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Abstract
Evidence indicates that early life stress (ELS) may act as a risk factor for the
development and maintenance of adulthood severe mental health disorders due to
persistent dysregulation within the hypothalamic-pituitary-adrenal (HPA) axis. It is now
broadly accepted that psychological stress may change the internal homeostatic state
of an individual. The dysregulation seems to be a byproduct of changes noted in the
HPA axis hormone’s ability to bind to the glucocorticoid and mineralocorticoid
receptors, crucial in maintaining homeostasis. Whenever there is an acute interruption
of this balance, illness may result. The social and physical environments have an
enormous impact on our physiology and behavior, and they influence the process of
adaptation or ‘allostasis’. The HPA axis response to stress can be thought of as a
mirror of the organism's response to stress: acute responses are generally adaptive,
but excessive or prolonged responses can lead to deleterious effects. Evidence
indicates that early-life stress can induce persistent changes in the ability of the HPA
axis to respond to stress in adulthood This review aims to examine and summarise
the existing literature exploring the relationship between ELS with regards specifically
to HPA axis functioning. The maintenance of the internal homeostatic state of an
individual is proposed to be based on the ability of circulating glucocorticoids to exert
negative feedback on the secretion of HPA hormones through binding to
mineralocorticoid (MR) and glucocorticoid (GR) receptors limiting the vulnerability to
diseases related to psychological stress in genetically predisposed individuals.
Keywords: Hypothalamic-Pituitary-Adrenal Axis; Early Life Stress; Mineralocorticoid
Receptor; Glucocorticoid Receptor; Stress; Corticosteroid

Evidence indicates that early life stress (ELS) may act as a risk factor for the
development and maintenance of psychiatry disorder due to persistent dysregulation
within the hypothalamic-pituitary-adrenal (HPA) axis [1].
It is now broadly accepted that psychological stress may change the internal
homeostatic state of an individual. During acute stress, adaptive physiological
responses occur, which include hyperactivity of the HPA axis. Whenever there is an
acute interruption of this balance, an illness may result. The social and physical
environments have an enormous impact on our physiology and behavior, and they
influence the process of adaptation or ‘allostasis’. It is correct to state that at the same
time that our experiences change our brain and thoughts, namely, changing our mind,
we are changing our neurobiology [2].
The maintenance of the internal homeostatic state of an individual is proposed to be
based on the ability of circulating glucocorticoids to exert negative feedback on the
secretion of HPA hormones through binding to mineralocorticoid (MR) and
glucocorticoid (GR) receptors limiting the vulnerability to diseases related to
psychological stress in genetically predisposed individuals [3].
Psychological stress may change the internal homeostatic state of an individual.
During acute stress, adaptive physiological responses occur, including increased
adrenocortical hormone secretion, primarily cortisol [4], [5]. Whenever an acute
interruption of this balance occurs, an illness may result. Particularly interesting are
psychological stress (i.e., the stress in mind) and the interactions with the
nervous, endocrine, and immune systems [6]. Childhood maltreatment is a major
social problem. It is a complex global phenomenon that does not respect boundaries
of class, race, religion, age, or educational level and can occur both publicly and
privately, resulting in serious physical injury or even death. Moreover, its psychological
consequences can acutely affect a child's mental health well into adulthood [5].

2. Psychoneuroendocrinology of the Hypothalamic-Pituitary-Adrenal Axis
The HPA axis constitutes one of the major endocrine systems that maintain
homeostasis when the organism is challenged or stressed. Activation of the HPA axis
is perhaps the most important endocrine component of the stress response [6, 7].
Abnormal activation of the HPA axis, as well as increased circulating levels of cortisol,
is one potential explanation for many of the features of early life stress (ELS), and
many previous studies have described an impaired HPA negative feedback, in the
more severe forms of ELS. The effects of ELS negatively influence child development,
affecting all spheres of an individual’s life: behavioral, emotional, social, cognitive, and
physical [7, 8].
Cortisol mediates its action, including feedback regulation of the HPA axis, through
two distinct intracellular corticosteroid receptor subtypes referred to as MR
and GR [8,9]. The type-I receptor (MR) has a limited distribution, and it is found in
relatively high density in the hippocampus [10] and in sensory and motor sites outside
the hypothalamus [11]. The expression of type-II receptors (GR) is more widespread,
and they are found in the hippocampus, the amygdala, the hypothalamus, and the
catecholaminergic cell bodies of the brain stem [12]. Under basal levels of cortisol,
negative feedback is mediated mainly through the MR in the hippocampus, whereas
under stress and high cortisol concentrations, feedback is mediated by the less
sensitive GR in the hippocampus, hypothalamus, and pituitary gland [8]. The balance
in these MR- and GR-mediated effects on the stress system is of crucial importance
to the set point of the HPA axis activity [8]. It is proposed that the maintenance of
corticosteroid homeostasis and the balance in MR-/GR-mediated effects limit
vulnerability to stress-related diseases in genetically predisposed individuals [9].
Stress-induced activation of the HPA axis generally involves stimulated release
of corticotropin-releasing factor (CRF) from the paraventricular nucleus (PVN) of the
hypothalamus into the portal venous circulation, where CRF stimulates the synthesis
of proopiomelanocortin, the precursor of adrenocorticotropic hormone (ACTH) from
anterior pituitary cells. Arginine-vasopressin (AVP) is a potent synergistic factor with
CRF in stimulating ACTH secretion [10, 11].
In the hypothalamus, the PVN receives fibres from a number of brain areas, notably
the brain stem and limbic system (e.g., amygdala and the septal areas). It is thought

that these afferents may be important in HPA responses to behavioral and emotional
stimuli and may play a role in corticosteroid feedback. Several peptides are released
alongside and interact with CRF at the level of the anterior pituitary and alter the
stimulatory action of ACTH secretion [12].
Increases in circulating ACTH stimulate glucocorticoid release from the adrenal
cortex: cortisol is the principal glucocorticoid in humans, and corticosterone is the
principal glucocorticoid in other species, such as rats [10,12,13].
The division of the adrenal cortex into separate layers is important since zones
produce different steroids [13], see Table 1. The zona fasciculata produces cortisol at
the rate of 12–15 mg/m2 of body surface area per day [14]. However, more than 90%
of the circulating cortisol is bound to corticosteroid-binding globulin (CBG) in humans
and rodents [15]. Also, it has been observed that both exogenous glucocorticoid
administration and endogenous increases in plasma cortisol (for example, Cushing's
syndrome) result in a 30–40% decrease in the plasma CBG concentration [16]. Thus,
CBG levels fluctuate according to glucocorticoid concentration.
Insert Table 1

Adrenocorticotropic hormone is secreted in irregular bursts throughout the day, and
plasma cortisol tends to rise and fall in response to this pulsatile secretion. In humans,
the bursts are most frequent in the early morning and least frequent in the
evening [17]. The biological clock responsible for the diurnal ACTH rhythm is thought
to be in the suprachiasmatic nuclei of the hypothalamus. Changes in the activity of
these neurons increase the release of CRF and AVP by the PVN during usual times
of peak activity [18].
A wide variation in cortisol levels is observed among individuals in response to a
stressor. This variability is so marked that in any one individual, it is not always
possible to distinguish a stress response from a spontaneously occurring pulse. Young
and Altemus [19] put forward a different hypothesis that acute stressors “advance” a
spontaneous cortisol pulse rather than activate cortisol release as an independent
variable, thereby acting as a synchronizer or “zeitgeber” for the ultradian cortisol
rhythm, whose effectiveness will depend on a number of variables that control the
individual's endogenous rhythm. Finally, pulsatility analysis enables us to examine

multiple aspects of the control of the HPA axis, extending our understanding well
beyond mean cortisol levels [19].
Cortisol has an effect on every bodily system [20,21], however, of interest to this
review is its ability to rapidly mobilise amino acids and fat from cells for energy or
synthesis into new compounds; making it critical in the coordination and regulation of
both the physiological and psychological responses to stress [21].
Glucocorticoids control their own synthesis and release by completing a negative
feedback loop at the level of the anterior pituitary [22], hypothalamus [23], and other
higher centres, including the mesencephalic reticular formation [24].
The negative feedback mechanisms constitute a rate-sensitive fast feedback system
and a delayed feedback system. Fast feedback is proportional to the rate of rising of
steroid concentrations and perhaps serves to limit the amplitude of the response [25].
In contrast, delayed feedback is related to the ambient concentration of corticosteroid
and is frequently the consequence of repeated or continuous administration of high
doses of glucocorticoids [26]. Delayed feedback may persist for days or weeks after
the steroid treatment is withdrawn [27], see Table 2.
Insert Table 2
The most robust and consistent finding in major depression so far has been its link to
the abnormalities of the stress response system. The stress response system is a
complex, multilevel mechanism largely dependent on feedback regulation.
A systematic review of the literature demonstrated that different EP subtypes are
associated with psychiatric disorders in adults, mainly with depressive disorders,
anxious and borderline personality disorders [28]. Another systematic review [29]
analyzed the direct association between the different subtypes of PE with the
psychiatric disorders in adults, revealing that physical, sexual abuse and nonspecific
neglect have been associated with depressive disorders and anxious, while physical
neglect was associated with personality disorder and that the emotional abuse was
associated with personality and schizophrenia.

3. The Glucocorticoid Receptors
Cortisol regulates the HPA axis via the negative feedback loop (NFL), which is
comprised of two distinct corticosteroid receptors MR and GR. MR are located
predominantly in the hippocampus and have a ten-fold increased affinity for cortisol
compared to GRs, making them essential in the homeostasis of basal HPA axis activity
[30, 31], GRs are more widespread throughout the primate brain and are believed to
detect and regulate influxes in cortisol as a result of the circadian peak or stressinduced triggers, as well as responding to chronic stress [30-32].
Chronic stress has been accepted as a significant risk factor for the pathogenesis and
exacerbation of numerous physical and psychiatric diseases [29, 33-36]. It is widely
accepted that chronic stress may cause an allostatic shift in the diurnal rhythm of
cortisol and stress-induced cortisol levels, increasing the sensitivity of the HPA axis
[38]. More specifically, it is postulated that chronic stress may cause dysregulation of
the GRs and/or MRs, directly resulting in increased vulnerability to physical and
psychiatric diseases such as depression [34,38]. However, the direction of
dysregulation is not a unanimous finding, see Figure 1.
Insert Figure 1
Data on corticosteroid receptor diversity led de Kloet et al. [8] to a working hypothesis
that in rodents, “tonic influences of corticosterone are exerted via hippocampal MRs,
while the additional occupancy of GRs with higher levels of corticosterone mediates
feedback actions aimed to restore disturbances in homeostasis” [8]. This proposal
provides a receptor-based version of Selye's classical pendulum hypothesis on
opposing

effects

of mineralocorticoids and

glucocorticoids

in

host

defence,

see Table 3.
Insert Table 3
MRs may be necessary for glucocorticoid regulation of HPA axis activity during mild
stressors but not during stressors that result in a stronger corticosterone response. It
is proposed that the maintenance in corticosteroid homeostasis and the balance in

MR-/GR-mediated effects limit vulnerability to stress-related diseases in genetically
predisposed individuals [39].
Steroid hormones are small, lipid-soluble ligands that diffuse across cell membranes.
Unlike the receptors for peptide hormones, which are located in the cell membrane,
the receptors for these ligands are localized in the cytoplasm. In response to ligand
binding, steroid hormone receptors translocate to the nucleus, where they regulate the
expression

of

certain

genes

by

binding

to

specific

hormone response

elements (HREs) in their regulatory regions. According to the “nucleocytoplasmic
traffic” model of GR action, the GR in its “unactivated” form resides primarily in the
cytoplasm in association with a multimeric complex of chaperone proteins including
several heat shock proteins (HSPs) [39].
After being bound by steroid, the GR undergoes a conformational change, dissociates
from the chaperone protein complex, and translocates from the cytoplasm to the
nucleus, where it either binds to glucocorticoid response elements (GREs) on DNA or
interacts with other transcription factors [40]. Glucocorticoid response elements can
confer either positive or negative regulation on the genes to which they are linked. The
activated GR cannot rebind ligand since association with the chaperone protein
complex is required for maintaining the receptor in a conformational state receptive to
a hormone, see Figure 2.
Insert Figure 2
Glucocorticoid receptors have a low affinity but high capacity for cortisol and are very
responsive to changes in cortisol concentrations [41].
Cortisol is an important epigenetic agent that regulates the expression of a large array
of genes [42]. GC are thought to regulate approximately 20% of the expressed human
genome, and their effects spare no organ or tissue [43].
Studies on the subcellular localization of the MR have been controversial [44]. In the
lack of corticosteroid hormone, MR is present both in the cytoplasm and in the nucleus.
However, the presence of corticosteroid hormone-induced a rapid nuclear
accumulation of the MR [45]. The MR has a high affinity for endogenous
glucocorticoids: the in vitro dissociation constant/ionization constant (Kd/Ki) is 0.13 nM
for cortisol binding to human MR [46] and 0.5 nM for corticosterone binding to mouse
MR [8]. In contrast, the GR has a low affinity for endogenous glucocorticoids: the in

vitro Kd/Ki is 15 nM for cortisol binding to human GR [44] and 5 nM for corticosterone
binding to mouse GR [8].
Under basal levels of cortisol, negative feedback is mediated mainly through the MR
in the hippocampus, whereas under stress and high cortisol concentrations, the less
sensitive GR in the hippocampus, hypothalamus, and pituitary gland come into play.
The balance in these MR- and GR-mediated effects on the stress system is of crucial
importance to the set point of the HPA axis activity [8]. Spencer et al. [39] and de Kloet
et al. [8] have clarified that GR activation is necessary for the HPA feedback regulation
when levels of glucocorticoids are high (response to stress, circadian peak) but that
MR also plays an important role by modulating GR-dependent regulation.
4. Early Life Stress
As Clinical researchers we are mainly interested in considerate the means by which
ELS might be associated to depression and if they are reliable with the neurobiology
changes found in animal models [45]. Social and physical environments have an
enormous impact on our physiology and behavior, and they influence the process of
adaptation or allostasis. The concept of Stress can be defined as an emotional
experience in response to a stressor and manifests itself by biochemical,
physiological, cognitive, and behavioral changes. These changes are directed both at
altering the stressor and accommodating its effects [29]. A stressor (or stressful event)
is a physical or imagined stimulus that disturbs or threatens to disturb homeostasis
[46].
Adverse experiences early in life are linked with an increased risk of developing
psychiatric disorders later in life. The concept of early-life stress (ELS) is quite broad
and includes the different traumatic experiences that occur during childhood and
adolescence encapsulating all traumatic experiences occurring before the age of 18,
or after woman’s first menstrual cycle [47]. Among these are parental loss; separation
from parents; childhood illness; family violence; and deprivation of food, clothing,
shelter, and love [48-49].
In agreement with Bernstein et al. [47], childhood maltreatment may be categorised
under five domain umbrella terms:

A. “Physical abuse (PA) – bodily assaults on a child by an adult or older person that
posed a risk of or resulted in injury.
B. Emotional abuse (EA) – verbal assaults on a child’s sense of worth or well-being
or any humiliating or demeaning behaviour directed toward a child by an adult or
older person.
C. Sexual abuse (SA) – sexual contact or conduct between a child younger than 18
years of age and an adult or older person.
D. Physical neglect (PN) – the failure of caretakers to provide for a child’s basic
physical needs, including food, shelter, clothing, safety, and health care.
E. Emotional neglect (EN) – the failure of caretakers to meet children’s basic
emotional and psychological needs, including love, belonging, nurturance, and
support.”
Importantly, mood disorders such as depression are most associated with the
occurrence of early life stress subtypes. The results of existing studies suggest the
importance of preventing early life stress and its consequences in both the short and
long term. Intervention at an early stage can reduce the likelihood of developing health
problems in the long term and re-victimization in adulthood. Childhood maltreatment
is a major social problem. Moreover, its psychological consequences can acutely
affect a child's mental health well into adulthood [28-29, 49]. Puberty marks the end of
many key neurological and physiological developmental stages; however, in the
presence of ELS, persistent developmental impairments are observed. It is these
impairments that have been suggested to elucidate the vulnerability of psychiatric
disorders [28-29, 49].
Early-life stress is associated with a diverse range of psychiatric consequences. In
children and adolescents, it increases the risk of behavioral problems, including
internalizing and externalizing behavior. Internalizing refers to behavioral symptoms
reflected by anxiety, depression, somatic complaints, and inhibition. Externalizing
refers to behavioral symptoms reflected by aggression, delinquency, and increased
activity level. Sexual behavior problems most likely fall into this domain [29,36,47-49].
Evidence indicates that stress in the early phases of development can induce
persistent changes in the ability of the HPA axis to respond to stress in adulthood, and
that mechanism can lead to a raised susceptibility to psychiatric disorders. These
abnormalities

appear

to

be

related

to

changes

in

the

ability

to

circulate glucocorticoids to exert negative feedback on the secretion of HPA hormones
through binding to glucocorticoid (GR) and mineralocorticoid receptors (MR) [50-52].
It has been concluded from these studies that child maltreatment may lead to
disruptions in HPA axis functioning and that factors such as the age of maltreatment,
parental responsiveness, subsequent exposure to stressors, type of maltreatment,
and type of psychopathology or behavioral disturbance displayed may influence the
degree and pattern of HPA disturbance. Baseline and stress-induced HPA axis
activation have been described to be either increased [45,52] or reduced [53] following
child maltreatment.
In pre-clinical models of ELS the data are not a consensus, and frequent ones contains
chronic types of stressors, as maternal separation, early life deprivation, and isolation
in rats [54], some other models that leads to alteration in the pattern of maternal
behavior, such as the limited bedding and nesting protocol [55], These pre-clinical
models have offered evidence concerning neurobiology of ELS, neuroendocrine and
behavior, many associated to abnormalities of the HPA axis [56].
Several animal models have consistently linked ELS with an impairment within
the HPA axis, specifically related to GR and MR functioning, thus resulting in
hypersecretion of ACTH and cortisol [31]. Similar findings were observed in a review
of 30 human studies, also linking ELS with GR and MR impairment with
hypercortisolism [57, 58]. However, these findings are not unanimous throughout the
literature, with some research suggesting hypoactivation following ELS [59].
Possible explanations for this disparity are linked to the presence of depression.
A recent review has linked hypercortisolism, to some psychiatric disorders specifically
to melancholic depression, whereas hyposecretion of cortisol is associated with
atypical depression [12,60]; thus the presence of either of this could impact on the
outcomes observed. Other influencing factors are as follows; time since stressor onset
and the perceived controllability of the ELS stressor [60].
Long-standing effects of ELS on the HPA axis have different impact between
males and females. Early stress is linked with a higher reduced cortisol reaction to
psychosocial stressful events in women, and fewer stressful events early in life are
required to trigger liability to PTSD in women. Contrariwise, lower stressful events are
more efficient of inciting depression in men than women [61]. Additionally, women
present two to three times more anxiety, affective disorders, major depressive disorder
and post-traumatic stress disorder (PTSD) than men [62]. These distinctions are more

than psychosocial sex-specific experiences; studies controlling for stress incidents
and sex related aspects found the prevalence in women higher than in men [63]. The
main differences in the stress axis function may underlie this. Baseline release of
corticoids is higher in women than men, and this is credited to sex-specific features in
gonadal hormones, with oestradiol (estrogen) triggering and testosterone inhibiting the
HPA-axis activity [64].
In sum, findings support the hypotheses that HPA axis dysregulation occurs as
a result of ELS exposure, which in turn translates to an increased vulnerability to
psychiatry disorders although it is crucial to understand that not everyone with ELS
with developing depression due to possible protective factors.
Conclusion
In summary of all these results, we can identify that in more than half of the studies
indicated a change in HPA axis function which is suggested to be mediated by the
regulation between GR and MR. Possible explanations for the variations observed
could be dependent on the tests sensitivity specificity, and similarity to cortisol [60].
Therefore, going forward it is imperative to identify a ‘gold standard’ test protocol that
closely mimics the pharmacokinetics and pharmacodynamics features of cortisol to
ensure accurate results are collected [65-65]
Studies of the association between early-life stress and psychiatric disorders should
be evaluated carefully. No consensus has been reached in the literature regarding the
concept of early-life stress, and the respondents in these studies likely underestimated
or overestimated the frequency/intensity of events. Much descriptive work has been
published on the relationship between adult psychopathology and early adversities.
This review examined the emerging literature concerning the relationship between
stress, HPA axis function, and early-life stress as an important risk factor for HPA axis
dysregulation and kindling model. These findings suggest that this dysregulation of
the HPA axis is partially attributable to an imbalance between GR and MR. Evidence
has consistently demonstrated that GR function is impaired in major depression,
resulting in reduced GR-mediated negative feedback on the HPA axis. Thus, although
a few studies suggested that MR activity remains intact or is possibly oversensitive to
compensate for reduced GR function in patients with depression, more studies are
needed to elucidate this issue.
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Figure 1: A schematic diagram of the HPA axis and negative feedback loop by
glucocorticoid and mineralocorticoid receptors (GR, MR); as well as the interaction
between key brain structures and Serotonin (5HT) and Noradrenaline (NA).
Representation of the HPA axis. It summarizes the negative (_) feedback of
hormones binding in GR and MR. The system includes essential areas of the limbic
system, amygdala, hippocampus, locus coeruleus, raphe nucleus, and their relation
via noradrenaline (NA) and serotonin (5HT), with adrenal hormones and GR/MR. It is
adapted from [2].

Fig. 2. Glucocorticoid receptor (GR) stimulation; this receptor exists at the cytoplasm
with chaperone proteins with numerous proteins (HSP56, HSP90).
Endogenous glucocorticoids (GC) binds as GR ligands. Then the GR experiences an
alteration disconnected from the HSP and migrated to the cell nucleus from the
cytoplasm, modulating negatively or positively to alter the gene transcription. The GR
then recycles to the cytoplasm and cannot rebind ligand until association with
chaperone protein is completed. Cortisol has facilitated passage through the cell
membrane. Adapted from [45].

Table 2. Factors that Affect Corticosteroid Secretion
Corticosteroids are secreted in distinct pulses. There is a rapid fall in
plasma levels after each pulse
This pulse generator increases its activity in the morning (in humans) or
in the evening (in rats)
Both genetic and epigenetic factors control the pulse generator
Early-life exposure to adversity (either physical or social) has persistent
effects on later hypothalamic-pituitary axis (HPA) axis function
Pulsatile frequency is increased with age
There are sex differences in HPA activity. Some of these are reproduced
in rats by manipulating neonatal testosterone
Gonadal steroids in adulthood also alter HPA activity

Table 3. The Function of Brain Corticosteroid Receptors
Corticosterone
condition

Occupied
receptor

Function

Basal

MR

Stabilization of excitability
Sensitivity stress response
system
Proactive feedback
Selection of behavioral
response

Stress

MR + GR

Suppression increased
excitability
Recovery from stress-induced
activation
Reactive feedback
Facilitation of memory storage

Highlights






Evidence indicates that early-life stress can induce persistent changes in the
ability of the HPA axis to respond to stress in adulthood.
The homeostatic state is proposed to be based on glucocorticoids binding to
MR and GR.
Early-life stress can induce persistent changes in the HPA axis response to
stress in adulthood.
First episodes of mental disorders may begin with an environmental stressor,
but the brain becomes kindled or sensitized.
The secretion of HPA hormones through binding to MR and GR impact in the
vulnerability to diseases related to psychological stress in genetically
predisposed individuals.

