and LC, resulting in intrusion symptoms and
autonomic hyperactivity [53].

Altered noradrenergic function is also associated with night-time and sleep symptoms
in PTSD. Increased sympathetic activity during sleep, e.g., an increased heart rate, is found
in individuals with PTSD [54]. Additionally, during rapid eye movement (REM) sleep,
people with high levels of PTSD-like symptoms showed an increase in the ratio of low-
frequency to high-frequency heart rate variability, which is associated with an elevated
sympathetic tone [55].

3.2.2. Dysregulation of Serotonin Signalling

Serotonin (5-HT) is a monoamine neurotransmitter with multiple biological functions
related to mood, cognition, memory, and behavioural regulation [56]. The 5-HT signalling
in the amygdala has been linked to fear regulation and threat responsiveness. Several 5-HT
receptors, including 5-HT1A, 5-HT1B, 5-HT2A, and 5-HT2C have been linked to PTSD and
anxiety [57,58].

According to reports from pharmacological studies, blocking the serotonin 5-HT2C
receptor in rodents increases locomotion and reduces anxiety [59,60], and in addition, the 5-
HT1A receptor agonist induces anxiogenic responses to the elevated plus maze (EPM) test in
mice [61]. A recent study found that both 5-HT1A and 5-HT2A in the hippocampus mediate
anxiety-like behaviour in a mouse model of PTSD via the ERK pathway [62]. Clinical
evidence showed higher 5-HT1A binding potential in people with PTSD, particularly in
those with comorbid MDD [63].
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3.2.3. Dopamine

Another prevalent neurotransmitter in the brain is dopamine, primarily synthesised
in midbrain areas [64]. Dopamine is a neurotransmitter that is involved in the regulation
of motor activity, limbic functions, attention, and cognition, particularly executive func-
tion and reward processing [65,66]. It makes a significant contribution to the anticipatory
processes required for planning voluntary action after intention as well as behavioural
adaptability [67]. A range of studies have investigated links between the dopaminergic
system and PTSD. For example, several studies have attempted to link PTSD with genetic
variants in certain dopamine receptor genes (e.g., DRD2) [68–70]. Other studies have fo-
cused on dopamine-beta-hydroxylase (DBH), which catalyses the conversion of dopamine
to noradrenaline, and have reported that high-plasma DBH levels may be linked to the de-
velopment of intrusion symptoms [71,72], yet other studies have focussed on the dopamine
transporter SLC6A3 (solute carrier family 6, member 3), a member of the sodium- and
chloride-dependent neurotransmitter transporter family which mediates the transport of
dopamine from the synaptic cleft. The 9R allele of the SLC6A3 locus has been identified
as a risk allele for PTSD [73]. Additionally, the epigenetic state of the promoter region of
SLC6A3 has been identified as a potential risk factor for/indicator of PTSD [74].

3.2.4. Gamma-Aminobutyric Acid (GABA)

The inhibitory neurotransmitter GABA is widely distributed throughout the entire
brain. A complex pattern of results has been found in studies comparing GABA levels in
numerous brain areas between those with and without PTSD. A proton magnetic resonance
spectroscopy (MRS) study reported lower GABA-levels in the temporal cortex, parieto-
occipital cortex, and insula and higher GABA levels in the dorsolateral prefrontal cortex in
people with PTSD compared to trauma-exposed healthy controls [75]. In times of extreme
stress, low plasma levels of GABA are related to PTSD and may lead to the overload of
hyperadrenergic response regulation [76].

There are three primary classes of GABA receptors: GABA-A, GABA-B, and GABA-C.
Human research has revealed that Vietnam War combat veterans with PTSD had lower
GABA-A benzodiazepine binding ability. According to these findings, changes in the
GABA receptor’s expression or binding ability may have an impact on mental diseases
linked to stress, including PTSD [77,78].

3.2.5. Neuropeptide Y (NPY)

NPY is a neuropeptide that is expressed throughout the brain, including the forebrain,
limbic system, and brainstem. It is involved in several physiological processes including
the regulation of emotional and stress-related behaviours [79].

Early research developed a concept that NPY counteracts the actions of the corticotropin-
releasing factor (CRF), terminating the stress response and countering the HPA axis [79–81].
Studies have demonstrated that plasma NPY levels rise in response to stress, and that
higher NPY levels are associated with better behavioural performance under stress [82,83].

Plasma NPY levels were assessed in soldiers who took part in a survival course meant
to mimic the conditions that prisoners of war would encounter. Within a few hours of
being exposed to military interrogations during the survival course, their serum NPY
levels increased. Furthermore, compared to the non-Special Forces or regular soldiers, the
majority of Special Forces members who had received resilience training had much higher
NPY levels [84].

Several preclinical and clinical research reports point to an association between PTSD
and decreased NPY in the CNS [79,85]. Moreover, NPY levels appear to increase after PTSD
remission, suggesting that NPY may act as a biomarker of PTSD or at the very least as a
resilience element [86].

Together, these investigations show that NPY levels in PTSD patients closely mirror
the disease course and that NPY can operate as a stress buffer in response to stressful
experiences by lowering noradrenergic hyperactivity [87]. The most prevalent SNP for
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NPY investigated is the rs16147 (399T > C) polymorphism, which is linked to low levels
of NPY and has been linked to hyperarousal, changes in the HPA axis response to stress,
and the activation of the hippocampus and amygdala [79]. Another NPY SNP is 1002T > G,
associated with low NPY content in the CSF and amygdala, which is linked to higher levels
of anxiety, arousal, addictive behaviours, and decreased stress resilience [79].

3.2.6. Brain-Derived Neurotropic Factor (BDNF)

BDNF, the richest neurotrophin in the brain, was first characterised for its involvement
in the formation of the CNS. It has the ability to participate in neural activities such as
survival, differentiation, development, and neuronal plasticity. It preserves synaptic plas-
ticity, which is necessary for extinction learning and fear memory storage [88]. Variations
in BDNF expression or in genetic background have been linked with a risk of various
psychiatric disorders such as anxiety, depression, and PTSD [89].

In US military personnel deployed throughout the conflicts in both Iraq and Afghanistan,
PTSD patients had higher BDNF protein levels in their peripheral blood plasma than non-
PTSD controls. In the inescapable tail shock rat model of PTSD, increased BDNF levels were
found in both blood plasma and hippocampus tissue. Furthermore, the polymorphism
Val66Met in BDNF has been linked with an increased risk of PTSD, exaggerated startle
response, and alterations in fear extinction [90,91]. The same polymorphism was also found
to affect hippocampal volume and memory [92]. Together, these findings emphasise that
BDNF and related molecules may be interesting candidates for biomarker studies and for
more fundamental studies aiming to identify actionable biological targets related to the
onset or course of PTSD [89,93].

3.2.7. Cannabinoid and Opioid Receptors

Endogenous cannabinoids, including anandamide (AEA) and 2-arachidonolyflycerol
(2-AG), work via cannabinoid (CB) receptors (CB1R, CB2R), which are implicated in the
pathogenesis of PTSD [94]. Preclinical data showed that AEA levels are decreased in the
brain in chronic stress models [95]. This is in agreement with the human data showing that
endocannabinoid plasma levels are reduced in PTSD patients [57,96]. In addition, defective
endocannabinoid signalling is correlated with glucocorticoid dysregulation associated
with PTSD [96].The CB1 receptors are the most abundant G-protein-coupled receptors in
the CNS and are highly expressed in a fear circuit of the cortical and subcortical brain
regions associated with PTSD [97]. Interestingly, the disruption of the CB1 receptor gene
(knockout models) was found to increase anxiety, whereas a pharmacological blockade
of the receptor had anxiolytic effects [98,99]. Animal stress studies also showed that CB1
receptor expression was increased in female but not male animals [100,101].

3.2.8. Oxytocin

Oxytocin is a neuropeptide produced in hypothalamic periventricular and supraoptic
nuclei. It emerges from the posterior pituitary and enters the bloodstream. Oxytocin is
transported to different parts of the brain through neuronal projections from the hypothala-
mus. The amygdala, brainstem, olfactory nucleus, and anterior cingulate cortex are among
the human brain areas that express the oxytocin receptor and are therefore likely to be
impacted by oxytocin [102]. As it acts on brain areas involved in PTSD, and as oxytocin
appears to have anti-stress and anxiolytic effects, oxytocin is thought to be involved in the
constellation of dysregulations found in PTSD [103,104].

3.3. Dysfunctional HPA Axis

The hypothalamus, pituitary, and adrenal glands make up the HPA axis, a hierar-
chical system that controls how the body responds to stress from the environment while
maintaining homeostasis [105,106]. As the axis is one of the main stress response systems
that controls the release of cortisol and stress hormones, it has received a lot of attention.
Exposure to stress causes increased corticotropin-releasing hormone (CRH) production
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from the hypothalamus [107,108]. The HPA axis is first activated by the production of
CRH, which travels through the infundibular stalk’s hypophyseal portal arteries to the
anterior pituitary, where it binds to CRH type 1 receptors (CRF1) to trigger the release of
adrenocorticotropin (ACTH) into the bloodstream. Cortisol, the main HPA axis effector
chemical, is released when ACTH binds to melanocortin 2 receptors in the zona fasciculata
of the adrenal cortex. In order to promote the stress response, cortisol has a number of
physiological impacts throughout the body, including blocking insulin signalling and in-
creasing glucose availability, controlling immune system operations, and altering electrolyte
balance [109–111].

Upon CRH administration, rodents exhibit PTSD-associated behaviours [112]. In
addition, CRF-1 knockout mice showed impaired responses to stress and reduced anxi-
ety [113,114]. At the same time, CRF-2 knockout mice showed hypersensitivity to stress
and augmented anxiety [113,115]. PTSD patients have high CSF levels of CRH and a
dysfunctional HPA axis [107,116,117]. Studies indicate CRH hyperactivity with subsequent
glucocorticoid receptor (GR) hypersensitivity, resulting in higher negative feedback in-
hibition of cortisol and CRH release [118,119]. In a meta-analysis, Morris et al. reported
significantly lower basal cortisol levels in PTSD and trauma-exposed controls without
PTSD compared to non-traumatised individuals. Additionally, individuals who had ex-
perienced childhood trauma had significantly lower morning cortisol levels compared to
those exposed to adulthood trauma [120]. Figure 2 provides a general overview of the
information about the HPA axis discussed in this section.
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Figure 2. Basal activity of the HPA axis with or without PTSD. CRH secretion from the hypothalamus
increases in PTSD (represented by a thicker black line). The release of ACTH from the anterior
pituitary, and hence cortisol from the adrenal cortex, is decreased in PTSD (represented by a thinner
black line). Cortisol’s negative feedback inhibition of the HPA axis is increased in PTSD (represented
by thicker red lines).

3.4. Conclusive Remarks

Despite the extensive discoveries, the current understanding of the neurochemical
factors in PTSD is still limited and requires more research. There is a number of under-
studied yet significant subjects in the discipline, such as variables that affect susceptibility
and resiliency. For instance, one such subject is whether or not the exogenous adminis-
tration of oxytocin and NPY, two neurobiological components that protect against stress,
can foster resilience. Additionally, determining relationships between heritable variables
(genetics and epigenetics) and trauma exposure is crucial to understanding PTSD risk, and
predicting treatment response. It is important to thoroughly evaluate how trauma affects
gene expression, neural plasticity (across the CNS), circuit remodelling, and neurotrophic
factors. Future studies should focus on the characterisation of proteomic and transcriptomic
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abnormalities in PTSD, with the integration of GWAS and EWAS studies, in order to map
out novel networks, and allow the development of reliable biomarkers.

Likewise, current controversies and conflictions in the studies assessing HPA axis
function and diurnal cortisol levels can be a result of the methodological heterogeneity
and limitations of the studies (e.g., different methods of cortisol measurement, different
timings of cortisol measurement, and different methods in establishing PTSD in addition
to other statistical limitations). Further studies with greater homogeneity are required to
draw definite conclusions.

4. Prevention Model of PTSD

PTSD has a predictable development pattern and follows a specific triggering event,
unlike other mental diseases. Early PTSD symptoms appear days after exposure to stress.
Emergency care providers and helpers are made aware of a lot of traumatised people.
These circumstances present exceptional chances for identifying those who are in danger
and offering preventive measures. Despite these benefits, the effective prevention of PTSD
remains challenging, and the disorder’s incidence in both military members and civilians
over the past decades has been relatively steady [121]. With enough understanding of the
condition, preventive and interventional measures can be used to enhance quality of life and
reduce the disease’s financial and medical burdens. This is supported by the development
of prevention models, but also by the modern digital support of their implementation by
e-health approaches (the latter will be explained in the treatment section).

The Social-Ecological Model for PTSD Prevention

A social-ecological model as a framework for prevention is proposed by the US
Centers for Disease Control and Prevention, which emphasises risk factors at multiple
levels, including the individual level, relationship level, community level, and societal
level [122] (Figure 3). Risk factors on the individual level are about personal characteristics,
which are the model’s core. Furthermore, the risk factors on the relationship level are about
the quality of relationships for the individual in the family, friends, or other interpersonal
interactions. In addition, the risk factors on the community level could be the feeling of
safety and economical status. Lastly, the risk factors on the societal level could be social
norms, cultural background, and tolerance [123].
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Therefore, preventive measures on the individual and relationship level should be in-
dividualised and personal. For instance, emergency hotlines and psychological counselling
services should be available in the way that is easiest to reach. Accordingly, preventive



Int. J. Mol. Sci. 2023, 24, 5238 12 of 31

measures on the community and societal level are public, legitimacy-related, and educa-
tional. For instance, the community or public health sector should increase the awareness
of the impact of traumatic stress, and it could organise lectures, campaign movements,
or give out brochures about traumatic stress, first-aid help information, and preventive
measures (Figure 3). Community-based interventions to improve mental health for people
in low- and middle-income countries usually use lay community members as intervention
deliverers, and apply transdiagnostic approaches and customized outcome assessment
tools [124]. Furthermore, the public sector should formulate laws, legislation, and policies
to prevent discrimination and racism to protect specific populations [125].

Additionally, preventive measures should also be taken during different stages of trau-
matic exposure [123]. Before exposure, the primary prevention is of the actual occurrence
of disease or illness. After stress exposure, the secondary form of prevention is to intervene
early in the disease process for a cure, and for the reversal of illness or for optimal outcomes.
When a disorder occurs, tertiary prevention steps are taken to prevent the disability that
often accompanies an illness or disease [123] (Figure 3). For optimal outcomes, primary,
secondary, and tertiary prevention measures should be evidence-based as they are part of
disease management [126].

5. Treatment Modalities for PTSD and E-Mental Health

PTSD is often a chronic and disabling disorder. Many patients fail to seek medical
care, and others have symptoms resistant to treatment. Early treatment as soon as the
diagnosis is made is recommended to prevent chronicity and disability [127]. The main
goal of treatment is to improve quality of life, maintain patient and others’ safety, reduce
distressing symptoms, and reduce hyperarousal and avoidant behaviours. The first-line
intervention for PTSD patients is psychotherapy, either trauma-based psychotherapy (CBT,
exposure therapy (ET), or EMDR) or non-trauma-focused psychotherapy (present-centred
therapy, interpersonal therapy, or mindfulness therapy). In the case of psychotherapy
failure, pharmacotherapeutic treatment options are the next choice. Additionally, if the
patient has a disability that impairs the success of trauma-focused psychotherapy, pharma-
cotherapy is considered the appropriate choice until psychotherapy can be initiated [5,6].
In addition to current therapies, e-health is gaining attention as it has interesting potential
for providing training, assessment, prevention, and the treatment of negative effects after
trauma exposure on a global scale [128].

5.1. Trauma-Based Psychotherapy

As mentioned earlier, trauma-based psychotherapy includes CBT, ET, and EMDR. CBT
has a cognitive and behavioural component. The cognitive component is mainly focused on
the cognitive reconstruction of the effects of a traumatic event on one’s life, by addressing
all maladaptive beliefs and thoughts about safety, power, trust, and control, while the
behavioural component is about learning how to deal with and challenge these thoughts
through thinking or real experience, in order to achieve symptom reduction [129].

ET can be imaginal exposure, in vivo exposure, or virtual reality exposure. All of these
focus on putting the patient in confrontation with their traumatic event and memory for
these to become less distressing. In PET, multiple sessions of education on reactions to
trauma, processing traumatic material, and breathing training are undertaken. It was shown
to be effective in patients with comorbid conditions such as psychosis, personality disorders,
and substance use [130,131]. In written ET, the patient writes about their traumatic events in
response to certain stimulations and discusses them with the therapist to pay attention to the
thoughts and events that evoke the patient’s symptoms, with exposure being imaginal [132].

EMDR is a combination between cognitive behavioural therapy and ET in addition to
saccadic eye movements during the therapy. The patient remembers the traumatic event,
and while focusing on the cognition aspects simultaneously, the therapist moves their
fingers in front of the patient and asks the patient to follow them repeatedly until the
anxiety subsides [133].
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5.2. Non-Trauma Focused Psychotherapy

This approach includes present-centred therapy, interpersonal therapy, and mindfulness-
based stress reduction. Present-centred therapy focuses on the current life stressors and
how to cope with them [134]. Interpersonal therapy focuses on a specific symptom and
impairment in the context of interpersonal relationships [135]. Mindfulness-based stress re-
duction mainly teaches the patient how to be fully focused on the current moment, not think
about the traumatic event, and attend to the present in a non-judgmental manner [136].

5.3. Pharmacological Therapy

The pharmacotherapy treatment is preferred in the case of psychotherapy treatment
resistance, different patient preferences, or a patient’s inability to participate in the for-
mer, and mainly comprises selective serotonin reuptake inhibitors (SSRI) and serotonin-
noradrenaline reuptake inhibitors (SNRI). Occasionally, second-generation antipsychotics
(SGAs) such as risperidone or olanzapine can be used. If effective, pharmacotherapy should
be continued for at least six to twelve months to prevent relapse [137].

Due to their efficacy at reducing symptoms of PTSD, SSRIs and SNRIs are the first-
line agents in the pharmacotherapy of PTSD. Treatment with SSRIs resulted in a higher
reduction in the Clinician-Administered PTSD Scale (CAPS) score than treatment with a
placebo in a meta-analysis of 12 studies including 1909 PTSD patients, with paroxetine
and sertraline being most effective among SSRIs [138]. The approach to the usage of SSRIs
is to “start low and go slow” until the response is achieved, in order to avoid unwanted
side effects. However, failure cannot be determined until the maximum therapeutic dose
is given and a period of 6–8 weeks is completed, with at least two different agents being
used before documenting failure [139–141]. Although few studies have compared SSRIs
to SNRIs, randomised trials have indicated that venlafaxine was superior to a placebo
in decreasing PTSD symptoms [142]. Second-generation antipsychotics can be used as a
monotherapy or as augmentation therapy in the case of concomitant psychosis or in the case
of failed SSRI/SNRI [127,143,144]. In a trial involving 247 United States military veterans
from the US who did not respond to two or more trials of SSRI and SNRI, participants
received either 4 mg of risperidone or a placebo. However, no significant difference was
observed between the two groups between the CAPS scores [145]. In another study, eighty
United States military veterans with persistent PTSD were given quetiapine monotherapy
as opposed to a placebo in a randomised clinical study. After 12 weeks, the individuals
who received quetiapine had higher mean reductions in their CAPS total score than those
who received a placebo [146]. RCTs and systematic reviews conducted on other SGAs (i.e.,
olanzapine, aripiprazole) show that these agents are reasonable either as monotherapies or
augmentation therapies [147,148].

The alpha-1 blocker prazosin is mainly used for symptom relief, especially during
sleeping. It is the preferred agent in patients experiencing nightmares or sleeping disorders.
It can be used as an adjunct to SSRI/SSNRI [149]. There are some preliminary clinical
studies on riluzole (a glutamatergic modulator), 3,4-methylenedioxymethamphetamine
(MDMA), and ketamine. The results of these studies are promising, but these agents are not
yet approved [150–152]. As there is no clear benefit, benzodiazepines are not recommended,
as they have been shown to decrease the effectiveness of psychotherapy by diminishing
the extinction effect, and they should be avoided, especially in patients with substance
use disorders [153,154]. The effectiveness of anticonvulsant drugs with mood-stabilising
effects to lessen PTSD symptoms has not been adequately explored in clinical studies. Few
sufficiently powered, randomised trials have been released, and the results have largely
been unfavourable [155–158]. On the other hand, intranasal oxytocin administration has
been found to be a promising approach to preventing and reducing PTSD symptoms.
Frijiling et al. found that repeated intranasal oxytocin administration in the early post-
trauma period reduced the development of PTSD symptoms [159]. Additionally, intranasal
oxytocin was found to reduce symptom severity in females with PTSD upon a trauma-
script challenge [160]. Oxytocin has also been suggested to enhance the outcomes of
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psychotherapy, although adequately powered RCTs are still needed to assess this use of
oxytocin [161].

A novel method of treating PTSD involves the disruption of memory reconsolida-
tion [162]. Pharmacologically, this could be done through trauma memory reactivation with
the administration of an amnesic drug, resulting in the disruption of memory consolidation.
One drug showing promise in such an approach is propranolol, as it has been shown
to disrupt fear memory reconsolidation in the amygdala in rodents [163]. Despite the
limitations, such as short-term follow-up and the conflicting results of the recent studies,
propranolol shows promise as an early preventative measure for PTSD.

5.4. E-Mental Health and Virtual Reality (VR)

To integrate our understanding of traumatic stress as a public health problem, inter-
disciplinary and modern approaches can facilitate the mission, including health service
research [164], internet-based digital approaches like e-health [165], and artificial intelli-
gence applications like virtual reality (VR) [166].

In the area of traumatic stress, e-mental health, defined by Riper et al. as “the use of
information and communication technology to support and improve mental health condi-
tions and mental health care”, has enormous potential to provide instruction, assessment,
prevention, and treatment for negative effects following trauma exposure globally [167].
It is possible and effective to give intensive, trauma-focused treatment for severe or com-
plicated PTSD via home-based telehealth. This can be a substitute for trauma-focused
treatment that is delivered in person [168]. E-health being offered in times of pandemics
(such as with COVID-19) has shown to be an efficient way to support prevention and
possibly intervention at times of shortage [169]. This suggests that also in global PTSD care,
this could be effective. However, several challenges arise in convincing patients to undergo
such a new method of care. Bakker et al. propose three ways in which the application
of e-health can be accelerated. First, optimising adherence and the engagement of users
(including patients, clinicians, and relatives) can be achieved by designing approaches
that meet the requirements of the users and implementing a holistic approach instead of
focusing on a single disorder, in addition to featuring designs that engage the patients,
such as real-time engagement, rewarding systems, and the involvement of VR and aug-
mented reality (AR) programs. Second, increasing the field’s research with clinical and
high-quality studies to help test evidence-based medicine for effective interventions. Lastly,
the wide implementation of such interventions could be of great benefit, especially when
local expert clinicians and clinics are unavailable. However, such a wide implementation
must overcome several dilemmas, including physician and patient avoidance of internet
interventions and patients’ preference of therapist-guided interventions [165].

VR for ET or psychophysiological assessment and resilience training could reduce
negative impacts or enhance well-being in response to traumatic stress in public health [166].
Studies show the promising and wide usage of VR in trauma management from combat
scenarios to the COVID-19 pandemic [166].

5.5. Conclusive Remarks

Although recent developments utilising methodologically sound designs have in-
creased confidence in the effectiveness of PTSD therapy, a sizable proportion of patients fail
to respond to treatment, stop receiving it, or never receive it. Research on agents that can
target disrupted circuits in PTSD can improve both prevention and treatment. Therefore,
there is definitely room for more research on PTSD therapies and delivery methods. With
the wide range of available modalities of psychotherapy and pharmacotherapy, the scheme
of individualising treatment, according to the severity and personal symptom profiles of
PTSD, comorbid conditions, and the use of predictive therapeutic biomarkers, can greatly
enhance the efficacy of treatment. With the rapid development of new technology, research
in the field of e-mental health is advancing. In light of these quick advancements, future
research should concentrate on preserving a high standard of assessment of the effective-
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ness and acceptability of new technologies, while the evaluation of side effects and hazards
should not be disregarded.

6. PTSD Biomarkers

A biomarker is a measurable characteristic, which can be a substance (molecular
or histological), response (physiological), or structure (radiographic); it is an indicator
of biological or pathological processes, or responses to exposures or interventions [170].
Recently, the identification of biomarkers for PTSD has received increasing focus [171].
PTSD biomarkers are currently used for research purposes, but they might soon assist in
screening and supporting the early detection of the disorder, resulting in timely intervention
and better outcomes [172]. These biomarkers could be structural changes, substances, and
responses which can help assess the disease risk, diagnosis, prognosis, and response to
treatment. Here, we explore the different biomarkers of PTSD.

6.1. Susceptibility Biomarkers

Susceptibility markers comprise those that assess the risk of developing the disorder,
and are assessed before and after trauma exposure in individuals at risk [173]. Perhaps
a person’s vulnerability to developing PTSD is hard to measure, and many models have
been developed to explain the complexity of its evolution [174]. As discussed earlier, both
pre-traumatic, peri-traumatic, and post-traumatic factors can affect disease development
and progression. In terms of these, researchers have investigated several susceptibility
biomarkers in the pre-traumatic and post-traumatic periods as predictors of disease. Table 2
provides a summary of the susceptibility biomarkers implicated in PTSD.

Table 2. Summary of the susceptibility biomarkers implicated in PTSD.

Susceptibility Biomarker Findings

Number of GR in lymphocytes and monocytes A higher number pre-trauma of GR is associated with high
PTSD symptoms in soldiers after deployment [175].

Sensitivity of T cells to dexamethasone before deployment

High sensitivity pre-trauma is associated with a high amount of
PTSD symptoms without comorbid depressive symptoms.
Different sensitivity patterns are associated with different

symptomatology [176].

mRNA levels of FKBP5 Low levels after deployment are associated with a high amount
of PTSD symptoms [176].

Glucocorticoid-induced leucine zipper mRNA High levels pre-trauma are associated with a high amount of
PTSD symptoms post-deployment [177].

Corticotropin-releasing hormone type 1 receptor gene Polymorphisms were associated with PTSD development [178].

Heart rate Increased heart rates in the post-traumatic period were
associated with PTSD development [179].

Occurrence of Nightmares Higher occurrence of nightmares pre-trauma was associated
with disease susceptibility in Dutch combat soldiers [180].

Increased skin conductance Skin conductance response (SCR) within hours of trauma
exposure was a predictor of chronic PTSD development [181].

A study, the Prospective Research in Stress-Related Military Operations (PRISMO)
study, investigated vulnerability markers in Dutch Armed Forces soldiers. The study
included a cohort of Dutch military members deployed to Afghanistan for 4 months who
experienced trauma and developed PTSD, those who did not develop PTSD, and healthy
(unexposed) individuals. It was found that the number of GR in lymphocytes and mono-
cytes before military deployment was significantly higher in soldiers who developed high
amounts of PTSD symptoms after deployment which remained high for several months
after deployment [175]. Moreover, T-cells’ high glucocorticoid sensitivity (GCs) (dexametha-
sone) before deployment was associated with high amounts of PTSD symptoms without
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comorbid depressive symptoms. Additionally, different patterns of GR sensitivity were
associated with different presentations (e.g., severe fatigue and depressive symptoms) [176].
Furthermore, the study explored the roles of GR pathway components in disease predic-
tion. It was found that low mRNA levels of FKBP5 (a cochaperone modulator of receptor
sensitivity to cortisol) before deployment were associated with high amounts of PTSD
symptoms after deployment [177]. High glucocorticoid-induced leucine zipper mRNA
levels before deployment were also associated with high amounts of PTSD symptoms
post-deployment [177].

Other studies report the findings of HPA axis involvement, including one on 103 children
in the USA, which concluded that polymorphisms in the CRH type 1 receptor gene were
associated with PTSD development in these subjects [178]. These findings elaborate on the
importance of the HPA axis, and dysregulation, and how biomarkers related to the axis can
be used as disease predictors. As mentioned before, the BDNF polymorphism Val66Met
also appears to increase the risk of PTSD, as it results in a decrease in BDNF expression,
which obtunds conditioned fear extinction [91,182]. Studies have shown an increased
frequency of the Met allele in those who develop PTSD compared to controls [93,183].
However, recent meta-analyses have found that there is no significant correlation between
the Met allele and PTSD symptomatology [90,184,185].

The markers mentioned above comprise molecular ones, but other non-molecular
susceptibility markers have also been investigated, especially in the post-traumatic period.
Heart rate has been considered a secondary risk marker of the disease, as increased heart
rates in the post-traumatic period have been associated with PTSD development [179].
Additionally, nightmares in the pre-traumatic period were associated with disease sus-
ceptibility in Dutch combat soldiers [180]. Additionally, increased skin conductance, a
psychophysical marker of hyperarousal, in the immediate aftermath of trauma, was also
associated with the subsequent development of PTSD [181]. As patients with PTSD tend
to have higher rates of hypertension, as well as higher resting systolic and diastolic blood
pressure, blood pressure is considered a candidate risk marker of PTSD [186,187]. However,
a recent meta-analysis showed no association between elevated blood pressure and the
subsequent development of PTSD symptoms [188].

6.2. Diagnostic Biomarkers

Diagnostic biomarkers are those used to assess and classify people that are already
exposed to traumatic experiences, and are identified in PTSD patients in comparison to
those exposed to trauma but who are disorder-free [189]. Currently, the diagnosis of PTSD is
clinical, and it does not depend on its pathophysiology and underlying biological changes.
Rather, it depends on the disease’s manifestation and the fulfilment of certain criteria. This
is because PTSD, like all mental disorders, is complex, and phenotype manifestation differs
greatly between individuals with the same level of traumatic experience [190] and even
between those with similar biological and neurological activity changes. Consequently, this
discrepancy might contribute to the limited applicability of such biomarkers. Therefore,
biomedical biomarkers are not yet clinically used to diagnose the disorder [172], but based
on scientific advances they may provide diagnostic evidence soon. In the literature, these
biomarkers are classified as structural (e.g., neuroanatomical changes), peptides (e.g.,
monoamines and cortisol), neuroendocrine (e.g., HPA axis activity), responses (e.g., arousal,
startle response), genetic and epigenetic biomarkers, and other classifiers [173,191,192].
Table 3 provides a summary of the diagnostic biomarkers implicated in PTSD.
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Table 3. Summary of the diagnostic biomarkers implicated in PTSD.

Diagnostic Biomarker Findings

Noradrenaline levels Increased urinary noradrenaline levels were associated with PTSD development in men [193].

FKBP5 levels Reduced FKBP5 expression in blood was found in PTSD patients [194].

Amygdala activity Amygdala over-activation is found in PTSD patients [42,195].

Hippocampus volume Hippocampal loss is a common anatomical change in patients with PTSD [196].

miR-138-5p overexpression
miR-1246 downregulation

Plasma isolated miR-138-5p was significantly overexpressed in subjects with PTSD compared to controls,
and miR-1246 was significantly downregulated in subjects with PTSD compared to resilient subjects [197].

Plasma levels of NPY Plasma baseline levels are lower in individuals with traumatic stress exposure and PTSD [198,199].

CSF levels of NPY Levels of NPY were lower in combat veterans with PTSD compared to veterans without PTSD and
healthy controls [200,201].

Plasma BDNF level Patients with PTSD have higher plasma levels of BDNF [202].

Oxytocin receptor mRNA levels Blood mRNA levels of OXTR were lower in patients with hyporeactive HPA axis subtype at baseline,
which increased during stress testing [203].

Others A rise in inflammatory markers, increased startle response, symptoms of hyperarousal, and impaired
cognitive function were found in PTSD patients [173,191].

Several studies have been conducted on the levels of monoamines in individuals with
PTSD, which have indicated a rise in their levels, specifically in the case of noradrenaline,
both peripherally and centrally. Hawk et al. examined the rise in catecholamines and corti-
sol in the urine of 55 participants who experienced serious motor vehicle accidents. They
found that increased NE levels were associated with PTSD development. However, these
findings were in men only, which might indicate gender differences for this biomarker [193].
Studies point to increased monoamine levels also being found in other anxiety disorders
and that they are not specific to PTSD [204].

The HPA axis is the main neuroendocrine regulator in the body and is dysregulated in
PTSD [205]. Several studies have concentrated on the difference in cortisol levels in indi-
viduals with PTSD, but the results were considerably variable. Meewisse et al. conducted a
meta-analysis and indicated that cortisol levels are inconsistent and insignificant in patients
with PTSD [206]. Interest has increased in FKBP5 and cortisol levels in response to stress.
Yehuda et al. explored gene expression alterations in 35 participants who experienced the
9/11 attack on New York City. It was found that patients with PTSD had reduced levels of
FKBP5 compared to controls [194]. As BDNF regulates synaptic plasticity, which is essential
for fear learning and extinction, studies have suggested its role as a potential biomarker
in PTSD. A systematic review and meta-analysis compared the peripheral blood levels of
BDNF in patients with PTSD compared to controls without PTSD. Plasma BDNF levels
were significantly higher in PTSD groups when compared to controls [202]. However, this
increase in BDNF levels appears to follow a descending pattern, as BDNF levels tend to fall
again in the long-term [207].

In a pilot study by Snijders et al., participants from the PRISMO study were divided
into PTSD subjects, resilient subjects (trauma-exposed with no PTSD diagnosis), and non-
exposed healthy controls. In this work, several miRNAs were identified as candidate
diagnostic biomarkers. Five miRNAs (miR-221-3p, miR-335-5p, miR-138-5p, miR-222-3p,
and miR-146-5p) were able to perfectly separate PTSD subjects from controls after adjusting
for confounders [197]. Furthermore, the downregulation of miR-1246 was shown to be
significant in PTSD patients compared to resilient subjects, suggesting its potential as a
diagnostic biomarker [197]. Another study also suggested miRNAs as potential biomarkers,
identifying a panel of nine stress-responsive miRNAs (miR-142-5p, miR-19b, miR-1928,
miR-223-3p, miR-322*, miR-324, miR-421-3p, miR-463*, and miR-674*) [208].

As mentioned earlier, circuits involving the amygdala are dysregulated in PTSD. One
important neuroanatomical finding in PTSD patients is amygdala over-activation [42,195].
Several studies reported increased amygdala activity in PTSD patients responding to fearful
and traumatic stimuli during functional neuroimaging [209]. This hyperactivity might be
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due to decreased control and inhibitory signals from regulatory structures, such as the
medial prefrontal cortex and the hippocampus [210]. In mentioning the hippocampus,
hippocampal volume loss is a common anatomical change in patients with PTSD [196].
However, using hippocampal volume loss as a biomarker is unreliable, as it might be a
direct consequence of exposure to trauma itself [211]. NPY, which is implicated in the
pathophysiology of PTSD, could also serve as a diagnostic marker. Studies have shown
lower NPY levels in the CSF of combat-exposed subjects with PTSD when compared
to combat exposed subjects that did not develop PTSD [200,201]. Additionally, trauma
exposure and PTSD are associated with diminished baseline plasma levels of NPY [198,199].

Of new interest is the role of oxytocin and its receptor expression patterns in patients
with PTSD. Hofmann et al. compared serum oxytocin and oxytocin receptor mRNA
(OXTR mRNA) levels at the baseline and during a Trier Social Stress Test (TSST). Serum
oxytocin was found to be higher, while OXTR mRNA levels were found to be lower in
the PTSD patients at the baseline compared to the healthy controls. During TSST, an
increase in OXTR mRNA was markedly correlated with PTSD symptoms. It should be
noted, however, that these findings apply only to the HPA axis hyporesponsive subtype
of PTSD in the study [203]. However, due to the small sample size and opposing findings
in other studies [212], it is still early to consider oxytocin a reliable biomarker for PTSD.
Future studies should clarify its role in PTSD pathophysiology and its reliability in aiding
the diagnosis.

Some psychophysical markers in patients with PTSD were also investigated. One
promising candidate is skin conductance (SC), which was found to be increased in pa-
tients with PTSD [213,214]. Although resting blood pressure was found to be elevated in
PTSD patients [186,187], further studies are needed to assess its feasibility as a biophysical
marker. Other biomarkers suggested to help predict and diagnose PTSD include the rise in
inflammatory markers and mediators (CRP, IL-2, IL-6, etc.), an increased startle response,
symptoms of hyperarousal, and impaired cognitive function, among others [173,191].

6.3. Therapeutic Biomarkers

Therapeutic biomarkers are those that allow the prediction/monitoring of the re-
sponse to the delivered treatment, and are assessed throughout the treatment process [173].
Both diagnostic and susceptibility biomarkers can contribute to the treatment process.
However, a set of biomarkers that can specifically monitor treatment effectiveness and
others that can predict responses to the different modalities of “stratification” have also
been investigated [215,216]. Establishing a reliable and cost-effective biomarker for treat-
ment monitoring can lead to significant improvement in PTSD management [172]. Table 4
provides a summary of the therapeutic biomarkers implicated in PTSD.

Table 4. Summary of the therapeutic biomarkers implicated in PTSD.

Therapeutic Biomarker Findings

Amygdala and anterior cingulate cortex activity
Successful cognitive behavioural therapy was observed to decrease

right amygdala activity while increasing right anterior cingulate cortex
activity [217].

Cerebral blood flow to the medial temporal cortex A normalisation of the difference in cerebral blood flow to the medial
temporal cortex after EMDR [218].

Amygdala and ventral anterior cingulate activity The greater activation of the bilateral amygdala and ventral anterior
cingulate was associated with poorer response to CBT [219].

Rostral anterior cingulate (rACC) volume A larger rostral anterior cingulate (rACC) volume was also found in
responders to CBT [219].

LL genotype of serotonin transporter gene promoter (5HTTLPR) A polymorphism in the LL genotype 5HTTLPR was found to be
associated with a better response to sertraline [220].

BDNF levels Lower serum levels of BDNF were associated with a decrease in PTSD
symptoms in chronic patients on escitalopram [221].

Many studies have been conducted on biomarkers predicting the response to treatment
and progression. In PTSD patients, successful cognitive behavioural therapy was observed
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to decrease right amygdala activity while increasing right anterior cingulate cortex activ-
ity [217]. Additionally, a cerebral blood flow alteration, made evident by a difference in
99mTc-HMPAO uptake was observed between responders and non-responders to EMDR
treatment. Compared to controls, patients had increased uptake in the medial temporal
cortex, temporal pole, and orbitofrontal cortex. After treatment with EMDR, the uptake
difference in the medial temporal cortex was not present anymore but extended to the
lateral temporal cortex and the hypothalamus [218]. The medial temporal cortex is involved
in memory encoding, consolidation and retrieval, and re-experiencing symptoms [222,223].
A larger rostral anterior cingulate cortex (rACC) volume was also found with a reduction
in PTSD symptoms [219]. In the same study, Bryant et al. additionally found that a larger
volume of rACC was present in those who responded to CBT. They also found that a greater
activation of the bilateral amygdala and ventral anterior cingulate was associated with
a poorer response to treatment [219]. A polymorphism in the serotonin transporter gene
promoter LL 5HTTLPR was found to be associated with a better response rate to sertraline
compared to the other genotypes (SS and SL) [220]. Interestingly, lower serum levels of
BDNF were associated with a decrease in PTSD symptoms in chronic PTSD patients on the
SSRI escitalopram [221].

As described, a significant advancement in therapeutic care will be the discovery of
accurate PTSD biomarkers. Nevertheless, the ultimate therapeutic utility of biomarkers as a
component of precision medicine will augment rather than replace current decision-making
procedures since specific treatment needs are established through a collaborative process
between patient and physician.

6.4. Conclusive Remarks

There are now a variety of biomarkers linked to the risks, symptoms, and course of
PTSD. Despite this relationship, there is a limited prospect of employing a single marker
either diagnostically or prognostically, due to the prevalent comorbidity with other mental
illnesses and the limitations of studies. For instance, it is possible that decreased hippocam-
pus volume is linked to both PTSD and comorbid depression and can act as a biomarker of
the constellation of symptoms connected to both conditions. For this, biomarker panels (as
opposed to the use of a single biomarker) are needed in order to maximise the specificity,
sensitivity, and repeatability of diagnostic tools. Future research must examine the biologi-
cal and psychological aspects of PTSD in more detail in order to meaningfully identify a
combination of biomarkers that may cluster around symptoms and symptom development,
for example by the use of (multi-)omics data and machine learning approaches.

7. Limitations and Future Directions

Since the introduction of PTSD as a diagnosis four decades ago, our understanding of
the disorder has grown tremendously. However, the ability to aid recovery and enhance the
quality of life of PTSD patients is still lagging behind. A lot of patients are not diagnosed
timely, if at all. Although efficacious treatment regimens have been developed, many
patients do not receive their treatment, and others fail to optimally respond.

Recent research on neurobiological models has given unparalleled insight into the
potential underlying causes of PTSD. Yet, it is crucial to emphasise that a collection of
condensed working models is unlikely to adequately describe the full intricacy of the illness.
These neural models’ ability to pave the way from new pathophysiological understand-
ing to ground-breaking treatments for PTSD may be their most important contribution.
Limitations to current studies are mostly concerned with study designs and methodology,
as mentioned earlier. For example, the mixed results observed in studies evaluating the
HPA axis function can largely be due to traumatic exposure in the control groups being
a confounder in some studies. As a result, further studies evaluating the association be-
tween trauma exposure (as opposed to PTSD) and HPA axis dysfunction are needed. The
standardisation of study designs, techniques, and protocols for obtaining diurnal cortisol
should be another main goal of future research. For instance, Ryan et al. suggested measur-
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ing the salivary diurnal rhythm of cortisol over a period of at least two days before and
after the given intervention, as this can characterise the function of the HPA axis and the
relationship between diurnal cortisol and PTSD in greater detail [224].

With the introduction of DSM-5 and ICD11, considerable modifications have been
made to the diagnostic criteria and categorisation of illnesses linked to trauma and stressors.
In addition to highlighting the enormous research that has gone into understanding these
phenomena, the repeated revisions in diagnostic criteria and categorisation also draw at-
tention to the difficulties that occur when evaluating disorders that are caused by traumatic
experiences. Given the current understanding, there are a number of necessary next steps
to comprehend how to best classify trauma- and stressor-related disorders, including, but
not limited to: (1) further clarifying partial PTSD phenotypic expression and determining
whether categorisation under a dimensional vs. a categorical approach would be beneficial;
(2) continuing to refine assessments to ensure that traumatic experiences are thoroughly
assessed and symptoms after these experiences are best captured; (3) examining possible
phenotypes of stress- and trauma-related diseases in further detail. In addition, research
needs to take into consideration the possible biological subtypes of HPA axis responsive-
ness in PTSD, as they have been found to differ significantly in symptom intensity and
comorbid anxiety symptoms [225].

Because PTSD has no cure and exposure to trauma is unpredictable, it is crucial to
reveal susceptibility in order to find effective resilience-building techniques and avoid
PTSD from ever occurring. As only a small portion of the trauma-exposed population has
PTSD, susceptibility does exist. One of the promising fields to aid this goal is the genetics
and epigenetics field. New discoveries in this field can greatly aid not only the detection
of susceptible individuals but also diagnosis and new routes of targeted pharmacological
treatment. In a review by Al Jowf et al., we highlight the recent advancements in epigenetics
and epigenomics, drawn from EWAS and GWAS studies [106]. A major limitation of
these studies is the fact that a lot of these studies are preclinical studies based on animal
models of PTSD. Still, a number of human cohort EWAS and GWAS studies have also been
conducted, leading to candidate (epi)genetic markers [226–229]. This highlights the need
for translational studies in humans that can make clinical use of these markers, which can
aid in the detection of susceptibility and early diagnosis.

Biological indicators cannot yet independently validate the evaluation of PTSD, draw-
ing a clear contrast from other medical conditions like cancer, hypertension, and autoim-
mune diseases that have objective biological testing procedures for diagnosis, assessing the
severity of illness, and response to therapy. Instead, self-report screening tests and clinical
interviews are used to diagnose PTSD rather than an identification of the underlying pathol-
ogy. The growing interest in PTSD biomarkers shows significant potential and promise;
however, it is currently challenging to make inferences that can be used practically from the
existing fundamental and translational research on PTSD biomarkers. Once enough data
are collected, machine learning approaches can help combine biomarkers in reliable, valid,
and cost-effective integrated panels that can greatly enhance the prediction, diagnosis, and
monitoring of the disorder.

Likewise, instead of addressing the biological etiology, treatment has mostly been
restricted to symptom control and behavioural adaptation techniques. Drug development
for PTSD has thus far been mostly opportunistic, based almost entirely on empirical findings
using medications already licensed for other disorders. A single pharmaceutical therapy for
PTSD has not yet been created as of the time of this writing. For now, future studies should
pinpoint strategies for enhancing effective treatments, such as in specific populations
(e.g., military personnel), for the further investigation of recommended and promising
treatments, for developing strategies to individualize treatment, for maintaining patient
engagement in treatment (i.e., preventing dropout), and for identifying individual factors
predicting response/nonresponse. For instance, there are interventions that hold promise in
improving PTSD symptoms, including repetitive transcranial magnetic stimulation (rTMS),
biofeedback, exercise (e.g., yoga, and aerobic and resistance exercise) and deep brain
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stimulation (DBS) [230–233]. However, a lot of these studies are preclinical, while others
are controversial and inadequately powered, creating a need for the further assessment
for their efficacy in PTSD treatment. In the future, research on PTSD treatment should be
guided by discoveries of the disruptions underpinning the development of the disorder, so
that targeted and more effective interventions can be developed.

8. Conclusions and Perspectives

PTSD is usually associated with chronicity and disability. Although the underlying
neurobiology might be elusive, several established mechanisms have been studied, which
have had significant implications on management. These dysregulations include brain
circuit disruption through the dysregulated release of neurotransmitters, namely NE and
serotonin among many others (e.g., dopamine, GABA, and NPY), a dysfunctional HPA axis,
and disordered cannabinoid and opioid activity. Although PTSD is partly attributed to these
dysregulations, models such as the biopsychosocial model and the diathesis–stress model
have been developed to emphasise that underlying biology is not the only contributor to the
disorder, yet there is an interplay between biological (e.g., genetics, chemical changes, and
organ damage), psychological (e.g., stress, mental illness, behaviour, and personality), and
social factors (e.g., peers, socioeconomic status, beliefs, and culture) in the manifestations
of the disease. The current treatment for PTSD involves two main modalities, namely
psychotherapy and pharmacotherapy. While psychotherapy is considered the treatment of
first choice, when needed, pharmacotherapy can be used as an alternative or in conjunction
with psychotherapy. Preventing the disease at different time points (primary, secondary,
and tertiary prevention) can significantly reduce the disease’s burden on patients’ quality of
life and economic and medical burdens. Thus, the development and application of disease
prevention models are of great importance. In the end, further research on susceptibility
and resilience, pathophysiology, and possible targeted intervention is needed for better
understanding and treatment. Over the past decade, the identification of disease biomarkers
has gained more interest. Establishing reliable and cost-effective biomarkers can greatly
enhance primary prevention, diagnosis, the monitoring of therapy, and the prevention of
disability. None of the putative PTSD biomarkers reported so far are being used in clinical
settings, which highlights the urgent need for additional studies on PTSD biomarkers
with large sample sizes and for translational research strategies aiming to understand the
underlying molecular causes of PTSD.

Author Contributions: G.I.A.J. drafted the initial manuscript. Moreover, Z.T.A., R.A.R., L.d.N. and
L.M.T.E. revised the final manuscript and provided comments/suggestions. G.I.A.J. and L.M.T.E.
are the corresponding authors. All authors have read and agreed to the published version of
the manuscript.

Funding: Ghazi I. Al Jowf was supported by personal funding from King Faisal University, Employ-
ees Scholarship Program from the Saudi Arabian Government (no. 1026374049).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Bart Rutten for providing us with valuable suggestions
and input for our manuscript. Additionally, we wish to thank Mahmoud Elbatreek and Maher
Al-Omar for their support in the exchange of thoughts in the preparation of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roehr, B. American Psychiatric Association explains DSM-5. BMJ 2013, 346, f3591. [CrossRef] [PubMed]
2. Almli, L.M.; Fani, N.; Smith, A.K.; Ressler, K.J. Genetic approaches to understanding post-traumatic stress disorder. Int. J.

Neuropsychopharmacol. 2014, 17, 355–370. [CrossRef] [PubMed]

http://doi.org/10.1136/bmj.f3591
http://www.ncbi.nlm.nih.gov/pubmed/23744600
http://doi.org/10.1017/S1461145713001090
http://www.ncbi.nlm.nih.gov/pubmed/24103155


Int. J. Mol. Sci. 2023, 24, 5238 22 of 31

3. McKeever, V.M.; Huff, M.E. A diathesis-stress model of posttraumatic stress disorder: Ecological, biological, and residual stress
pathways. Rev. Gen. Psychol. 2003, 7, 237–250. [CrossRef]

4. Sherin, J.E.; Nemeroff, C.B. Post-traumatic stress disorder: The neurobiological impact of psychological trauma. Dialogues Clin.
Neurosci. 2011, 13, 263–278. [CrossRef] [PubMed]

5. Coventry, P.A.; Meader, N.; Melton, H.; Temple, M.; Dale, H.; Wright, K.; Cloitre, M.; Karatzias, T.; Bisson, J.; Roberts, N.P.; et al.
Psychological and pharmacological interventions for posttraumatic stress disorder and comorbid mental health problems
following complex traumatic events: Systematic review and component network meta-analysis. PLoS Med. 2020, 17, e1003262.
[CrossRef] [PubMed]

6. Hamblen, J.L.; Norman, S.B.; Sonis, J.H.; Phelps, A.J.; Bisson, J.I.; Nunes, V.D.; Megnin-Viggars, O.; Forbes, D.; Riggs, D.S.;
Schnurr, P.P. A guide to guidelines for the treatment of posttraumatic stress disorder in adults: An update. Psychotherapy 2019, 56,
359–373. [CrossRef] [PubMed]

7. Vallejo-Martín, M.; Sánchez Sancha, A.; Canto, J.M. Refugee Women with a History of Trauma: Gender Vulnerability in Relation
to Post-Traumatic Stress Disorder. Int. J. Environ. Res. Public Health 2021, 18, 4806. [CrossRef]

8. Hoppen, T.H.; Priebe, S.; Vetter, I.; Morina, N. Global burden of post-traumatic stress disorder and major depression in countries
affected by war between 1989 and 2019: A systematic review and meta-analysis. BMJ Glob. Health 2021, 6, e006303. [CrossRef]

9. Riddle, J.R.; Smith, T.C.; Smith, B.; Corbeil, T.E.; Engel, C.C.; Wells, T.S.; Hoge, C.W.; Adkins, J.; Zamorski, M.; Blazer, D.
Millennium Cohort: The 2001–2003 baseline prevalence of mental disorders in the U.S. military. J. Clin. Epidemiol. 2007, 60,
192–201. [CrossRef]

10. Brewin, C.R.; Andrews, B.; Valentine, J.D. Meta-analysis of risk factors for posttraumatic stress disorder in trauma-exposed adults.
J. Consult. Clin. Psychol. 2000, 68, 748–766. [CrossRef]

11. Nasir, B.F.; Black, E.; Toombs, M.; Kisely, S.; Gill, N.; Beccaria, G.; Kondalsamy-Chennakesavan, S.; Nicholson, G. Traumatic
life events and risk of post-traumatic stress disorder among the Indigenous population of regional, remote and metropolitan
Central-Eastern Australia: A cross-sectional study. BMJ Open 2021, 11, e040875. [CrossRef]

12. Paradies, Y. Colonisation, racism and indigenous health. J. Popul. Res. 2016, 33, 83–96. [CrossRef]
13. Bryant-Genevier, J.; Rao, C.Y.; Lopes-Cardozo, B.; Kone, A.; Rose, C.; Thomas, I.; Orquiola, D.; Lynfield, R.; Shah, D.; Freeman,

L.; et al. Symptoms of Depression, Anxiety, Post-Traumatic Stress Disorder, and Suicidal Ideation Among State, Tribal, Local, and
Territorial Public Health Workers During the COVID-19 Pandemic—United States, March-April 2021. MMWR Morb. Mortal.
Wkly. Rep. 2021, 70, 947–952. [CrossRef] [PubMed]

14. Mu, E.; Thomas, E.H.X.; Kulkarni, J. Menstrual Cycle in Trauma-Related Disorders: A Mini-Review. Front. Glob. Womens Health
2022, 3, 910220. [CrossRef] [PubMed]

15. Goldstein, J.M.; Jerram, M.; Abbs, B.; Whitfield-Gabrieli, S.; Makris, N. Sex differences in stress response circuitry activation
dependent on female hormonal cycle. J. Neurosci. 2010, 30, 431–438. [CrossRef] [PubMed]

16. Chasiropoulou, C.; Siouti, N.; Mougiakos, T.; Dimitrakopoulos, S. The diathesis-stress model in the emergence of major psychiatric
disorders during military service. Psychiatriki 2019, 30, 291–298. [CrossRef]

17. Edmondson, D.; Kronish, I.M.; Wasson, L.T.; Giglio, J.F.; Davidson, K.W.; Whang, W. A test of the diathesis-stress model in the
emergency department: Who develops PTSD after an acute coronary syndrome? J. Psychiatr. Res. 2014, 53, 8–13. [CrossRef]

18. Reiss, S. Expectancy model of fear, anxiety, and panic. Clin. Psychol. Rev. 1991, 11, 141–153. [CrossRef]
19. Alloy, L.B.; Abramson, L.Y.; Safford, S.M.; Gibb, B.E. The cognitive vulnerability to depression (CVD) project: Current findings

and future directions. In Cognitive Vulnerability to Emotional Disorders; Routledge: London, UK, 2006; pp. 43–72.
20. Elwood, L.S.; Mott, J.; Williams, N.L.; Lohr, J.M.; Schroeder, D.A. Attributional style and anxiety sensitivity as maintenance factors

of posttraumatic stress symptoms: A prospective examination of a diathesis-stress model. J. Behav. Ther. Exp. Psychiatry 2009, 40,
544–557. [CrossRef]

21. Engel, G.L. The need for a new medical model: A challenge for biomedicine. Science 1977, 196, 129–136. [CrossRef]
22. Wade, D.T.; Halligan, P.W. The biopsychosocial model of illness: A model whose time has come. Clin. Rehabil. 2017, 31, 995–1004.

[CrossRef] [PubMed]
23. Yehuda, R.; Antelman, S.M. Criteria for rationally evaluating animal models of posttraumatic stress disorder. Biol. Psychiatry

1993, 33, 479–486. [CrossRef] [PubMed]
24. Whitaker, A.M.; Gilpin, N.W.; Edwards, S. Animal models of post-traumatic stress disorder and recent neurobiological insights.

Behav. Pharm. 2014, 25, 398–409. [CrossRef]
25. Van Dijken, H.H.; Van der Heyden, J.A.; Mos, J.; Tilders, F.J. Inescapable footshocks induce progressive and long-lasting

behavioural changes in male rats. Physiol. Behav. 1992, 51, 787–794. [CrossRef]
26. Milad, M.R.; Pitman, R.K.; Ellis, C.B.; Gold, A.L.; Shin, L.M.; Lasko, N.B.; Zeidan, M.A.; Handwerger, K.; Orr, S.P.; Rauch, S.L.

Neurobiological basis of failure to recall extinction memory in posttraumatic stress disorder. Biol. Psychiatry 2009, 66, 1075–1082.
[CrossRef] [PubMed]

27. Rau, V.; DeCola, J.P.; Fanselow, M.S. Stress-induced enhancement of fear learning: An animal model of posttraumatic stress
disorder. Neurosci. Biobehav. Rev. 2005, 29, 1207–1223. [CrossRef]

28. Armario, A.; Escorihuela, R.M.; Nadal, R. Long-term neuroendocrine and behavioural effects of a single exposure to stress in
adult animals. Neurosci. Biobehav. Rev. 2008, 32, 1121–1135. [CrossRef]

http://doi.org/10.1037/1089-2680.7.3.237
http://doi.org/10.31887/DCNS.2011.13.2/jsherin
http://www.ncbi.nlm.nih.gov/pubmed/22034143
http://doi.org/10.1371/journal.pmed.1003262
http://www.ncbi.nlm.nih.gov/pubmed/32813696
http://doi.org/10.1037/pst0000231
http://www.ncbi.nlm.nih.gov/pubmed/31282712
http://doi.org/10.3390/ijerph18094806
http://doi.org/10.1136/bmjgh-2021-006303
http://doi.org/10.1016/j.jclinepi.2006.04.008
http://doi.org/10.1037/0022-006X.68.5.748
http://doi.org/10.1136/bmjopen-2020-040875
http://doi.org/10.1007/s12546-016-9159-y
http://doi.org/10.15585/mmwr.mm7026e1
http://www.ncbi.nlm.nih.gov/pubmed/34197362
http://doi.org/10.3389/fgwh.2022.910220
http://www.ncbi.nlm.nih.gov/pubmed/35706526
http://doi.org/10.1523/JNEUROSCI.3021-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20071507
http://doi.org/10.22365/jpsych.2019.304.291
http://doi.org/10.1016/j.jpsychires.2014.02.009
http://doi.org/10.1016/0272-7358(91)90092-9
http://doi.org/10.1016/j.jbtep.2009.07.005
http://doi.org/10.1126/science.847460
http://doi.org/10.1177/0269215517709890
http://www.ncbi.nlm.nih.gov/pubmed/28730890
http://doi.org/10.1016/0006-3223(93)90001-T
http://www.ncbi.nlm.nih.gov/pubmed/8513032
http://doi.org/10.1097/FBP.0000000000000069
http://doi.org/10.1016/0031-9384(92)90117-K
http://doi.org/10.1016/j.biopsych.2009.06.026
http://www.ncbi.nlm.nih.gov/pubmed/19748076
http://doi.org/10.1016/j.neubiorev.2005.04.010
http://doi.org/10.1016/j.neubiorev.2008.04.003


Int. J. Mol. Sci. 2023, 24, 5238 23 of 31

29. Richter-Levin, G. Acute and long-term behavioral correlates of underwater trauma–potential relevance to stress and post-stress
syndromes. Psychiatry Res. 1998, 79, 73–83. [CrossRef]

30. Yang, R.; Daigle, B.J., Jr.; Muhie, S.Y.; Hammamieh, R.; Jett, M.; Petzold, L.; Doyle, F.J., 3rd. Core modular blood and brain
biomarkers in social defeat mouse model for post traumatic stress disorder. BMC Syst. Biol. 2013, 7, 80. [CrossRef]

31. Imanaka, A.; Morinobu, S.; Toki, S.; Yamawaki, S. Importance of early environment in the development of post-traumatic stress
disorder-like behaviors. Behav. Brain Res. 2006, 173, 129–137. [CrossRef]

32. Kim, H.G.; Harrison, P.A.; Godecker, A.L.; Muzyka, C.N. Posttraumatic stress disorder among women receiving prenatal care at
three federally qualified health care centers. Matern. Child Health J. 2014, 18, 1056–1065. [CrossRef] [PubMed]

33. Zoladz, P.R.; Conrad, C.D.; Fleshner, M.; Diamond, D.M. Acute episodes of predator exposure in conjunction with chronic social
instability as an animal model of post-traumatic stress disorder. Stress 2008, 11, 259–281. [CrossRef] [PubMed]

34. Albrechet-Souza, L.; Gilpin, N.W. The predator odor avoidance model of post-traumatic stress disorder in rats. Behav. Pharm.
2019, 30, 105–114. [CrossRef] [PubMed]

35. Shalev, A.; Liberzon, I.; Marmar, C. Post-Traumatic Stress Disorder. N. Engl. J. Med. 2017, 376, 2459–2469. [CrossRef]
36. Cardenas, V.A.; Samuelson, K.; Lenoci, M.; Studholme, C.; Neylan, T.C.; Marmar, C.R.; Schuff, N.; Weiner, M.W. Changes in brain

anatomy during the course of posttraumatic stress disorder. Psychiatry Res. 2011, 193, 93–100. [CrossRef] [PubMed]
37. Bremner, J.D. Neuroimaging in posttraumatic stress disorder and other stress-related disorders. Neuroimaging Clin. N. Am. 2007,

17, 523–538. [CrossRef] [PubMed]
38. Chen, F.; Ke, J.; Qi, R.; Xu, Q.; Zhong, Y.; Liu, T.; Li, J.; Zhang, L.; Lu, G. Increased Inhibition of the Amygdala by the mPFC may

Reflect a Resilience Factor in Post-traumatic Stress Disorder: A Resting-State fMRI Granger Causality Analysis. Front. Psychiatry
2018, 9, 516. [CrossRef] [PubMed]

39. Kennis, M.; van Rooij, S.J.; van den Heuvel, M.P.; Kahn, R.S.; Geuze, E. Functional network topology associated with posttraumatic
stress disorder in veterans. Neuroimage Clin. 2016, 10, 302–309. [CrossRef]

40. van Rooij, S.J.; Kennis, M.; Vink, M.; Geuze, E. Predicting Treatment Outcome in PTSD: A Longitudinal Functional MRI Study on
Trauma-Unrelated Emotional Processing. Neuropsychopharmacology 2016, 41, 1156–1165. [CrossRef]

41. Hughes, V. Stress: The roots of resilience. Nature 2012, 490, 165–167. [CrossRef]
42. Pitman, R.K.; Rasmusson, A.M.; Koenen, K.C.; Shin, L.M.; Orr, S.P.; Gilbertson, M.W.; Milad, M.R.; Liberzon, I. Biological studies

of post-traumatic stress disorder. Nat. Rev. Neurosci. 2012, 13, 769–787. [CrossRef] [PubMed]
43. Sripada, R.K.; King, A.P.; Welsh, R.C.; Garfinkel, S.N.; Wang, X.; Sripada, C.S.; Liberzon, I. Neural dysregulation in posttraumatic

stress disorder: Evidence for disrupted equilibrium between salience and default mode brain networks. Psychosom. Med. 2012, 74,
904–911. [CrossRef] [PubMed]

44. Borgomaneri, S.; Battaglia, S.; Garofalo, S.; Tortora, F.; Avenanti, A.; di Pellegrino, G. State-Dependent TMS over Prefrontal Cortex
Disrupts Fear-Memory Reconsolidation and Prevents the Return of Fear. Curr. Biol. 2020, 30, 3672–3679. [CrossRef]

45. Battaglia, S.; Cardellicchio, P.; Di Fazio, C.; Nazzi, C.; Fracasso, A.; Borgomaneri, S. Stopping in (e)motion: Reactive action
inhibition when facing valence-independent emotional stimuli. Front. Behav. Neurosci. 2022, 16, 998714. [CrossRef]

46. Naegeli, C.; Zeffiro, T.; Piccirelli, M.; Jaillard, A.; Weilenmann, A.; Hassanpour, K.; Schick, M.; Rufer, M.; Orr, S.P.; Mueller-Pfeiffer,
C. Locus Coeruleus Activity Mediates Hyperresponsiveness in Posttraumatic Stress Disorder. Biol. Psychiatry 2018, 83, 254–262.
[CrossRef] [PubMed]

47. Krystal, J.H.; Neumeister, A. Noradrenergic and serotonergic mechanisms in the neurobiology of posttraumatic stress disorder
and resilience. Brain Res. 2009, 1293, 13–23. [CrossRef]

48. Pan, X.; Kaminga, A.C.; Wen, S.W.; Liu, A. Catecholamines in Post-traumatic Stress Disorder: A Systematic Review and
Meta-Analysis. Front. Mol. Neurosci. 2018, 11, 450. [CrossRef]

49. Hendrickson, R.C.; Raskind, M.A.; Millard, S.P.; Sikkema, C.; Terry, G.E.; Pagulayan, K.F.; Li, G.; Peskind, E.R. Evidence for altered
brain reactivity to norepinephrine in Veterans with a history of traumatic stress. Neurobiol. Stress 2018, 8, 103–111. [CrossRef]

50. Hendrickson, R.C.; Raskind, M.A. Noradrenergic dysregulation in the pathophysiology of PTSD. Exp. Neurol. 2016, 284, 181–195.
[CrossRef]

51. Keifer, O.P., Jr.; Hurt, R.C.; Ressler, K.J.; Marvar, P.J. The Physiology of Fear: Reconceptualizing the Role of the Central Amygdala
in Fear Learning. Physiology 2015, 30, 389–401. [CrossRef]

52. Giustino, T.F.; Maren, S. Noradrenergic Modulation of Fear Conditioning and Extinction. Front. Behav. Neurosci. 2018, 12, 43.
[CrossRef] [PubMed]

53. Stahl, S.M. Stahl’s Essential Psychopharmacology: Neuroscientific Basis and Practical Applications; Cambridge University Press:
Cambridge, UK, 2021.

54. Brown, R.E.; Basheer, R.; McKenna, J.T.; Strecker, R.E.; McCarley, R.W. Control of sleep and wakefulness. Physiol. Rev. 2012, 92,
1087–1187. [CrossRef] [PubMed]

55. Mellman, T.A.; Knorr, B.R.; Pigeon, W.R.; Leiter, J.C.; Akay, M. Heart rate variability during sleep and the early development of
posttraumatic stress disorder. Biol. Psychiatry 2004, 55, 953–956. [CrossRef]

56. Young, S.N. How to increase serotonin in the human brain without drugs. J. Psychiatry Neurosci. 2007, 32, 394–399. [PubMed]
57. Bailey, C.R.; Cordell, E.; Sobin, S.M.; Neumeister, A. Recent progress in understanding the pathophysiology of post-traumatic

stress disorder: Implications for targeted pharmacological treatment. CNS Drugs 2013, 27, 221–232. [CrossRef]

http://doi.org/10.1016/S0165-1781(98)00030-4
http://doi.org/10.1186/1752-0509-7-80
http://doi.org/10.1016/j.bbr.2006.06.012
http://doi.org/10.1007/s10995-013-1333-7
http://www.ncbi.nlm.nih.gov/pubmed/23912314
http://doi.org/10.1080/10253890701768613
http://www.ncbi.nlm.nih.gov/pubmed/18574787
http://doi.org/10.1097/FBP.0000000000000460
http://www.ncbi.nlm.nih.gov/pubmed/30640179
http://doi.org/10.1056/NEJMra1612499
http://doi.org/10.1016/j.pscychresns.2011.01.013
http://www.ncbi.nlm.nih.gov/pubmed/21683556
http://doi.org/10.1016/j.nic.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17983968
http://doi.org/10.3389/fpsyt.2018.00516
http://www.ncbi.nlm.nih.gov/pubmed/30405457
http://doi.org/10.1016/j.nicl.2015.12.008
http://doi.org/10.1038/npp.2015.257
http://doi.org/10.1038/490165a
http://doi.org/10.1038/nrn3339
http://www.ncbi.nlm.nih.gov/pubmed/23047775
http://doi.org/10.1097/PSY.0b013e318273bf33
http://www.ncbi.nlm.nih.gov/pubmed/23115342
http://doi.org/10.1016/j.cub.2020.06.091
http://doi.org/10.3389/fnbeh.2022.998714
http://doi.org/10.1016/j.biopsych.2017.08.021
http://www.ncbi.nlm.nih.gov/pubmed/29100627
http://doi.org/10.1016/j.brainres.2009.03.044
http://doi.org/10.3389/fnmol.2018.00450
http://doi.org/10.1016/j.ynstr.2018.03.001
http://doi.org/10.1016/j.expneurol.2016.05.014
http://doi.org/10.1152/physiol.00058.2014
http://doi.org/10.3389/fnbeh.2018.00043
http://www.ncbi.nlm.nih.gov/pubmed/29593511
http://doi.org/10.1152/physrev.00032.2011
http://www.ncbi.nlm.nih.gov/pubmed/22811426
http://doi.org/10.1016/j.biopsych.2003.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18043762
http://doi.org/10.1007/s40263-013-0051-4


Int. J. Mol. Sci. 2023, 24, 5238 24 of 31

58. Règue, M.; Poilbout, C.; Martin, V.; Franc, B.; Lanfumey, L.; Mongeau, R. Increased 5-HT2C receptor editing predisposes to
PTSD-like behaviors and alters BDNF and cytokines signaling. Transl. Psychiatry 2019, 9, 100. [CrossRef]

59. Browne, C.J.; Ji, X.; Higgins, G.A.; Fletcher, P.J.; Harvey-Lewis, C. Pharmacological Modulation of 5-HT(2C) Receptor Activity
Produces Bidirectional Changes in Locomotor Activity, Responding for a Conditioned Reinforcer, and Mesolimbic DA Release in
C57BL/6 Mice. Neuropsychopharmacology 2017, 42, 2178–2187. [CrossRef]

60. Nebuka, M.; Ohmura, Y.; Izawa, S.; Bouchekioua, Y.; Nishitani, N.; Yoshida, T.; Yoshioka, M. Behavioral characteristics of 5-HT(2C)
receptor knockout mice: Locomotor activity, anxiety-, and fear memory-related behaviors. Behav. Brain Res. 2020, 379, 112394.
[CrossRef]

61. Solati, J.; Salari, A.A.; Bakhtiari, A. 5HT(1A) and 5HT(1B) receptors of medial prefrontal cortex modulate anxiogenic-like behaviors
in rats. Neurosci. Lett. 2011, 504, 325–329. [CrossRef]

62. Xiang, M.; Jiang, Y.; Hu, Z.; Yang, Y.; Du, X.; Botchway, B.O.; Fang, M. Serotonin receptors 2A and 1A modulate anxiety-like
behavior in post-traumatic stress disordered mice. Am. J. Transl. Res. 2019, 11, 2288–2303.

63. Sullivan, G.M.; Ogden, R.T.; Huang, Y.Y.; Oquendo, M.A.; Mann, J.J.; Parsey, R.V. Higher in vivo serotonin-1a binding in
posttraumatic stress disorder: A PET study with [11C]WAY-100635. Depress. Anxiety 2013, 30, 197–206. [CrossRef]

64. Bremner, J.D. Posttraumatic Stress Disorder: From Neurobiology to Treatment; John Wiley & Sons: New York, NY, USA, 2016.
65. Mishra, A.; Singh, S.; Shukla, S. Physiological and Functional Basis of Dopamine Receptors and Their Role in Neurogenesis:

Possible Implication for Parkinson’s disease. J. Exp. Neurosci. 2018, 12, 1179069518779829. [CrossRef]
66. Hahn, A.; Reed, M.B.; Pichler, V.; Michenthaler, P.; Rischka, L.; Godbersen, G.M.; Wadsak, W.; Hacker, M.; Lanzenberger, R.

Functional dynamics of dopamine synthesis during monetary reward and punishment processing. J. Cereb. Blood Flow Metab.
2021, 41, 2973–2985. [CrossRef] [PubMed]

67. Ruiz-Tejada, A.; Neisewander, J.; Katsanos, C.S. Regulation of Voluntary Physical Activity Behavior: A Review of Evidence
Involving Dopaminergic Pathways in the Brain. Brain Sci. 2022, 12, 333. [CrossRef]

68. Comings, D.E.; Muhleman, D.; Gysin, R. Dopamine D2 receptor (DRD2) gene and susceptibility to posttraumatic stress disorder:
A study and replication. Biol. Psychiatry 1996, 40, 368–372. [CrossRef] [PubMed]

69. Gelernter, J.; Southwick, S.; Goodson, S.; Morgan, A.; Nagy, L.; Charney, D.S. No association between D2 dopamine receptor
(DRD2) “A” system alleles, or DRD2 haplotypes, and posttraumatic stress disorder. Biol. Psychiatry 1999, 45, 620–625. [CrossRef]
[PubMed]

70. Young, R.M.; Lawford, B.R.; Noble, E.P.; Kann, B.; Wilkie, A.; Ritchie, T.; Arnold, L.; Shadforth, S. Harmful drinking in military
veterans with post-traumatic stress disorder: Association with the D2 dopamine receptor A1 allele. Alcohol Alcohol. 2002, 37,
451–456. [CrossRef] [PubMed]

71. Vermetten, E.; Baker, D.G.; Jetly, R.; McFarlane, A.C. Concerns over divergent approaches in the diagnostics of posttraumatic
stress disorder. Psychiatr. Ann. 2016, 46, 498–509. [CrossRef]

72. Mustapic, M.; Maihofer, A.X.; Mahata, M.; Chen, Y.; Baker, D.G.; O’Connor, D.T.; Nievergelt, C.M. The catecholamine biosynthetic
enzyme dopamine β-hydroxylase (DBH): First genome-wide search positions trait-determining variants acting additively in the
proximal promoter. Hum. Mol. Genet. 2014, 23, 6375–6384. [CrossRef] [PubMed]

73. Chang, S.C.; Koenen, K.C.; Galea, S.; Aiello, A.E.; Soliven, R.; Wildman, D.E.; Uddin, M. Molecular variation at the SLC6A3 locus
predicts lifetime risk of PTSD in the Detroit Neighborhood Health Study. PLoS ONE 2012, 7, e39184. [CrossRef]

74. Stevens, J.S.; Jovanovic, T. Role of social cognition in post-traumatic stress disorder: A review and meta-analysis. Genes Brain
Behav. 2019, 18, e12518. [CrossRef] [PubMed]

75. Arditte Hall, K.A.; DeLane, S.E.; Anderson, G.M.; Lago, T.R.; Shor, R.; Wang, W.; Rasmusson, A.M.; Pineles, S.L. Plasma
gamma-aminobutyric acid (GABA) levels and posttraumatic stress disorder symptoms in trauma-exposed women: A preliminary
report. Psychopharmacology 2021, 238, 1541–1552. [CrossRef] [PubMed]

76. Vaiva, G.; Boss, V.; Ducrocq, F.; Fontaine, M.; Devos, P.; Brunet, A.; Laffargue, P.; Goudemand, M.; Thomas, P. Relationship
between posttrauma GABA plasma levels and PTSD at 1-year follow-up. Am. J. Psychiatry 2006, 163, 1446–1448. [CrossRef]
[PubMed]

77. Geuze, E.; van Berckel, B.N.; Lammertsma, A.A.; Boellaard, R.; de Kloet, C.S.; Vermetten, E.; Westenberg, H.G. Reduced GABAA
benzodiazepine receptor binding in veterans with post-traumatic stress disorder. Mol. Psychiatry 2008, 13, 74–83. [CrossRef]

78. Bremner, J.D.; Innis, R.B.; Southwick, S.M.; Staib, L.; Zoghbi, S.; Charney, D.S. Decreased benzodiazepine receptor binding in
prefrontal cortex in combat-related posttraumatic stress disorder. Am. J. Psychiatry 2000, 157, 1120–1126. [CrossRef]

79. Sah, R.; Geracioti, T.D. Neuropeptide Y and posttraumatic stress disorder. Mol. Psychiatry 2013, 18, 646–655. [CrossRef]
80. Reichmann, F.; Holzer, P. Neuropeptide Y: A stressful review. Neuropeptides 2016, 55, 99–109. [CrossRef]
81. Heilig, M.; Koob, G.F.; Ekman, R.; Britton, K.T. Corticotropin-releasing factor and neuropeptide Y: Role in emotional integration.

Trends Neurosci. 1994, 17, 80–85. [CrossRef]
82. Kautz, M.; Charney, D.S.; Murrough, J.W. Neuropeptide Y, resilience, and PTSD therapeutics. Neurosci. Lett. 2017, 649, 164–169.

[CrossRef]
83. Cohen, H.; Liu, T.; Kozlovsky, N.; Kaplan, Z.; Zohar, J.; Mathé, A.A. The neuropeptide Y (NPY)-ergic system is associated with

behavioral resilience to stress exposure in an animal model of post-traumatic stress disorder. Neuropsychopharmacology 2012, 37,
350–363. [CrossRef]

http://doi.org/10.1038/s41398-019-0431-8
http://doi.org/10.1038/npp.2017.124
http://doi.org/10.1016/j.bbr.2019.112394
http://doi.org/10.1016/j.neulet.2011.09.058
http://doi.org/10.1002/da.22019
http://doi.org/10.1177/1179069518779829
http://doi.org/10.1177/0271678X211019827
http://www.ncbi.nlm.nih.gov/pubmed/34053336
http://doi.org/10.3390/brainsci12030333
http://doi.org/10.1016/0006-3223(95)00519-6
http://www.ncbi.nlm.nih.gov/pubmed/8874837
http://doi.org/10.1016/S0006-3223(98)00087-0
http://www.ncbi.nlm.nih.gov/pubmed/10088049
http://doi.org/10.1093/alcalc/37.5.451
http://www.ncbi.nlm.nih.gov/pubmed/12217937
http://doi.org/10.3928/00485713-20160728-02
http://doi.org/10.1093/hmg/ddu332
http://www.ncbi.nlm.nih.gov/pubmed/24986918
http://doi.org/10.1371/journal.pone.0039184
http://doi.org/10.1111/gbb.12518
http://www.ncbi.nlm.nih.gov/pubmed/30221467
http://doi.org/10.1007/s00213-021-05785-z
http://www.ncbi.nlm.nih.gov/pubmed/33620549
http://doi.org/10.1176/ajp.2006.163.8.1446
http://www.ncbi.nlm.nih.gov/pubmed/16877663
http://doi.org/10.1038/sj.mp.4002054
http://doi.org/10.1176/appi.ajp.157.7.1120
http://doi.org/10.1038/mp.2012.101
http://doi.org/10.1016/j.npep.2015.09.008
http://doi.org/10.1016/0166-2236(94)90079-5
http://doi.org/10.1016/j.neulet.2016.11.061
http://doi.org/10.1038/npp.2011.230


Int. J. Mol. Sci. 2023, 24, 5238 25 of 31

84. Morgan, C.A., 3rd; Wang, S.; Southwick, S.M.; Rasmusson, A.; Hazlett, G.; Hauger, R.L.; Charney, D.S. Plasma neuropeptide-Y
concentrations in humans exposed to military survival training. Biol. Psychiatry 2000, 47, 902–909. [CrossRef] [PubMed]

85. Schmeltzer, S.N.; Herman, J.P.; Sah, R. Neuropeptide Y (NPY) and posttraumatic stress disorder (PTSD): A translational update.
Exp. Neurol. 2016, 284, 196–210. [CrossRef] [PubMed]

86. Yehuda, R.; Brand, S.; Yang, R.K. Plasma neuropeptide Y concentrations in combat exposed veterans: Relationship to trauma
exposure, recovery from PTSD, and coping. Biol. Psychiatry 2006, 59, 660–663. [CrossRef] [PubMed]

87. Tasan, R.O.; Verma, D.; Wood, J.; Lach, G.; Hörmer, B.; de Lima, T.C.; Herzog, H.; Sperk, G. The role of Neuropeptide Y in fear
conditioning and extinction. Neuropeptides 2016, 55, 111–126. [CrossRef]

88. Miranda, M.; Morici, J.F.; Zanoni, M.B.; Bekinschtein, P. Brain-Derived Neurotrophic Factor: A Key Molecule for Memory in the
Healthy and the Pathological Brain. Front. Cell Neurosci. 2019, 13, 363. [CrossRef]

89. Zhang, L.; Li, X.X.; Hu, X.Z. Post-traumatic stress disorder risk and brain-derived neurotrophic factor Val66Met. World J. Psychiatry
2016, 6, 1–6. [CrossRef]

90. Bountress, K.E.; Bacanu, S.A.; Tomko, R.L.; Korte, K.J.; Hicks, T.; Sheerin, C.; Lind, M.J.; Marraccini, M.; Nugent, N.; Amstadter,
A.B. The Effects of a BDNF Val66Met Polymorphism on Posttraumatic Stress Disorder: A Meta-Analysis. Neuropsychobiology 2017,
76, 136–142. [CrossRef]

91. Lu, Y.; Christian, K.; Lu, B. BDNF: A key regulator for protein synthesis-dependent LTP and long-term memory? Neurobiol. Learn.
Mem. 2008, 89, 312–323. [CrossRef]

92. Frodl, T.; Schüle, C.; Schmitt, G.; Born, C.; Baghai, T.; Zill, P.; Bottlender, R.; Rupprecht, R.; Bondy, B.; Reiser, M.; et al. Association
of the brain-derived neurotrophic factor Val66Met polymorphism with reduced hippocampal volumes in major depression. Arch.
Gen. Psychiatry 2007, 64, 410–416. [CrossRef]

93. Zhang, L.; Benedek, D.M.; Fullerton, C.S.; Forsten, R.D.; Naifeh, J.A.; Li, X.X.; Hu, X.Z.; Li, H.; Jia, M.; Xing, G.Q.; et al. PTSD risk
is associated with BDNF Val66Met and BDNF overexpression. Mol. Psychiatry 2014, 19, 8–10. [CrossRef]

94. Bassir Nia, A.; Bender, R.; Harpaz-Rotem, I. Endocannabinoid System Alterations in Posttraumatic Stress Disorder: A Review of
Developmental and Accumulative Effects of Trauma. Chronic Stress 2019, 3, 2470547019864096. [CrossRef] [PubMed]

95. Hill, M.N.; Patel, S.; Carrier, E.J.; Rademacher, D.J.; Ormerod, B.K.; Hillard, C.J.; Gorzalka, B.B. Downregulation of endo-
cannabinoid signaling in the hippocampus following chronic unpredictable stress. Neuropsychopharmacology 2005, 30, 508–515.
[CrossRef]

96. Hill, M.N.; Bierer, L.M.; Makotkine, I.; Golier, J.A.; Galea, S.; McEwen, B.S.; Hillard, C.J.; Yehuda, R. Reductions in circulating
endocannabinoid levels in individuals with post-traumatic stress disorder following exposure to the World Trade Center attacks.
Psychoneuroendocrinology 2013, 38, 2952–2961. [CrossRef] [PubMed]

97. Neumeister, A.; Normandin, M.D.; Pietrzak, R.H.; Piomelli, D.; Zheng, M.Q.; Gujarro-Anton, A.; Potenza, M.N.; Bailey, C.R.;
Lin, S.F.; Najafzadeh, S.; et al. Elevated brain cannabinoid CB1 receptor availability in post-traumatic stress disorder: A positron
emission tomography study. Mol. Psychiatry 2013, 18, 1034–1040. [CrossRef] [PubMed]

98. Haller, J.; Bakos, N.; Szirmay, M.; Ledent, C.; Freund, T.F. The effects of genetic and pharmacological blockade of the CB1
cannabinoid receptor on anxiety. Eur. J. Neurosci. 2002, 16, 1395–1398. [CrossRef] [PubMed]

99. Haller, J.; Varga, B.; Ledent, C.; Freund, T.F. CB1 cannabinoid receptors mediate anxiolytic effects: Convergent genetic and
pharmacological evidence with CB1-specific agents. Behav. Pharm. 2004, 15, 299–304. [CrossRef] [PubMed]

100. Viveros, M.P.; Llorente, R.; López-Gallardo, M.; Suarez, J.; Bermúdez-Silva, F.; De la Fuente, M.; Rodriguez de Fonseca, F.;
Garcia-Segura, L.M. Sex-dependent alterations in response to maternal deprivation in rats. Psychoneuroendocrinology 2009, 34
(Suppl. S1), S217–S226. [CrossRef]

101. Suárez, J.; Llorente, R.; Romero-Zerbo, S.Y.; Mateos, B.; Bermúdez-Silva, F.J.; de Fonseca, F.R.; Viveros, M.P. Early maternal
deprivation induces gender-dependent changes on the expression of hippocampal CB(1) and CB(2) cannabinoid receptors of
neonatal rats. Hippocampus 2009, 19, 623–632. [CrossRef]

102. Boccia, M.L.; Petrusz, P.; Suzuki, K.; Marson, L.; Pedersen, C.A. Immunohistochemical localization of oxytocin receptors in human
brain. Neuroscience 2013, 253, 155–164. [CrossRef]

103. Cardoso, C.; Kingdon, D.; Ellenbogen, M.A. A meta-analytic review of the impact of intranasal oxytocin administration on cortisol
concentrations during laboratory tasks: Moderation by method and mental health. Psychoneuroendocrinology 2014, 49, 161–170.
[CrossRef]

104. Knobloch, H.S.; Charlet, A.; Hoffmann, L.C.; Eliava, M.; Khrulev, S.; Cetin, A.H.; Osten, P.; Schwarz, M.K.; Seeburg, P.H.; Stoop,
R.; et al. Evoked axonal oxytocin release in the central amygdala attenuates fear response. Neuron 2012, 73, 553–566. [CrossRef]
[PubMed]

105. Hill, M.N.; Tasker, J.G. Endocannabinoid signaling, glucocorticoid-mediated negative feedback, and regulation of the
hypothalamic-pituitary-adrenal axis. Neuroscience 2012, 204, 5–16. [CrossRef] [PubMed]

106. Al Jowf, G.I.; Snijders, C.; Rutten, B.P.F.; de Nijs, L.; Eijssen, L.M.T. The Molecular Biology of Susceptibility to Post-Traumatic
Stress Disorder: Highlights of Epigenetics and Epigenomics. Int. J. Mol. Sci. 2021, 22, 10743. [CrossRef] [PubMed]

107. Yehuda, R.; Hoge, C.W.; McFarlane, A.C.; Vermetten, E.; Lanius, R.A.; Nievergelt, C.M.; Hobfoll, S.E.; Koenen, K.C.; Neylan, T.C.;
Hyman, S.E. Post-traumatic stress disorder. Nat. Rev. Dis. Prim. 2015, 1, 15057. [CrossRef] [PubMed]

108. Mendoza, C.; Barreto, G.E.; Ávila-Rodriguez, M.; Echeverria, V. Role of neuroinflammation and sex hormones in war-related
PTSD. Mol. Cell Endocrinol. 2016, 434, 266–277. [CrossRef] [PubMed]

http://doi.org/10.1016/S0006-3223(99)00239-5
http://www.ncbi.nlm.nih.gov/pubmed/10807963
http://doi.org/10.1016/j.expneurol.2016.06.020
http://www.ncbi.nlm.nih.gov/pubmed/27377319
http://doi.org/10.1016/j.biopsych.2005.08.027
http://www.ncbi.nlm.nih.gov/pubmed/16325152
http://doi.org/10.1016/j.npep.2015.09.007
http://doi.org/10.3389/fncel.2019.00363
http://doi.org/10.5498/wjp.v6.i1.1
http://doi.org/10.1159/000489407
http://doi.org/10.1016/j.nlm.2007.08.018
http://doi.org/10.1001/archpsyc.64.4.410
http://doi.org/10.1038/mp.2012.180
http://doi.org/10.1177/2470547019864096
http://www.ncbi.nlm.nih.gov/pubmed/31660473
http://doi.org/10.1038/sj.npp.1300601
http://doi.org/10.1016/j.psyneuen.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24035186
http://doi.org/10.1038/mp.2013.61
http://www.ncbi.nlm.nih.gov/pubmed/23670490
http://doi.org/10.1046/j.1460-9568.2002.02192.x
http://www.ncbi.nlm.nih.gov/pubmed/12405999
http://doi.org/10.1097/01.fbp.0000135704.56422.40
http://www.ncbi.nlm.nih.gov/pubmed/15252281
http://doi.org/10.1016/j.psyneuen.2009.05.015
http://doi.org/10.1002/hipo.20537
http://doi.org/10.1016/j.neuroscience.2013.08.048
http://doi.org/10.1016/j.psyneuen.2014.07.014
http://doi.org/10.1016/j.neuron.2011.11.030
http://www.ncbi.nlm.nih.gov/pubmed/22325206
http://doi.org/10.1016/j.neuroscience.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22214537
http://doi.org/10.3390/ijms221910743
http://www.ncbi.nlm.nih.gov/pubmed/34639084
http://doi.org/10.1038/nrdp.2015.57
http://www.ncbi.nlm.nih.gov/pubmed/27189040
http://doi.org/10.1016/j.mce.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27216917


Int. J. Mol. Sci. 2023, 24, 5238 26 of 31

109. Dunlop, B.W.; Wong, A. The hypothalamic-pituitary-adrenal axis in PTSD: Pathophysiology and treatment interventions. Prog
Neuropsychopharmacol. Biol. Psychiatry 2019, 89, 361–379. [CrossRef] [PubMed]

110. Schumacher, S.; Niemeyer, H.; Engel, S.; Cwik, J.C.; Laufer, S.; Klusmann, H.; Knaevelsrud, C. HPA axis regulation in posttraumatic
stress disorder: A meta-analysis focusing on potential moderators. Neurosci. Biobehav. Rev. 2019, 100, 35–57. [CrossRef]

111. Myers, B.; McKlveen, J.M.; Herman, J.P. Glucocorticoid actions on synapses, circuits, and behavior: Implications for the energetics
of stress. Front. Neuroendocr. 2014, 35, 180–196. [CrossRef]

112. Laryea, G.; Arnett, M.G.; Muglia, L.J. Behavioral Studies and Genetic Alterations in Corticotropin-Releasing Hormone (CRH)
Neurocircuitry: Insights into Human Psychiatric Disorders. Behav. Sci. 2012, 2, 135–171. [CrossRef]

113. Bale, T.L.; Contarino, A.; Smith, G.W.; Chan, R.; Gold, L.H.; Sawchenko, P.E.; Koob, G.F.; Vale, W.W.; Lee, K.F. Mice deficient for
corticotropin-releasing hormone receptor-2 display anxiety-like behaviour and are hypersensitive to stress. Nat. Genet. 2000, 24,
410–414. [CrossRef]

114. Bale, T.L.; Picetti, R.; Contarino, A.; Koob, G.F.; Vale, W.W.; Lee, K.F. Mice deficient for both corticotropin-releasing factor receptor
1 (CRFR1) and CRFR2 have an impaired stress response and display sexually dichotomous anxiety-like behavior. J. Neurosci.
2002, 22, 193–199. [CrossRef] [PubMed]

115. Coste, S.C.; Kesterson, R.A.; Heldwein, K.A.; Stevens, S.L.; Heard, A.D.; Hollis, J.H.; Murray, S.E.; Hill, J.K.; Pantely, G.A.;
Hohimer, A.R.; et al. Abnormal adaptations to stress and impaired cardiovascular function in mice lacking corticotropin-releasing
hormone receptor-2. Nat. Genet. 2000, 24, 403–409. [CrossRef] [PubMed]

116. Sautter, F.J.; Bissette, G.; Wiley, J.; Manguno-Mire, G.; Schoenbachler, B.; Myers, L.; Johnson, J.E.; Cerbone, A.; Malaspina, D.
Corticotropin-releasing factor in posttraumatic stress disorder (PTSD) with secondary psychotic symptoms, nonpsychotic PTSD,
and healthy control subjects. Biol. Psychiatry 2003, 54, 1382–1388. [CrossRef] [PubMed]

117. Ressler, K.J.; Mercer, K.B.; Bradley, B.; Jovanovic, T.; Mahan, A.; Kerley, K.; Norrholm, S.D.; Kilaru, V.; Smith, A.K.; Myers,
A.J.; et al. Post-traumatic stress disorder is associated with PACAP and the PAC1 receptor. Nature 2011, 470, 492–497. [CrossRef]
[PubMed]

118. Somvanshi, P.R.; Mellon, S.H.; Yehuda, R.; Flory, J.D.; Makotkine, I.; Bierer, L.; Marmar, C.; Jett, M.; Doyle, F.J., 3rd. Role
of enhanced glucocorticoid receptor sensitivity in inflammation in PTSD: Insights from computational model for circadian-
neuroendocrine-immune interactions. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E48–E66. [CrossRef]

119. Daskalakis, N.P.; Lehrner, A.; Yehuda, R. Endocrine aspects of post-traumatic stress disorder and implications for diagnosis and
treatment. Endocrinol. Metab. Clin. N. Am. 2013, 42, 503–513. [CrossRef]

120. Morris, M.C.; Compas, B.E.; Garber, J. Relations among posttraumatic stress disorder, comorbid major depression, and HPA
function: A systematic review and meta-analysis. Clin. Psychol. Rev. 2012, 32, 301–315. [CrossRef]

121. Kilpatrick, D.G.; Resnick, H.S.; Milanak, M.E.; Miller, M.W.; Keyes, K.M.; Friedman, M.J. National estimates of exposure to
traumatic events and PTSD prevalence using DSM-IV and DSM-5 criteria. J. Trauma. Stress 2013, 26, 537–547. [CrossRef]

122. Al Jowf, G.I.; Ahmed, Z.T.; An, N.; Reijnders, R.A.; Ambrosino, E.; Rutten, B.P.F.; de Nijs, L.; Eijssen, L.M.T. A Public Health
Perspective of Post-Traumatic Stress Disorder. Int. J. Environ. Res. Public Health 2022, 19, 6474. [CrossRef]

123. Magruder, K.M.; Kassam-Adams, N.; Thoresen, S.; Olff, M. Prevention and public health approaches to trauma and traumatic
stress: A rationale and a call to action. Eur. J. Psychotraumatol. 2016, 7, 29715. [CrossRef]

124. Al-Tamimi, S.A.G.; Leavey, G. Community-Based Interventions for the Treatment and Management of Conflict-Related Trauma
in Low-Middle Income, Conflict-Affected Countries: A Realist Review. J. Child Adolesc. Trauma 2021, 15, 441–450. [CrossRef]
[PubMed]

125. Kleber, R.J. Trauma and Public Mental Health: A Focused Review. Front. Psychiatry 2019, 10, 451. [CrossRef]
126. Watson, P. PTSD as a Public Mental Health Priority. Curr. Psychiatry Rep. 2019, 21, 61. [CrossRef] [PubMed]
127. Ursano, R.J.; Bell, C.; Eth, S.; Friedman, M.; Norwood, A.; Pfefferbaum, B.; Pynoos, J.D.; Zatzick, D.F.; Benedek, D.M.; McIntyre,

J.S.; et al. Practice guideline for the treatment of patients with acute stress disorder and posttraumatic stress disorder. Am. J.
Psychiatry 2004, 161, 3–31.

128. Morland, L.A.; Greene, C.J.; Rosen, C.S.; Kuhn, E.; Hoffman, J.; Sloan, D.M. Telehealth and eHealth interventions for posttraumatic
stress disorder. Curr. Opin. Psychol. 2017, 14, 102–108. [CrossRef] [PubMed]

129. Beck, J.S. Cognitive Behavior Therapy: Basics and Beyond; Guilford Publications: New York, NY, USA, 2020.
130. Forman-Hoffman, V.; Middleton, J.C.; Feltner, C.; Gaynes, B.N.; Weber, R.P.; Bann, C.; Viswanathan, M.; Lohr, K.N.; Baker, C.;

Green, J. AHRQ Comparative Effectiveness Reviews. In Psychological and Pharmacological Treatments for Adults With Posttraumatic
Stress Disorder: A Systematic Review Update; Agency for Healthcare Research and Quality (US): Rockville, MD, USA, 2018.

131. van Minnen, A.; Harned, M.S.; Zoellner, L.; Mills, K. Examining potential contraindications for prolonged exposure therapy for
PTSD. Eur. J. Psychotraumatol. 2012, 3, 18805. [CrossRef] [PubMed]

132. Sloan, D.M.; Marx, B.P. Written Exposure Therapy for PTSD: A Brief Treatment Approach for Mental Health Professionals; American
Psychological Association: Washington, DC, USA, 2019.

133. Shapiro, F. Eye movement desensitization and reprocessing (EMDR): Evaluation of controlled PTSD research. J. Behav. Ther. Exp.
Psychiatry 1996, 27, 209–218. [CrossRef]

134. Belsher, B.E.; Beech, E.; Evatt, D.; Smolenski, D.J.; Shea, M.T.; Otto, J.L.; Rosen, C.S.; Schnurr, P.P. Present-centered therapy (PCT)
for post-traumatic stress disorder (PTSD) in adults. Cochrane Database Syst. Rev. 2019, 2019, CD012898. [CrossRef]

http://doi.org/10.1016/j.pnpbp.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30342071
http://doi.org/10.1016/j.neubiorev.2019.02.005
http://doi.org/10.1016/j.yfrne.2013.12.003
http://doi.org/10.3390/bs2020135
http://doi.org/10.1038/74263
http://doi.org/10.1523/JNEUROSCI.22-01-00193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11756502
http://doi.org/10.1038/74255
http://www.ncbi.nlm.nih.gov/pubmed/10742107
http://doi.org/10.1016/S0006-3223(03)00571-7
http://www.ncbi.nlm.nih.gov/pubmed/14675802
http://doi.org/10.1038/nature09856
http://www.ncbi.nlm.nih.gov/pubmed/21350482
http://doi.org/10.1152/ajpendo.00398.2019
http://doi.org/10.1016/j.ecl.2013.05.004
http://doi.org/10.1016/j.cpr.2012.02.002
http://doi.org/10.1002/jts.21848
http://doi.org/10.3390/ijerph19116474
http://doi.org/10.3402/ejpt.v7.29715
http://doi.org/10.1007/s40653-021-00373-x
http://www.ncbi.nlm.nih.gov/pubmed/35600528
http://doi.org/10.3389/fpsyt.2019.00451
http://doi.org/10.1007/s11920-019-1032-1
http://www.ncbi.nlm.nih.gov/pubmed/31243637
http://doi.org/10.1016/j.copsyc.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28813306
http://doi.org/10.3402/ejpt.v3i0.18805
http://www.ncbi.nlm.nih.gov/pubmed/22893847
http://doi.org/10.1016/S0005-7916(96)00029-8
http://doi.org/10.1002/14651858.CD012898.pub2


Int. J. Mol. Sci. 2023, 24, 5238 27 of 31

135. Markowitz, J.C.; Petkova, E.; Neria, Y.; Van Meter, P.E.; Zhao, Y.; Hembree, E.; Lovell, K.; Biyanova, T.; Marshall, R.D. Is Exposure
Necessary? A Randomized Clinical Trial of Interpersonal Psychotherapy for PTSD. Am. J. Psychiatry 2015, 172, 430–440. [CrossRef]

136. Polusny, M.A.; Erbes, C.R.; Thuras, P.; Moran, A.; Lamberty, G.J.; Collins, R.C.; Rodman, J.L.; Lim, K.O. Mindfulness-Based Stress
Reduction for Posttraumatic Stress Disorder Among Veterans: A Randomized Clinical Trial. JAMA 2015, 314, 456–465. [CrossRef]

137. Davidson, J.; Pearlstein, T.; Londborg, P.; Brady, K.T.; Rothbaum, B.; Bell, J.; Maddock, R.; Hegel, M.T.; Farfel, G. Efficacy of
sertraline in preventing relapse of posttraumatic stress disorder: Results of a 28-week double-blind, placebo-controlled study. Am.
J. Psychiatry 2001, 158, 1974–1981. [CrossRef] [PubMed]

138. Stein, D.J.; Ipser, J.C.; Seedat, S. Pharmacotherapy for post traumatic stress disorder (PTSD). Cochrane Database Syst. Rev. 2006,
2006, Cd002795. [CrossRef] [PubMed]

139. Sullivan, G.M.; Neria, Y. Pharmacotherapy in post-traumatic stress disorder: Evidence from randomized controlled trials. Curr.
Opin. Investig. Drugs 2009, 10, 35–45. [PubMed]

140. MacNamara, A.; Rabinak, C.A.; Kennedy, A.E.; Fitzgerald, D.A.; Liberzon, I.; Stein, M.B.; Phan, K.L. Emotion Regulatory Brain
Function and SSRI Treatment in PTSD: Neural Correlates and Predictors of Change. Neuropsychopharmacology 2016, 41, 611–618.
[CrossRef]

141. Walderhaug, E.; Kasserman, S.; Aikins, D.; Vojvoda, D.; Nishimura, C.; Neumeister, A. Effects of duloxetine in treatment-refractory
men with posttraumatic stress disorder. Pharmacopsychiatry 2010, 43, 45–49. [CrossRef]

142. Davidson, J.; Baldwin, D.; Stein, D.J.; Kuper, E.; Benattia, I.; Ahmed, S.; Pedersen, R.; Musgnung, J. Treatment of posttraumatic
stress disorder with venlafaxine extended release: A 6-month randomized controlled trial. Arch. Gen. Psychiatry 2006, 63,
1158–1165. [CrossRef]

143. Mohamed, S.; Rosenheck, R.A. Pharmacotherapy of PTSD in the U.S. Department of Veterans Affairs: Diagnostic- and symptom-
guided drug selection. J. Clin. Psychiatry 2008, 69, 959–965. [CrossRef]

144. Katzman, M.A.; Bleau, P.; Blier, P.; Chokka, P.; Kjernisted, K.; Van Ameringen, M.; Antony, M.M.; Bouchard, S.; Brunet, A.; Flament,
M.; et al. Canadian clinical practice guidelines for the management of anxiety, posttraumatic stress and obsessive-compulsive
disorders. BMC Psychiatry 2014, 14 (Suppl. 1), S1. [CrossRef]

145. Krystal, J.H.; Rosenheck, R.A.; Cramer, J.A.; Vessicchio, J.C.; Jones, K.M.; Vertrees, J.E.; Horney, R.A.; Huang, G.D.; Stock, C.
Adjunctive risperidone treatment for antidepressant-resistant symptoms of chronic military service-related PTSD: A randomized
trial. JAMA 2011, 306, 493–502. [CrossRef]

146. Villarreal, G.; Hamner, M.B.; Cañive, J.M.; Robert, S.; Calais, L.A.; Durklaski, V.; Zhai, Y.; Qualls, C. Efficacy of Quetiapine
Monotherapy in Posttraumatic Stress Disorder: A Randomized, Placebo-Controlled Trial. Am. J. Psychiatry 2016, 173, 1205–1212.
[CrossRef]

147. Carey, P.; Suliman, S.; Ganesan, K.; Seedat, S.; Stein, D.J. Olanzapine monotherapy in posttraumatic stress disorder: Efficacy in a
randomized, double-blind, placebo-controlled study. Hum. Psychopharmacol. 2012, 27, 386–391. [CrossRef] [PubMed]

148. Britnell, S.R.; Jackson, A.D.; Brown, J.N.; Capehart, B.P. Aripiprazole for Post-traumatic Stress Disorder: A Systematic Review.
Clin. Neuropharmacol. 2017, 40, 273–278. [CrossRef] [PubMed]

149. Hudson, S.M.; Whiteside, T.E.; Lorenz, R.A.; Wargo, K.A. Prazosin for the treatment of nightmares related to posttraumatic stress
disorder: A review of the literature. Prim. Care Companion CNS Disord. 2012, 14, 27120. [CrossRef] [PubMed]

150. Steenen, S.A.; van Wijk, A.J.; van der Heijden, G.J.; van Westrhenen, R.; de Lange, J.; de Jongh, A. Propranolol for the treatment of
anxiety disorders: Systematic review and meta-analysis. J. Psychopharmacol. 2016, 30, 128–139. [CrossRef] [PubMed]

151. Spangler, P.T.; West, J.C.; Dempsey, C.L.; Possemato, K.; Bartolanzo, D.; Aliaga, P.; Zarate, C.; Vythilingam, M.; Benedek, D.M.
Randomized Controlled Trial of Riluzole Augmentation for Posttraumatic Stress Disorder: Efficacy of a Glutamatergic Modulator
for Antidepressant-Resistant Symptoms. J. Clin. Psychiatry 2020, 81, 18364. [CrossRef]

152. Feder, A.; Costi, S.; Rutter, S.B.; Collins, A.B.; Govindarajulu, U.; Jha, M.K.; Horn, S.R.; Kautz, M.; Corniquel, M.; Collins,
K.A.; et al. A Randomized Controlled Trial of Repeated Ketamine Administration for Chronic Posttraumatic Stress Disorder. Am.
J. Psychiatry 2021, 178, 193–202. [CrossRef]

153. Rothbaum, B.O.; Price, M.; Jovanovic, T.; Norrholm, S.D.; Gerardi, M.; Dunlop, B.; Davis, M.; Bradley, B.; Duncan, E.J.; Rizzo,
A.; et al. A randomized, double-blind evaluation of D-cycloserine or alprazolam combined with virtual reality exposure therapy
for posttraumatic stress disorder in Iraq and Afghanistan War veterans. Am. J. Psychiatry 2014, 171, 640–648. [CrossRef]

154. Guina, J.; Rossetter, S.R.; De, R.B.; Nahhas, R.W.; Welton, R.S. Benzodiazepines for PTSD: A Systematic Review and Meta-Analysis.
J. Psychiatr Pract. 2015, 21, 281–303. [CrossRef]

155. Davis, L.L.; Davidson, J.R.; Ward, L.C.; Bartolucci, A.; Bowden, C.L.; Petty, F. Divalproex in the treatment of posttraumatic stress
disorder: A randomized, double-blind, placebo-controlled trial in a veteran population. J. Clin. Psychopharmacol. 2008, 28, 84–88.
[CrossRef]

156. Hamner, M.B.; Faldowski, R.A.; Robert, S.; Ulmer, H.G.; Horner, M.D.; Lorberbaum, J.P. A preliminary controlled trial of
divalproex in posttraumatic stress disorder. Ann. Clin. Psychiatry 2009, 21, 89–94.

157. Davidson, J.R.; Brady, K.; Mellman, T.A.; Stein, M.B.; Pollack, M.H. The efficacy and tolerability of tiagabine in adult patients with
post-traumatic stress disorder. J. Clin. Psychopharmacol. 2007, 27, 85–88. [CrossRef] [PubMed]

158. Yeh, M.S.; Mari, J.J.; Costa, M.C.; Andreoli, S.B.; Bressan, R.A.; Mello, M.F. A double-blind randomized controlled trial to study
the efficacy of topiramate in a civilian sample of PTSD. CNS Neurosci. Ther. 2011, 17, 305–310. [CrossRef] [PubMed]

http://doi.org/10.1176/appi.ajp.2014.14070908
http://doi.org/10.1001/jama.2015.8361
http://doi.org/10.1176/appi.ajp.158.12.1974
http://www.ncbi.nlm.nih.gov/pubmed/11729012
http://doi.org/10.1002/14651858.CD002795.pub2
http://www.ncbi.nlm.nih.gov/pubmed/16437445
http://www.ncbi.nlm.nih.gov/pubmed/19127485
http://doi.org/10.1038/npp.2015.190
http://doi.org/10.1055/s-0029-1237694
http://doi.org/10.1001/archpsyc.63.10.1158
http://doi.org/10.4088/JCP.v69n0611
http://doi.org/10.1186/1471-244X-14-S1-S1
http://doi.org/10.1001/jama.2011.1080
http://doi.org/10.1176/appi.ajp.2016.15070967
http://doi.org/10.1002/hup.2238
http://www.ncbi.nlm.nih.gov/pubmed/22730105
http://doi.org/10.1097/WNF.0000000000000251
http://www.ncbi.nlm.nih.gov/pubmed/29059134
http://doi.org/10.4088/PCC.11r01222
http://www.ncbi.nlm.nih.gov/pubmed/22943034
http://doi.org/10.1177/0269881115612236
http://www.ncbi.nlm.nih.gov/pubmed/26487439
http://doi.org/10.4088/JCP.20m13233
http://doi.org/10.1176/appi.ajp.2020.20050596
http://doi.org/10.1176/appi.ajp.2014.13121625
http://doi.org/10.1097/PRA.0000000000000091
http://doi.org/10.1097/JCP.0b013e318160f83b
http://doi.org/10.1097/JCP.0b013e31802e5115
http://www.ncbi.nlm.nih.gov/pubmed/17224720
http://doi.org/10.1111/j.1755-5949.2010.00188.x
http://www.ncbi.nlm.nih.gov/pubmed/21554564


Int. J. Mol. Sci. 2023, 24, 5238 28 of 31

159. Frijling, J.L. Preventing PTSD with oxytocin: Effects of oxytocin administration on fear neurocircuitry and PTSD symptom
development in recently trauma-exposed individuals. Eur. J. Psychotraumatol. 2017, 8, 1302652. [CrossRef] [PubMed]

160. Sack, M.; Spieler, D.; Wizelman, L.; Epple, G.; Stich, J.; Zaba, M.; Schmidt, U. Intranasal oxytocin reduces provoked symptoms
in female patients with posttraumatic stress disorder despite exerting sympathomimetic and positive chronotropic effects in a
randomized controlled trial. BMC Med. 2017, 15, 40. [CrossRef] [PubMed]

161. Flanagan, J.C.; Sippel, L.M.; Wahlquist, A.; Moran-Santa Maria, M.M.; Back, S.E. Augmenting Prolonged Exposure therapy for
PTSD with intranasal oxytocin: A randomized, placebo-controlled pilot trial. J. Psychiatr. Res. 2018, 98, 64–69. [CrossRef]

162. Milton, A.L. Fear not: Recent advances in understanding the neural basis of fear memories and implications for treatment
development. F1000Research 2019, 8, F1000. [CrossRef]

163. Debiec, J.; Ledoux, J.E. Disruption of reconsolidation but not consolidation of auditory fear conditioning by noradrenergic
blockade in the amygdala. Neuroscience 2004, 129, 267–272. [CrossRef]

164. Frewen, P.; Schmahl, C.; Olff, M. Interdisciplinary approaches to understand traumatic stress as a public health problem. Eur. J.
Psychotraumatol. 2017, 8, 1441582. [CrossRef]

165. Bakker, A.; Riper, H.; Olff, M. E-health applications in the field of traumatic stress. Eur. J. Psychotraumatol. 2020, 11, 1762317.
[CrossRef]

166. Rizzo, A.S.; Hartholt, A.; Mozgai, S. From Combat to COVID-19–Managing the Impact of Trauma Using Virtual Reality. J. Technol.
Hum. Serv. 2021, 39, 314–347. [CrossRef]

167. Riper, H.; Andersson, G.; Christensen, H.; Cuijpers, P.; Lange, A.; Eysenbach, G. Theme issue on e-mental health: A growing field
in internet research. J. Med. Internet Res. 2010, 12, e74. [CrossRef]

168. Bongaerts, H.; Voorendonk, E.M.; van Minnen, A.; de Jongh, A. Safety and effectiveness of intensive treatment for complex PTSD
delivered via home-based telehealth. Eur. J. Psychotraumatol. 2021, 12, 1860346. [CrossRef]

169. Wind, T.R.; Rijkeboer, M.; Andersson, G.; Riper, H. The COVID-19 pandemic: The ‘black swan’ for mental health care and a
turning point for e-health. Internet Interv. 2020, 20, 100317. [CrossRef]

170. Group, F.-N.B.W. BEST (Biomarkers, EndpointS, and other Tools) Resource; Food and Drug Administration (US): Silver Spring, MD,
USA; National Institutes of Health (US): Bethesda, MD, USA, 2016.

171. Stein, D.J.; McLaughlin, K.A.; Koenen, K.C.; Atwoli, L.; Friedman, M.J.; Hill, E.D.; Maercker, A.; Petukhova, M.; Shahly, V.;
van Ommeren, M.; et al. DSM-5 and ICD-11 definitions of posttraumatic stress disorder: Investigating “narrow” and “broad”
approaches. Depress. Anxiety 2014, 31, 494–505. [CrossRef] [PubMed]

172. Yang, S.; Wynn, G.H.; Ursano, R.J. A Clinician’s Guide to PTSD Biomarkers and Their Potential Future Use. Focus 2018, 16,
143–152. [CrossRef] [PubMed]

173. Schmidt, U.; Kaltwasser, S.F.; Wotjak, C.T. Biomarkers in posttraumatic stress disorder: Overview and implications for future
research. Dis. Mrk. 2013, 35, 43–54. [CrossRef] [PubMed]

174. Snijders, C.; Pries, L.K.; Sgammeglia, N.; Al Jowf, G.; Youssef, N.A.; de Nijs, L.; Guloksuz, S.; Rutten, B.P.F. Resilience Against
Traumatic Stress: Current Developments and Future Directions. Front. Psychiatry 2018, 9, 676. [CrossRef] [PubMed]

175. van Zuiden, M.; Geuze, E.; Willemen, H.L.; Vermetten, E.; Maas, M.; Heijnen, C.J.; Kavelaars, A. Pre-existing high glucocorticoid
receptor number predicting development of posttraumatic stress symptoms after military deployment. Am. J. Psychiatry 2011,
168, 89–96. [CrossRef]

176. van Zuiden, M.; Heijnen, C.J.; Maas, M.; Amarouchi, K.; Vermetten, E.; Geuze, E.; Kavelaars, A. Glucocorticoid sensitivity of leuko-
cytes predicts PTSD, depressive and fatigue symptoms after military deployment: A prospective study. Psychoneuroendocrinology
2012, 37, 1822–1836. [CrossRef]

177. van Zuiden, M.; Geuze, E.; Willemen, H.L.; Vermetten, E.; Maas, M.; Amarouchi, K.; Kavelaars, A.; Heijnen, C.J. Glucocorticoid
receptor pathway components predict posttraumatic stress disorder symptom development: A prospective study. Biol. Psychiatry
2012, 71, 309–316. [CrossRef]

178. Amstadter, A.B.; Nugent, N.R.; Yang, B.Z.; Miller, A.; Siburian, R.; Moorjani, P.; Haddad, S.; Basu, A.; Fagerness, J.; Saxe, G.; et al.
Corticotrophin-releasing hormone type 1 receptor gene (CRHR1) variants predict posttraumatic stress disorder onset and course
in pediatric injury patients. Dis. Mrk. 2011, 30, 89–99. [CrossRef]

179. Shalev, A.Y.; Sahar, T.; Freedman, S.; Peri, T.; Glick, N.; Brandes, D.; Orr, S.P.; Pitman, R.K. A prospective study of heart rate
response following trauma and the subsequent development of posttraumatic stress disorder. Arch. Gen. Psychiatry 1998, 55,
553–559. [CrossRef] [PubMed]

180. van Liempt, S.; van Zuiden, M.; Westenberg, H.; Super, A.; Vermetten, E. Impact of impaired sleep on the development of PTSD
symptoms in combat veterans: A prospective longitudinal cohort study. Depress. Anxiety 2013, 30, 469–474. [CrossRef]

181. Hinrichs, R.; van Rooij, S.J.; Michopoulos, V.; Schultebraucks, K.; Winters, S.; Maples-Keller, J.; Rothbaum, A.O.; Stevens, J.S.;
Galatzer-Levy, I.; Rothbaum, B.O.; et al. Increased Skin Conductance Response in the Immediate Aftermath of Trauma Predicts
PTSD Risk. Chronic Stress 2019, 3, 2470547019844441. [CrossRef] [PubMed]

182. Hsu, P.K.; Xu, B.; Mukai, J.; Karayiorgou, M.; Gogos, J.A. The BDNF Val66Met variant affects gene expression through miR-146b.
Neurobiol. Dis. 2015, 77, 228–237. [CrossRef] [PubMed]

183. Pitts, B.L.; Whealin, J.M.; Harpaz-Rotem, I.; Duman, R.S.; Krystal, J.H.; Southwick, S.M.; Pietrzak, R.H. BDNF Val66Met polymor-
phism and posttraumatic stress symptoms in U.S. military veterans: Protective effect of physical exercise. Psychoneuroendocrinology
2019, 100, 198–202. [CrossRef] [PubMed]

http://doi.org/10.1080/20008198.2017.1302652
http://www.ncbi.nlm.nih.gov/pubmed/28451068
http://doi.org/10.1186/s12916-017-0801-0
http://www.ncbi.nlm.nih.gov/pubmed/28209155
http://doi.org/10.1016/j.jpsychires.2017.12.014
http://doi.org/10.12688/f1000research.20053.1
http://doi.org/10.1016/j.neuroscience.2004.08.018
http://doi.org/10.1080/20008198.2018.1441582
http://doi.org/10.1080/20008198.2020.1762317
http://doi.org/10.1080/15228835.2021.1915931
http://doi.org/10.2196/jmir.1713
http://doi.org/10.1080/20008198.2020.1860346
http://doi.org/10.1016/j.invent.2020.100317
http://doi.org/10.1002/da.22279
http://www.ncbi.nlm.nih.gov/pubmed/24894802
http://doi.org/10.1176/appi.focus.20170045
http://www.ncbi.nlm.nih.gov/pubmed/31975909
http://doi.org/10.1155/2013/835876
http://www.ncbi.nlm.nih.gov/pubmed/24167348
http://doi.org/10.3389/fpsyt.2018.00676
http://www.ncbi.nlm.nih.gov/pubmed/30631285
http://doi.org/10.1176/appi.ajp.2010.10050706
http://doi.org/10.1016/j.psyneuen.2012.03.018
http://doi.org/10.1016/j.biopsych.2011.10.026
http://doi.org/10.1155/2011/928497
http://doi.org/10.1001/archpsyc.55.6.553
http://www.ncbi.nlm.nih.gov/pubmed/9633675
http://doi.org/10.1002/da.22054
http://doi.org/10.1177/2470547019844441
http://www.ncbi.nlm.nih.gov/pubmed/31179413
http://doi.org/10.1016/j.nbd.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25771167
http://doi.org/10.1016/j.psyneuen.2018.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30388593


Int. J. Mol. Sci. 2023, 24, 5238 29 of 31

184. Wang, T. Does BDNF Val66Met Polymorphism Confer Risk for Posttraumatic Stress Disorder? Neuropsychobiology 2015, 71,
149–153. [CrossRef] [PubMed]

185. Bruenig, D.; Lurie, J.; Morris, C.P.; Harvey, W.; Lawford, B.; Young, R.M.; Voisey, J. A Case-Control Study and Meta-Analysis
Reveal BDNF Val66Met Is a Possible Risk Factor for PTSD. Neural Plast. 2016, 2016, 6979435. [CrossRef]

186. Pole, N. The psychophysiology of posttraumatic stress disorder: A meta-analysis. Psychol. Bull. 2007, 133, 725–746. [CrossRef]
[PubMed]

187. O’Toole, B.I.; Catts, S.V. Trauma, PTSD, and physical health: An epidemiological study of Australian Vietnam veterans.
J. Psychosom. Res. 2008, 64, 33–40. [CrossRef] [PubMed]

188. Morris, M.C.; Hellman, N.; Abelson, J.L.; Rao, U. Cortisol, heart rate, and blood pressure as early markers of PTSD risk: A
systematic review and meta-analysis. Clin. Psychol. Rev. 2016, 49, 79–91. [CrossRef]

189. Yehuda, R.; Neylan, T.C.; Flory, J.D.; McFarlane, A.C. The use of biomarkers in the military: From theory to practice. Psychoneu-
roendocrinology 2013, 38, 1912–1922. [CrossRef] [PubMed]

190. Dickstein, B.D.; Suvak, M.; Litz, B.T.; Adler, A.B. Heterogeneity in the course of posttraumatic stress disorder: Trajectories of
symptomatology. J. Trauma. Stress 2010, 23, 331–339. [CrossRef]

191. Michopoulos, V.; Norrholm, S.D.; Jovanovic, T. Diagnostic Biomarkers for Posttraumatic Stress Disorder: Promising Horizons
from Translational Neuroscience Research. Biol. Psychiatry 2015, 78, 344–353. [CrossRef] [PubMed]

192. An, N.; Bassil, K.; Al Jowf, G.I.; Steinbusch, H.W.M.; Rothermel, M.; de Nijs, L.; Rutten, B.P.F. Dual-specificity phosphatases in
mental and neurological disorders. Prog. Neurobiol. 2021, 198, 101906. [CrossRef] [PubMed]

193. Hawk, L.W.; Dougall, A.L.; Ursano, R.J.; Baum, A. Urinary catecholamines and cortisol in recent-onset posttraumatic stress
disorder after motor vehicle accidents. Psychosom. Med. 2000, 62, 423–434. [CrossRef]

194. Yehuda, R.; Cai, G.; Golier, J.A.; Sarapas, C.; Galea, S.; Ising, M.; Rein, T.; Schmeidler, J.; Müller-Myhsok, B.; Holsboer, F.; et al.
Gene expression patterns associated with posttraumatic stress disorder following exposure to the World Trade Center attacks.
Biol. Psychiatry 2009, 66, 708–711. [CrossRef]

195. Geuze, E.; van Wingen, G.A.; van Zuiden, M.; Rademaker, A.R.; Vermetten, E.; Kavelaars, A.; Fernández, G.; Heijnen, C.J.
Glucocorticoid receptor number predicts increase in amygdala activity after severe stress. Psychoneuroendocrinology 2012, 37,
1837–1844. [CrossRef]

196. Logue, M.W.; van Rooij, S.J.H.; Dennis, E.L.; Davis, S.L.; Hayes, J.P.; Stevens, J.S.; Densmore, M.; Haswell, C.C.; Ipser, J.; Koch,
S.B.J.; et al. Smaller Hippocampal Volume in Posttraumatic Stress Disorder: A Multisite ENIGMA-PGC Study: Subcortical
Volumetry Results From Posttraumatic Stress Disorder Consortia. Biol. Psychiatry 2018, 83, 244–253. [CrossRef]

197. Snijders, C.; Krauskopf, J.; Pishva, E.; Eijssen, L.; Machiels, B.; Kleinjans, J.; Kenis, G.; van den Hove, D.; Kim, M.O.; Boks,
M.P.M.; et al. Circulating Serum MicroRNAs as Potential Diagnostic Biomarkers of Posttraumatic Stress Disorder: A Pilot Study.
Front. Genet. 2019, 10, 1042. [CrossRef]

198. Rasmusson, A.M.; Hauger, R.L.; Morgan, C.A.; Bremner, J.D.; Charney, D.S.; Southwick, S.M. Low baseline and yohimbine-
stimulated plasma neuropeptide Y (NPY) levels in combat-related PTSD. Biol. Psychiatry 2000, 47, 526–539. [CrossRef] [PubMed]

199. Morgan, C.A., 3rd; Rasmusson, A.M.; Winters, B.; Hauger, R.L.; Morgan, J.; Hazlett, G.; Southwick, S. Trauma exposure rather
than posttraumatic stress disorder is associated with reduced baseline plasma neuropeptide-Y levels. Biol. Psychiatry 2003, 54,
1087–1091. [CrossRef] [PubMed]

200. Sah, R.; Ekhator, N.N.; Strawn, J.R.; Sallee, F.R.; Baker, D.G.; Horn, P.S.; Geracioti, T.D., Jr. Low cerebrospinal fluid neuropeptide Y
concentrations in posttraumatic stress disorder. Biol. Psychiatry 2009, 66, 705–707. [CrossRef]

201. Sah, R.; Ekhator, N.N.; Jefferson-Wilson, L.; Horn, P.S.; Geracioti, T.D., Jr. Cerebrospinal fluid neuropeptide Y in combat veterans
with and without posttraumatic stress disorder. Psychoneuroendocrinology 2014, 40, 277–283. [CrossRef] [PubMed]

202. Mojtabavi, H.; Saghazadeh, A.; van den Heuvel, L.; Bucker, J.; Rezaei, N. Peripheral blood levels of brain-derived neurotrophic
factor in patients with post-traumatic stress disorder (PTSD): A systematic review and meta-analysis. PLoS ONE 2020, 15,
e0241928. [CrossRef] [PubMed]

203. Hofmann, J.; Huber, C.; Novak, B.; Schreckenbach, M.; Schubert, C.F.; Touma, C.; Rutten, B.P.; Schmidt, U. Oxytocin receptor is a
potential biomarker of the hyporesponsive HPA axis subtype of PTSD and might be modulated by HPA axis reactivity traits in
humans and mice. Psychoneuroendocrinology 2021, 129, 105242. [CrossRef] [PubMed]

204. Blier, P.; El Mansari, M. The importance of serotonin and noradrenaline in anxiety. Int. J. Psychiatry Clin. Pract. 2007, 11 (Suppl. S2),
16–23. [CrossRef] [PubMed]

205. Yehuda, R. Neuroendocrine aspects of PTSD. Handb. Exp. Pharm. 2005, 169, 371–403. [CrossRef]
206. Meewisse, M.L.; Reitsma, J.B.; de Vries, G.J.; Gersons, B.P.; Olff, M. Cortisol and post-traumatic stress disorder in adults:

Systematic review and meta-analysis. Br. J. Psychiatry 2007, 191, 387–392. [CrossRef]
207. Hauck, S.; Kapczinski, F.; Roesler, R.; de Moura Silveira, E., Jr.; Magalhães, P.V.; Kruel, L.R.; Schestatsky, S.S.; Ceitlin, L.H. Serum

brain-derived neurotrophic factor in patients with trauma psychopathology. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34,
459–462. [CrossRef]

208. Balakathiresan, N.S.; Chandran, R.; Bhomia, M.; Jia, M.; Li, H.; Maheshwari, R.K. Serum and amygdala microRNA signatures of
posttraumatic stress: Fear correlation and biomarker potential. J. Psychiatr Res. 2014, 57, 65–73. [CrossRef]

209. Hughes, K.C.; Shin, L.M. Functional neuroimaging studies of post-traumatic stress disorder. Expert Rev. Neurother. 2011, 11,
275–285. [CrossRef] [PubMed]

http://doi.org/10.1159/000381352
http://www.ncbi.nlm.nih.gov/pubmed/25925851
http://doi.org/10.1155/2016/6979435
http://doi.org/10.1037/0033-2909.133.5.725
http://www.ncbi.nlm.nih.gov/pubmed/17723027
http://doi.org/10.1016/j.jpsychores.2007.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18157997
http://doi.org/10.1016/j.cpr.2016.09.001
http://doi.org/10.1016/j.psyneuen.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23927936
http://doi.org/10.1002/jts.20523
http://doi.org/10.1016/j.biopsych.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25727177
http://doi.org/10.1016/j.pneurobio.2020.101906
http://www.ncbi.nlm.nih.gov/pubmed/32905807
http://doi.org/10.1097/00006842-200005000-00016
http://doi.org/10.1016/j.biopsych.2009.02.034
http://doi.org/10.1016/j.psyneuen.2012.03.017
http://doi.org/10.1016/j.biopsych.2017.09.006
http://doi.org/10.3389/fgene.2019.01042
http://doi.org/10.1016/S0006-3223(99)00185-7
http://www.ncbi.nlm.nih.gov/pubmed/10715359
http://doi.org/10.1016/S0006-3223(03)00433-5
http://www.ncbi.nlm.nih.gov/pubmed/14625151
http://doi.org/10.1016/j.biopsych.2009.04.037
http://doi.org/10.1016/j.psyneuen.2013.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24485499
http://doi.org/10.1371/journal.pone.0241928
http://www.ncbi.nlm.nih.gov/pubmed/33152026
http://doi.org/10.1016/j.psyneuen.2021.105242
http://www.ncbi.nlm.nih.gov/pubmed/33975150
http://doi.org/10.1080/13651500701388310
http://www.ncbi.nlm.nih.gov/pubmed/24926868
http://doi.org/10.1007/3-540-28082-0_13
http://doi.org/10.1192/bjp.bp.106.024877
http://doi.org/10.1016/j.pnpbp.2010.01.010
http://doi.org/10.1016/j.jpsychires.2014.05.020
http://doi.org/10.1586/ern.10.198
http://www.ncbi.nlm.nih.gov/pubmed/21306214


Int. J. Mol. Sci. 2023, 24, 5238 30 of 31

210. Koenigs, M.; Grafman, J. Posttraumatic stress disorder: The role of medial prefrontal cortex and amygdala. Neuroscientist 2009, 15,
540–548. [CrossRef] [PubMed]

211. Admon, R.; Milad, M.R.; Hendler, T. A causal model of post-traumatic stress disorder: Disentangling predisposed from acquired
neural abnormalities. Trends Cogn. Sci. 2013, 17, 337–347. [CrossRef] [PubMed]

212. Carmassi, C.; Marazziti, D.; Mucci, F.; Della Vecchia, A.; Barberi, F.M.; Baroni, S.; Giannaccini, G.; Palego, L.; Massimetti, G.;
Dell’Osso, L. Decreased Plasma Oxytocin Levels in Patients With PTSD. Front. Psychol. 2021, 12, 612338. [CrossRef] [PubMed]

213. Grasser, L.R.; Saad, B.; Bazzi, C.; Wanna, C.; Abu Suhaiban, H.; Mammo, D.; Jovanovic, T.; Javanbakht, A. Skin conductance
response to trauma interview as a candidate biomarker of trauma and related psychopathology in youth resettled as refugees.
Eur. J. Psychotraumatol. 2022, 13, 2083375. [CrossRef]

214. Hinrichs, R.; Michopoulos, V.; Winters, S.; Rothbaum, A.O.; Rothbaum, B.O.; Ressler, K.J.; Jovanovic, T. Mobile assessment of
heightened skin conductance in posttraumatic stress disorder. Depress. Anxiety 2017, 34, 502–507. [CrossRef]

215. Elliott, P.; Biddle, D.; Hawthorne, G.; Forbes, D.; Creamer, M. Patterns of treatment response in chronic posttraumatic stress
disorder: An application of latent growth mixture modeling. J. Trauma. Stress 2005, 18, 303–311. [CrossRef]

216. Stein, N.R.; Dickstein, B.D.; Schuster, J.; Litz, B.T.; Resick, P.A. Trajectories of response to treatment for posttraumatic stress
disorder. Behav. Ther. 2012, 43, 790–800. [CrossRef]

217. Felmingham, K.; Kemp, A.; Williams, L.; Das, P.; Hughes, G.; Peduto, A.; Bryant, R. Changes in anterior cingulate and amygdala
after cognitive behavior therapy of posttraumatic stress disorder. Psychol. Sci. 2007, 18, 127–129. [CrossRef]

218. Pagani, M.; Högberg, G.; Salmaso, D.; Nardo, D.; Sundin, O.; Jonsson, C.; Soares, J.; Aberg-Wistedt, A.; Jacobsson, H.; Larsson,
S.A.; et al. Effects of EMDR psychotherapy on 99mTc-HMPAO distribution in occupation-related post-traumatic stress disorder.
Nucl. Med. Commun. 2007, 28, 757–765. [CrossRef] [PubMed]

219. Bryant, R.A.; Felmingham, K.; Kemp, A.; Das, P.; Hughes, G.; Peduto, A.; Williams, L. Amygdala and ventral anterior cingulate
activation predicts treatment response to cognitive behaviour therapy for post-traumatic stress disorder. Psychol. Med. 2008, 38,
555–561. [CrossRef] [PubMed]

220. Mushtaq, D.; Ali, A.; Margoob, M.A.; Murtaza, I.; Andrade, C. Association between serotonin transporter gene promoter-region
polymorphism and 4- and 12-week treatment response to sertraline in posttraumatic stress disorder. J. Affect. Disord. 2012, 136,
955–962. [CrossRef]

221. Berger, W.; Mehra, A.; Lenoci, M.; Metzler, T.J.; Otte, C.; Tarasovsky, G.; Mellon, S.H.; Wolkowitz, O.M.; Marmar, C.R.; Neylan,
T.C. Serum brain-derived neurotrophic factor predicts responses to escitalopram in chronic posttraumatic stress disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2010, 34, 1279–1284. [CrossRef] [PubMed]

222. Stevens, J.S.; Reddy, R.; Kim, Y.J.; van Rooij, S.J.H.; Ely, T.D.; Hamann, S.; Ressler, K.J.; Jovanovic, T. Episodic memory after
trauma exposure: Medial temporal lobe function is positively related to re-experiencing and inversely related to negative affect
symptoms. Neuroimage Clin. 2018, 17, 650–658. [CrossRef]

223. Cutsuridis, V.; Yoshida, M. Editorial: Memory Processes in Medial Temporal Lobe: Experimental, Theoretical and Computational
Approaches. Front. Syst. Neurosci. 2017, 11, 19. [CrossRef] [PubMed]

224. Ryan, R.; Booth, S.; Spathis, A.; Mollart, S.; Clow, A. Use of Salivary Diurnal Cortisol as an Outcome Measure in Randomised
Controlled Trials: A Systematic Review. Ann. Behav. Med. 2016, 50, 210–236. [CrossRef]

225. Zaba, M.; Kirmeier, T.; Ionescu, I.A.; Wollweber, B.; Buell, D.R.; Gall-Kleebach, D.J.; Schubert, C.F.; Novak, B.; Huber, C.;
Köhler, K.; et al. Identification and characterization of HPA-axis reactivity endophenotypes in a cohort of female PTSD patients.
Psychoneuroendocrinology 2015, 55, 102–115. [CrossRef]

226. Rutten, B.P.F.; Vermetten, E.; Vinkers, C.H.; Ursini, G.; Daskalakis, N.P.; Pishva, E.; de Nijs, L.; Houtepen, L.C.; Eijssen, L.;
Jaffe, A.E.; et al. Longitudinal analyses of the DNA methylome in deployed military servicemen identify susceptibility loci for
post-traumatic stress disorder. Mol. Psychiatry 2018, 23, 1145–1156. [CrossRef]

227. Snijders, C.; Maihofer, A.X.; Ratanatharathorn, A.; Baker, D.G.; Boks, M.P.; Geuze, E.; Jain, S.; Kessler, R.C.; Pishva, E.; Risbrough,
V.B.; et al. Longitudinal epigenome-wide association studies of three male military cohorts reveal multiple CpG sites associated
with post-traumatic stress disorder. Clin. Epigenet. 2020, 12, 11. [CrossRef]

228. Logue, M.W.; Miller, M.W.; Wolf, E.J.; Huber, B.R.; Morrison, F.G.; Zhou, Z.; Zheng, Y.; Smith, A.K.; Daskalakis, N.P.;
Ratanatharathorn, A.; et al. An epigenome-wide association study of posttraumatic stress disorder in US veterans implicates
several new DNA methylation loci. Clin. Epigenet. 2020, 12, 46. [CrossRef] [PubMed]

229. Mehta, D.; Bruenig, D.; Carrillo-Roa, T.; Lawford, B.; Harvey, W.; Morris, C.P.; Smith, A.K.; Binder, E.B.; Young, R.M.; Voisey,
J. Genomewide DNA methylation analysis in combat veterans reveals a novel locus for PTSD. Acta Psychiatr. Scand. 2017, 136,
493–505. [CrossRef] [PubMed]

230. Berlim, M.T.; Van Den Eynde, F. Repetitive transcranial magnetic stimulation over the dorsolateral prefrontal cortex for treating
posttraumatic stress disorder: An exploratory meta-analysis of randomized, double-blind and sham-controlled trials. Can. J.
Psychiatry 2014, 59, 487–496. [CrossRef] [PubMed]

231. Reiter, K.; Andersen, S.B.; Carlsson, J. Neurofeedback Treatment and Posttraumatic Stress Disorder: Effectiveness of Neuro-
feedback on Posttraumatic Stress Disorder and the Optimal Choice of Protocol. J. Nerv. Ment. Dis. 2016, 204, 69–77. [CrossRef]
[PubMed]

http://doi.org/10.1177/1073858409333072
http://www.ncbi.nlm.nih.gov/pubmed/19359671
http://doi.org/10.1016/j.tics.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23768722
http://doi.org/10.3389/fpsyg.2021.612338
http://www.ncbi.nlm.nih.gov/pubmed/34276462
http://doi.org/10.1080/20008198.2022.2083375
http://doi.org/10.1002/da.22610
http://doi.org/10.1002/jts.20041
http://doi.org/10.1016/j.beth.2012.04.003
http://doi.org/10.1111/j.1467-9280.2007.01860.x
http://doi.org/10.1097/MNM.0b013e3282742035
http://www.ncbi.nlm.nih.gov/pubmed/17728604
http://doi.org/10.1017/S0033291707002231
http://www.ncbi.nlm.nih.gov/pubmed/18005496
http://doi.org/10.1016/j.jad.2011.08.033
http://doi.org/10.1016/j.pnpbp.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20643177
http://doi.org/10.1016/j.nicl.2017.11.016
http://doi.org/10.3389/fnsys.2017.00019
http://www.ncbi.nlm.nih.gov/pubmed/28428747
http://doi.org/10.1007/s12160-015-9753-9
http://doi.org/10.1016/j.psyneuen.2015.02.005
http://doi.org/10.1038/mp.2017.120
http://doi.org/10.1186/s13148-019-0798-7
http://doi.org/10.1186/s13148-020-0820-0
http://www.ncbi.nlm.nih.gov/pubmed/32171335
http://doi.org/10.1111/acps.12778
http://www.ncbi.nlm.nih.gov/pubmed/28795405
http://doi.org/10.1177/070674371405900905
http://www.ncbi.nlm.nih.gov/pubmed/25565694
http://doi.org/10.1097/NMD.0000000000000418
http://www.ncbi.nlm.nih.gov/pubmed/26825263


Int. J. Mol. Sci. 2023, 24, 5238 31 of 31

232. Rosenbaum, S.; Vancampfort, D.; Steel, Z.; Newby, J.; Ward, P.B.; Stubbs, B. Physical activity in the treatment of Post-traumatic
stress disorder: A systematic review and meta-analysis. Psychiatry Res. 2015, 230, 130–136. [CrossRef]

233. Reznikov, R.; Hamani, C. Posttraumatic Stress Disorder: Perspectives for the Use of Deep Brain Stimulation. Neuromodulation
2017, 20, 7–14. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.psychres.2015.10.017
http://doi.org/10.1111/ner.12551
http://www.ncbi.nlm.nih.gov/pubmed/27992092

	Introduction 
	Epidemiology and Models of PTSD Development 
	Epidemiology of PTSD 
	Models of Disease Development 
	Diathesis–Stress Model for PTSD 
	Biopsychosocial Model 
	Animal Models of PTSD 


	Pathophysiology 
	Brain Circuits 
	Neurochemical Factors 
	Dysregulation of the Noradrenergic System 
	Dysregulation of Serotonin Signalling 
	Dopamine 
	Gamma-Aminobutyric Acid (GABA) 
	Neuropeptide Y (NPY) 
	Brain-Derived Neurotropic Factor (BDNF) 
	Cannabinoid and Opioid Receptors 
	Oxytocin 

	Dysfunctional HPA Axis 
	Conclusive Remarks 

	Prevention Model of PTSD 
	Treatment Modalities for PTSD and E-Mental Health 
	Trauma-Based Psychotherapy 
	Non-Trauma Focused Psychotherapy 
	Pharmacological Therapy 
	E-Mental Health and Virtual Reality (VR) 
	Conclusive Remarks 

	PTSD Biomarkers 
	Susceptibility Biomarkers 
	Diagnostic Biomarkers 
	Therapeutic Biomarkers 
	Conclusive Remarks 

	Limitations and Future Directions 
	Conclusions and Perspectives 
	References

