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Abstract: The hypothalamic-pituitary-adrenal (HPA) axis is involved in the pathophysiology of many
neuropsychiatric disorders. Increased HPA axis activity can be observed during chronic stress, which
plays a key role in the pathophysiology of depression. Overactivity of the HPA axis occurs in major
depressive disorder (MDD), leading to cognitive dysfunction and reduced mood. There is also a
correlation between the HPA axis activation and gut microbiota, which has a significant impact on
the development of MDD. It is believed that the gut microbiota can influence the HPA axis function
through the activity of cytokines, prostaglandins, or bacterial antigens of various microbial species.
The activity of the HPA axis in schizophrenia varies and depends mainly on the severity of the disease.
This review summarizes the involvement of the HPA axis in the pathogenesis of neuropsychiatric
disorders, focusing on major depression and schizophrenia, and highlights a possible correlation
between these conditions. Although many effective antidepressants are available, a large proportion
of patients do not respond to initial treatment. This review also discusses new therapeutic strategies
that affect the HPA axis, such as glucocorticoid receptor (GR) antagonists, vasopressin V1B receptor
antagonists and non-psychoactive CB1 receptor agonists in depression and/or schizophrenia.
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1. Introduction

The hypothalamic-pituitary-adrenal (HPA) axis plays an important role in the body’s
adaptation to stressful situations [1,2]. HPA axis malfunction occurs in many mental
diseases, including depression and schizophrenia. A relationship has been shown between
disorders caused by stressful stimuli, especially long-term ones, and depression. Childhood
traumatic events related to stress factors significantly increase the risk of mental illness
in adulthood. The mechanism of this phenomenon is based, among others, on HPA axis
dysfunction. Moreover, it was shown that arginine vasopressin (AVP) is co-secreted with
corticoliberin (CRH) related to the HPA axis [1,2]. HPA axis hyperfunction observed in
depression and stress seems to be a significant therapeutic problem [3]. The normalization
of the HPA axis activity in patients with depression may prove to be an effective target of
pharmacotherapy and understanding the exact mechanisms of their synergistic action may
contribute to the development of new therapeutic strategies for this disease [3].

Schizophrenia is one of the most mysterious conditions in the medical world [4–6].
Current treatment is aimed at alleviating the symptoms of the illness rather than a causal
cure. Despite much research into schizophrenia, its etiology is still not fully understood.
In recent years, increasing attention has been paid to the importance of the HPA axis and
gut-brain axis in the pathogenesis of schizophrenia [4]. One of the possible pathways
leading to the development of schizophrenia seems to be the activation of inflammation
associated with chronic stress. Elevated levels of C-reactive protein, the pro-inflammatory
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transcription factor NF-κB and IL-6 have been observed in such patients [4]. Chronic stress
can lead to neurodevelopmental disorders and dysregulation of the HPA axis. It should be
noted that IL-6 activates the HPA axis at every level [4]. Severe stress experienced in child-
hood (as in the case of depression) increases the chance of developing schizophrenia [5]. An
imbalance between the antioxidant defense system (AODS) and the production of reactive
oxygen species (ROS) leads to oxidative stress. An imbalance between these systems is
observed in psychotic disorders, such as schizophrenia [6]. The research presented in
recent years demonstrates the complexity and intricacy of the pathological processes of
schizophrenia. Exploring new mechanisms of disease onset may enhance personalized
therapy and represents a potential target for future research theories [4–6].

2. HPA Axis Regulation

The HPA axis plays a key role in maintaining body homeostasis and the body’s
response to stress. Stress results in the release of corticoliberin-releasing hormone (CRH)
from the hypothalamus. This information is then transmitted to the anterior lobe of the
pituitary gland, where the secretion of adrenocorticotropic hormone (ACTH) takes place.
This leads to stimulation of cortisol release into the blood from the adrenal cortex [7,8].
Increased cortisol level leads to inhibition of CRH and ACTH secretion by a negative
feedback loop [7,9] (See Figure 1).

Figure 1. Regulation of hypothalamic-pituitary-adrenal (HPA) axis activity: stress as a factor activat-
ing the HPA axis.

The importance of the HPA axis is mainly based on the action of cortisol (See Figure 2).
Cortisol is secreted in stressful situations as a defense response of the body. It reduces the
inflammatory response, stimulates gluconeogenesis and is responsible for protecting the
body from an excessive immune response [10]. Activation of the HPA axis also occurs in
non-stress-related situations. This is related to the regulation of circadian rhythms, e.g., the
highest cortisol levels are observed in the morning [11,12].
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Figure 2. Activation of the HPA axis including the role of the amygdala, hippocampus and prefrontal cortex. The amygdala
stimulates the HPA axis through NE and 5-HT neurotransmission and attenuates the negative feedback exerted by
glucocorticoids, leading to a decrease in GRs in the hippocampal area. Glucocorticoids stimulate (through GR) the prefrontal
cortex which attenuates the negative feedback to HPA-axis.

Some research suggests that increased cortisol secretion may lead to cognitive im-
pairment [12–14]. Stawski et al. [15] observed the correlation between the level of cortisol
and cognitive function. The decreased cognitive functioning (among participants of the
clinical trials, was associated with a lower level of cortisol. Constant exposure to stressors
disrupts proper cognition, resulting in irreversible changes to the neuronal system [16].
Factors affecting the availability of steroids to mineralocorticoid (MR) and glucocorticoid
(GR) receptors may influence the action of glucocorticosteroids in the central nervous sys-
tem (CNS). Numerous studies confirm the extra-genomic regulation of HPA axis function
by glucocorticoids. Hyperactivity of the HPA axis in depression results from impaired
negative feedback mediated by the GR [17]. Medial hypothalamic neurons have been
shown to be responsible for inhibiting CRH and vasopressin release [18]. Endocannabi-
noids are involved in this process. The binding of endocannabinoids to CB1 receptors in
the brain leads to the inhibition of neurotransmitter release in the prefrontal cortex and
probably in the hippocampus. Moreover, the constant exposure to stressors disrupts the
signaling CB1 receptors in the amygdala which finally activates the HPA-axis [19]. The
increasing level of GR leads to the dysregulation of the neuronal system. This suggests
the involvement of the HPA axis in the pathogenesis of neuropsychiatric disorders [18,20].
Data from animal models [21] indicates that the endocannabinoid system is involved in
mechanisms of anxiety. Various stressful situations activate different receptors which not
only release various neurotransmitters but also activate the immune system and plastic
mechanisms [21,22]. Dysregulation of the HPA axis is also strongly associated with the
pathogenesis of depressive disorders [9,23].

Interestingly, there is also research suggesting that the effects of the serotonergic
system and the HPA axis overlap [24]. This is indicated by the fact that serotonin, while
regulating mood, also affects the activity of the HPA axis. Moreover, chronic activation of
the HPA axis leads to an increase in the number of serotonergic (5-HT) receptors in the
hippocampus, amygdala and frontal cortex. Serotonergic neurotransmission and the HPA
axis function modulate neuronal plasticity, including hippocampal neurogenesis. This
may explain the increased incidence of depression in older people who develop cognitive
impairment [24].

It has been postulated that the development of depression reflects dysregulation
of HPA axis function. More than 40–60% of patients experience hypercortisolemia or
other HPA axis disorders [24]. Increased cortisol levels are also associated with cognitive
impairment. The effect of CRH on ACTH release is strongly enhanced by vasopressin.
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Additional activation of CRH neurons is observed in depressive disorders, among others.
This may be related to aversive stimuli or due to the presence of genetic factors [23,24].

3. The Role of Cortisol in Depression and Schizophrenia

Cortisol hypersecretion is associated with acute and more severe subtypes of major
depressive disorder MDD; however, the enhanced concentration of this hormone is notice-
ably absent in the atypical subtype [25,26]. This is supported by several studies conducted
on depressed patients [26–29]. Cortisol hypersecretion is caused by the stress response [30].
In chronic mild stress (CMS) models, elevated corticosterone levels have been observed
in response to stress, and inhibition of corticosterone synthesis has been associated with
inhibition of depressive behavior in CMS [31,32]. Cortisol hypersecretion may also con-
tribute to the development of other disorders, such as psychosis in MDD and results from
increased dopaminergic activity [33]. One of the first studies in animal models, which
focused on analyzing the correlation between stress-induced elevated cortisol levels and
the development of depression, found a significant association [34]. Researchers also deter-
mined cortisol levels in the hair of rhesus monkeys as a biomarker of chronic stress [35,36].
The association between the observed increase in cortisol levels and the development of
depression may be due to the fact that excessive adrenal activity leads to a destructive
effect on the hippocampus and increased vulnerability to depression [34–36]. Chronic
stress plays a large role in the development of depressive disorders and it is involved
in elevated cortisol levels, which is largely due to dysregulation of the HPA axis [37–39].
Hypercortisolism is one of the important mechanisms involved in response to stress [37].
Patients suffering from MDD had significantly higher stress and cortisol levels than control
subjects [37]. This is associated with the development of glucocorticoid resistance and an
increase in depressive symptoms [40,41].

The relationship between stress, cortisol and the development of depression can also be
investigated by exogenous administration of corticosterone (CORT) in animal models [42].
This method appears to be effective due to the lack of predictability of the stress stimuli,
which may contribute to inconclusive results [43]. Many studies indicate that prolonged
administration of CORT contributes to the development of depression-like behaviors (such
as learned helplessness and anhedonia) in the forced swimming test, which is dose- and
time-dependent [44]. It has been observed in both animals and humans that repeated
administration of CORT leads to cognitive dysfunction and some hippocampal-dependent
memory tasks [45]. Exogenous administration of CORT has made it possible to visualize
neurobiological changes in the brain that occur during depression, such as reduced hip-
pocampal volume [46], atrophic changes in the prefrontal cortex and hypertrophy of the
amygdala dendrites [42,47]. There have also been studies that have observed that para-
doxically not only chronic stress but also physical exercises elevated basal cortisol levels,
however, the effects on stress coping, cognition and memory were different [48]. They were
detrimental in case of chronic stress and beneficial during physical exercises [48]. Physical
exercise may regulate cortisol secretion in response to stressful stimuli. Moreover, volun-
tary exercise has been shown to improve memory and stress coping in test animals [48–50].
Dopamine (DA) is a catecholamine that is responsible for improving cognitive function and
memory. It was proved that the reward system, whose neurotransmitter is DA, is activated
in test animals in response to exercise. Interestingly, a reduction in DA neurotransmission
is observed in depression caused by chronic stress [51,52]. Research also suggests that the
medial prefrontal cortex plays an important role in the negative feedback regulation of the
HPA axis. Exogenous administration of CORT to the medial prefrontal cortex decreased
plasma ACTH levels in response to acute stress [51]. The link between CORT and DA
levels is confirmed by the fact that the administration of a GR antagonist to the midbrain,
leads to a reduction in DA levels in the medial prefrontal cortex [53].

Abnormal functioning of the HPA axis, in the form of cortisol hypersecretion, can
exacerbate symptoms of psychiatric disorders [54]. Hair cortisol concentration (HCC)
allowed for the estimation of cumulative cortisol secretion over a few months [55]. It
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was proved that HCC is linked to the severity of delusions in patients suffering from
schizophrenia [55]. Therefore, HPA axis dysfunction may be one of the biomarkers of
schizophrenia [54]. There are also studies showing significant sex differences in cortisol
levels. Indeed, high cortisol levels were observed in women with schizophrenia compared
to a control sample, while no significant changes were observed in men [56]. HPA axis
dysfunction in patients with schizophrenia is associated with an impaired response to
psychosocial stressors [57–59]. Chronic stress is a contributing factor to the inflammatory
response in schizophrenia. This is confirmed by the observed increase in blood IL-6
levels [57]. Hyperfunction of the HPA axis in response to stress-induced inflammation may
occur differently than in healthy volunteers [58,59]. One of the most recent studies was
focused on investigating cortisol/DHEA ratios in people with schizophrenia [60]. This
is also the first research to link the cortisol/DHEA ratio with reduced brain volume in
patients suffering from this mental disease. It was shown that reduced cortisol/DHEA
ratios observed in schizophrenic patients were inversely correlated with patients’ volumes
of the hippocampus as well as the dorsolateral prefrontal cortex. Thus, the findings suggest
that the cortisol/DHEA ratio may be a biomarker of the loss of brain tissue, in particular
hippocampal and cortical damage, as well as HPA axis dysfunction in schizophrenia [60].
Studies have also shown elevated serum DHEA levels and no differences in cortisol
concentration in comparison to healthy control [60]. It may result from compensatory
responses to the stress and increased inflammation found in schizophrenia [61]. DHEA has
neuroprotective effects that are more pronounced in stressful situations [62].

4. HPA Axis and Gut Microbiota

There is growing evidence suggesting an impact of the gut microbiome on the HPA
axis. It is thought that the microbiota may influence animal behavior via the microbiota-
gut-brain axis. Studies in mice have shown that the microbiota influences the body’s
response to stress [23]. Studies on the effects of probiotic intake indicate an important role
for the microbiota in regulating stress and emotional responses [63]. To investigate how the
microbiota affects brain function, scientists examined hormone levels in the HPA axis in
mice. The mice were divided into two groups (germ-free (GF) and specific pathogen-free
(SPF)). After an in-depth analysis of the results, it was found that SPF mice displayed more
anxiety-like behaviors in response to the same stress stimulus. In addition, GF mice showed
large differences in hormone levels in the HPA axis compared to SPF [19]. Gut microbes
can affect the HPA axis through the endocrine system, which then leads to overactivity
of the HPA axis [64,65]. Although there is still no conclusive data on the influence of
the microbiota on anxiety behavior, more and more research is being conducted in this
area. The experiments performed by researchers at Chongqing Medical University showed
that mice lacking hormone receptor genes and mice given hormone receptor antagonists
modulated their behavior by adapting to a stressful stimulus [66]. This led to increased
expression of GR and MR receptors [67]. Alterations in these receptor levels are associated
with HPA axis dysfunction, and increased expression of GR receptors is observed in
depression. Furthermore, high intestinal permeability and inflammatory mediators are
important factors in mental disorders [68]. A disturbed gut microflora leads to impaired
neurogenesis. Metabolites formed in the intestine are able to cross the blood-brain barrier
and affect the functioning of the central nervous system [69,70]. The gut microbiota has
been shown to influence CNS function through:

• Enterochromaffin (EC) cells, which control serotonin (5-HT) synthesis [70,71];
• Humoral pathways (via microbiota metabolites and gut hormones);
• Activation of immune responses via the vagus nerve [72];
• Production of short-chain fatty acids (SCFAs) in the gut, which affects the balance of

microglia and leads to the release of intestinal peptides, influencing the activity of the
brain-gut axis [73].

The gut microbiota can also influence the metabolism of tryptophan, which then forms
serotonin, and also produces dopamine, γ-aminobutyric acid and acetylcholine, affecting
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the stability of the HPA axis [74]. Dietary supplements, such as n-3 polyunsaturated
fatty acids (PUFAs) may prevent the development of depression by inhibiting HPA axis
hyperexcitability, as confirmed by a preclinical study in rats.

A growing body of scientific research is pointing to bidirectional links between the
gut microbiota and the HPA axis. The link between the gut microbiota and the neuroen-
docrine system is also supported by related disorders, such as depression and irritable
bowel syndrome (IBS) [65,75,76]. Activation of the HPA axis is able to change the compo-
sition of the microbiota, which has been reported in patients with depression. Increased
intestinal permeability and a disturbed microbiota composition can lead to neuroendocrine
disorders [77].

Stress in early childhood significantly affects the HPA axis activity. Over-activity
of the HPA axis leads to resistance of immune cells to the anti-inflammatory effects of
cortisol. Stress also affects the composition of the gut microbiota, which can occur through
the activation of neuroendocrine hormones [75,77,78]. HPA axis hyperreactivity is asso-
ciated with excessive CRH secretion and impaired glucocorticoid hormone action [73].
There are studies that suggest that activation of the HPA axis by the gut microbiota may
result from increased permeability of the intestinal barrier and gut microbiota-induced
inflammation [79]. Furthermore, lipopolysaccharide (LPS), a component of the outer cell
membrane of Gram-negative bacteria, is able to cross the intestinal epithelial barrier leading
to activation of the HPA axis [79,80]. The gut microbiota is able to convert indigestible
intestinal fibers into SCFAs which have a positive effect on the maturation of microglia
cells, as confirmed by studies in mice [81]. Furthermore, systemic administration of butyric
acid (which belongs to SCFAs) has been shown to exert antidepressant and neuromod-
ulatory effects [81,82]. The microbiota not only affects the release of various intestinal
peptides (peptide YY, glucagon-like peptide 1) but is also involved in their production
(Bifidobacterium dentium are able to produce γ-aminobutyric acid (GABA)) [83,84]. In order
to investigate the role of the microbiota on HPA axis function, the researchers conducted a
study using isolation-cultured mice (GF) [85]. The mice studied had reduced GR expression
in the cerebral cortex and increased plasma levels of ACTH and corticosterone in response
to stress [85]. Colonization with enteropathogenic Escherichia coli enhances the HPA stress
response [85]. Changes at the neurohormonal level were observed in GF mice. Among
other things, they showed reduced expression of NMDA and BDNF receptor genes in the
hippocampus, which can lead to long-term CNS damage [86].

One of the first studies on the functioning of the microbiota-gut-brain axis [87] showed
that stress in adulthood modifies the composition of the gut microbiota. Indeed, chronic
stress leads to the translocation of bacteria across the intestinal barrier [87]. The composition
of the intestinal microbiota is also altered. Most noticeable was an increase in Clostridium
spp. and a decrease in Bacteroides spp. A study in laboratory animals also demonstrates
the important role of the gut microbiota altered by stress on immune function [87]. The
mechanisms by which this occurs are not fully understood; the sympathetic nervous system,
which is involved in the transmission of signals between the brain and the gut, may play
an important role [87]. Interestingly, a study in mice [88] showed that the composition
of the gut microbiota does indeed have a significant effect on the memory of the animals
studied. Mice exposed to acute stress also showed memory impairment [88]. Therefore,
modifying the composition of the gut microbiota may be a promising therapeutic target for
improving memory processes [88].

5. The Neurobiology of Depression: Possible Pathophysiological Mechanism
Including HPA Axis

Biological and psychosocial factors are inextricably linked to the genesis of depres-
sion [89]. One of the features of major depression disorder (MDD) is the dysfunction
of the HPA axis. Long-term depression is a much more serious condition than episodic
depression and can lead to the development of comorbidities. Such patients often de-
velop social phobia, which has an adverse effect on the progress of the illness. A deep
understanding of the neurobiology of depression may hold the key to effective treatment.



Brain Sci. 2021, 11, 1298 7 of 28

With the advent of neuroimaging techniques, magnetic resonance imaging (MRI), positron
emission tomography (PET) and functional fMRI, the areas of the brain responsible for
controlling emotions and behavior have been identified [90].

The prefrontal cortex (PFC) constitutes the highest level of the cortical hierarchy
dedicated to the representation and execution of actions. It is divided into three main
parts: the dorsolateral frontal cortex, the orbitofrontal cortex (OFC), and the medial frontal
structures (including the anterior cingulate cortex) [91]. The ventromedial cortex (VMPFC)
is essential for generating emotions. It participates in the regulation of impulses coming
from the autonomic and neuroendocrine systems, modulating pain and aggression. The
PFC, the amygdala and the hippocampus play an important role in the development of
depression [92]. PET studies showed abnormalities in regional cerebral blood flow in
several structures of the prefrontal and limbic cortex [90].

The amygdala is involved in regulating cortical arousal and responses from the
neuroendocrine system to emotional stimuli. Abnormal function of the amygdala correlates
with the severity of depression (See Figure 3).

Figure 3. HPA axis dysfunction: role of amygdala and hippocampus in neurobiology of depression.

A meta-analysis of MRI studies showed that the size of the amygdala is reduced in
patients with untreated depression [93]. Morphological changes of the amygdala in depres-
sion have been confirmed in several studies. In contrast to the hippocampus, increased
expression of brain-derived neurotrophic factor (BDNF) was observed [93]. BDNF plays a
key role in regulating the plasticity of stress-induced synapses. Depression also leads to im-
paired glutaminergic signaling in the amygdala. The volume of the amygdala changes with
the development of depression [93]. Furthermore, increased amygdala activity induced by
negative stimuli may be an early marker of depression risk [93,94]. However, the abnormal
functional connectivity in depression is divergent in the left amygdala, where functional
connectivity has decreased [95]. Frontal-limbic circuits associated with the amygdala may
change exponentially with the progression of depression. These circuits may provide
biomarkers to study the effect of treatment on depression.

Many scientific studies confirm the huge role of the hippocampus in the neurobiology
of depression. This is because the hippocampus is involved in learning and memory, the
process of neurogenesis and is a structure rich in corticosteroid receptors. The hippocampus
is closely linked to the hypothalamus, which is part of the HPA axis [96]. The role of the
hippocampus is important for the regulation of the HPA axis. Changes in its degree
of plasticity can result from stress, which affects hippocampal function in a number of
ways [97]. Stress can reduce neuronal plasticity in the hippocampus and lead to activation
of the HPA axis and consequently increased corticosteroid levels [97] (See Figure 3).

Hippocampal plasticity in depression refers to changes in hippocampal volume, inhi-
bition of neurogenesis and neuronal apoptosis [97]. Stress significantly affects neuronal
plasticity. Lycium barbarum has been shown to reduce depressive behavior mediated by
increased plasticity of synapses in the rat hippocampus. Moreover, 5-HT1A receptors that
are normally highly expressed in the hippocampus are silenced in animal models of depres-
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sion [98]. A study by Murialdo et al. investigating the relationship between hippocampal
dysfunction and the HPA axis found that elevated levels of dehydroepiandrosterone
(DHEAS) indicated impaired hippocampal function in depression [99].

Plasticity of the synaptic hypothalamus in depression may be due to increased mRNA
expression of synaptotagmin I and synapsin I. This contributes to the hyperactivity of the
HPA axis and the development of depressive-type behavior [95,100]. A study by Jin-Frang
Ge et al. [100] proved that exposing rats to unpredictable stress for a further 3 weeks can
induce depressive-type behavior, including anhedonia. The stress factor leads to the syn-
thesis and release of CRH by the paraventricular nucleus (PVN) of the hypothalamus. The
hormone then binds to anterior pituitary receptors, leading to the release of ACTH. Even-
tually, ACTH triggers the synthesis of glucocorticoids [99,100]. Neurobiological changes in
the regulation of cortisol secretion by the HPA axis are observed in MDD. Several meta-
analyses indicate that depressed patients have elevated daytime cortisol levels compared
to controls. Most studies support the fact that HPA axis disturbances are a cause rather
than a consequence of the disease [101]. Many components of the HPA axis contain leptin
receptors. The leptin pathway influences the stress response at each major level of the HPA
axis. By acting on HPA axis structures and the hippocampus, leptin can exert antidepres-
sant effects [89,102]. The substrate for serotonin synthesis in the central nervous system is
tryptophan. A meta-analysis showed that tryptophan levels were reduced in depressed
individuals compared to healthy controls [103]. Tryptophan 2,3-dioxygenase (TDO) and
indoleamine 2,3-dioxygenase (IDO) are enzymes involved in tryptophan metabolism. Both
in vitro and in vivo studies have shown that glucocorticoids cause activation of TDO, lead-
ing to reduced tryptophan levels. Increased levels of pro-inflammatory cytokines (IL-6,
TNF, high-sensitivity C-reactive protein), which induce IDO activity, are observed in de-
pressed patients [103,104]. The researchers examined tryptophan levels in the kynurenine
pathway and its effects on HPA axis function. The study showed increased cortisol levels
in the evening, which was due to a reduced kynurenine/tryptophan (kyn/trp) ratio. A
study found an association between HPA axis function and tryptophan degradation in
depression [89,104]. The results suggest that in depression, disruption of the HPA axis may
be responsible for the formation of a new balance between endogenous cortisol levels and
metabolism of tryptophan [89,105].

Postpartum depression (PPD) affects up to 20% of mothers. The molecular changes
in the brain that occur in this type of depression are still not understood. Disturbed
function of the HPA axis has been observed in postnatal female mice exposed to chronic
stress. That was proved by increased levels of stress-activated cortisol and elevated CRH 1
expression in the medial hypothalamic nucleus (PVN) [106]. Impaired suppression of the
HPA axis in women with PPD has also been observed. In response to stress or circadian
rhythms, PVNs release CRH together with arginine vasopressin into the hypothalamic-
hypothalamic circulation. CRH and AVP activate the pituitary-adrenal axis, leading to
glucocorticoid secretion. Excessive glucocorticoid secretion leads to memory impairment
and decreased hippocampal volume in test rats [106]. Chronic psychosocial stress during
pregnancy (CGS) has been found to cause somatic changes in mothers and offspring and
leads to dysregulation of the maternal HPA axis. Dysregulation of the HPA axis and
inappropriate maternal behavioral responses are associated with altered expression of
steroid receptors. The mechanism of maternal HPA axis suppression protects the body
from elevated glucocorticoid levels. The chronic psychosocial stress paradigm during
pregnancy (CGS) appears to prevent attenuation of the maternal HPA axis [107]. CGS
disrupts adaptive changes in the maternal neuroendocrine system by altering maternal
HPA axis activity. Increased CRH signaling in the PVN after CGS exposure was associated
with a reduction in the number of nuclear steroid hormone receptors GR, PR and MR. These
receptors regulate CRH expression. Chronically elevated corticosterone impairs HPA axis
feedback inhibition through GR desensitization. Interestingly, stimulation of CRH neurons
in the PVN has been shown to be sufficient to generate depression-like behavior. Increased
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CRH signaling of the PVN is associated with the appearance of abnormal postnatal behavior
in the mother [108–110].

AVP is a cyclic nonapeptide that exists in two versions in the brain. One is respon-
sible for regulating blood pressure and water balance, while the other is responsible for
regulating the HPA axis. AVP is secreted by the PVN into the hypothalamic-pituitary
portal circulation. Because of the close relationship between anxiety and depression, AVP is
thought to mediate both diseases [111,112]. Moreover, AVP increases CRH activity leading
to the release of ACTH from the anterior pituitary and consequently increasing HPA axis
activity. Therefore, targeting the AVP system may contribute to new therapeutic strategies
for the treatment of depression and anxiety. AVP influences stress responses in humans by
increasing the cortisol response to environmental stressors [113].

6. Potential Antidepressants—Modulating Overactivity of the HPA Axis

HPA axis abnormalities include persistently elevated free cortisol levels in serum and
urine, suppressed ACTH release and elevated CRH. It has, therefore, been hypothesized
that HPA axis hyperreactivity may be a potential treatment target in depression. Current
antidepressants are not effective in all patients, suggesting that monoamine depletion is
not the only pathomechanism of depression. In addition, commonly used treatments lead
to many side effects, such as sexual dysfunction, seizures, and cardiotoxicity. This makes
it necessary to develop new drugs that are safer and more effective for the patient [114].
Many clinical and preclinical studies suggest that epigenetic mechanisms may play an
important role in the treatment of depression [115]. New therapeutic options focus on the
modulation of the HPA axis, BDNF, reduction of inflammatory cytokines and oxidative
stress, and thyroid hormone action [115].

Polyphenolic phytochemicals may be used to treat geriatric depression as they modu-
late HPA axis hyperactivity and stimulate serotonergic neurotransmission. Phytochemical-
based treatments for depression can be rapidly moved into clinical trials due to their good
safety profile and high bioavailability. Preliminary results have shown that treatment with
resveratrol (RES) can alleviate depressive symptoms. Resveratrol is a natural polyphenol
whose action is mainly based on the regulation of the HPA axis. The over-reactivity of
the HPA axis seen in depression leads to excessive corticosterone secretion. Researchers
created a model of depression in rats by subjecting them to chronic unpredictable mild
stress (CUMS) and the activity of the HPA axis was studied. Treatment with resveratrol has
been shown to reduce serum corticosterone levels in test rats [114,116,117]. Many studies
confirm that BDNF levels are reduced in depressed individuals [118]. Decreased BDNF
expression in the hippocampus and prefrontal cortex in depressed patients has also been
observed [118]. RES leads to increased BDNF production from astrocytes [117,118]. In
the rat models studied, the increased mRNA expression levels of synaptotagmin I and
synapsin I were also observed in the hypothalamus [116]. These proteins are involved in
the pathophysiology of depression. Resveratrol may also alleviate symptoms of depression
by increasing levels of the synaptotagmin I protein in the hippocampus. Recent studies
have shown that resveratrol also inhibits monoamine reuptake and significantly reduces
anxiety and depressive behaviour [116]. However, additional studies are needed to confirm
its effectiveness in supporting the treatment of depression [116].

Another polyphenol with potential antidepressant properties is ferulic acid (FA),
which shows strong anti-inflammatory properties. Preclinical studies were conducted in
which FA (12.5, 25, and 50 mg/kg/day, i.g.) was administered for 28 days. Ferulic acid
significantly reduced IL-6, IL-1β and TNF-α concentrations. These data suggest that the
antidepressant effect of FA is due to decreased secretion of pro-inflammatory cytokines.
Reduced concentrations of ACTH and corticosterone were also observed, through increased
expression of GR [117]. Treatment with FA significantly reduced depression-induced nNOS
expression in the hippocampus. Furthermore, FA inhibits depression-induced NF-κB
activation in the hippocampus of offspring rats [117,119].
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A growing body of research indicates that the retinoic acid receptor α (RARα) activates
the HPA axis and is closely linked to the pathology of depression. RARα antagonists are
being investigated as potential antidepressants. The use of Ro41-5253 (RARα antagonist)
in preclinical models attenuates depressive behavior in rats, as evidenced by increased
sucrose preference in sucrose preference test (SPT), reduced immobility time and increased
swimming time in forced swimming test (FST), increased number of transitions and swings
in the open field test (OFT). Decreased serum corticosterone levels indicate inhibition of
HPA axis stimulation by Ro41-5253 [120]. In addition, Ro41-5253 increases the expression
of BDNF and synapse-related proteins including postsynaptic density protein 95 (PSD95),
synaptophysin (SYP). More research is needed to understand the antidepressant mechanism
of Ro41-5253 [120,121].

In animal models studies it was proved that neuropsychiatric disorders in newborns
may be caused by infections that are transmitted during the prenatal period of life and
are associated with impaired regulation of the HPA axis [122]. Numerous preclinical and
clinical studies have shown that minocycline, an antibiotic of the tetracyclines group, has
an antidepressant effect by regulating the action of the HPA axis. Minocycline is currently
being investigated as a potential antidepressant [123]. HPA axis dysregulation is central
to the etiology of anxiety and depression. Nowadays, there is a growing body of research
providing evidence that infection/inflammation early in life may be a risk factor for the
development of neurodegenerative conditions. To investigate this, researchers adminis-
tered lipopolysaccharide (LPS) to mice as an inflammation inducer. Administration of
LPS led to anxiety and depression in the rodents [123,124]. Walker et al. showed that LPS
activates microglia cells and increases pro-inflammatory cytokines in the brain. Studies
have shown that dysregulation of inflammatory processes may be a very significant patho-
physiological mechanism of major depression. LPS-induced inflammation was reversed
after minocycline administration. Reduced production of pro-inflammatory cytokines was
observed in the mice tested [125]. Minocycline also acts on the neurogenesis process in the
hippocampus, resulting in an anxiolytic effect [125,126]. The neuroprotective mechanism of
minocycline is probably due to its direct anti-inflammatory action. In addition, minocycline
significantly increases neurogenesis in the hippocampus, which plays a key role in anxiety
and depression and in the functioning of the HPA axis [125]. Furthermore, other studies
using minocycline indicate its potential use in the treatment of schizophrenia. The rodents
studied showed improvements in positive and negative symptoms, measured by the Scale
for Assessment of Negative Symptoms (SANS) [127].

Recent preclinical studies in rodents suggest that vasopressin V1B receptor antagonists
are effective in the treatment of depression [128]. Their action is based on attenuation of
the HPA axis hyperactivity. This appears to be a promising treatment target for depression
with HPA axis disorders [128]. VB1 receptors are synthesized in the brain, mainly in the
hypothalamus and limbic system. These areas are responsible for the regulation of stress
and emotions, which is why an increased expression of the VB1 receptor is observed in
chronic stress. The arginine-vasopressin receptor (AVP) subtype is involved in the HPA axis
regulation. Increased vasopressin production is seen not only in various areas of the brain
but also in the blood, which may be associated with the increased risk of suicide. There is a
strong correlation between VB1 receptor activation and ACTH secretion [128]. Moreover,
the correlation between AVP and ACTH is stronger than that between CRH and ACTH.
The effect of CRH and ACTH release is enhanced by vasopressin. There is ample evidence
suggesting a role for the AVP-VB1 receptor system in depression. AVP levels are also
elevated in brain areas, such as the PVN and supraoptic nucleus of the hypothalamus and
the suprachiasmatic nucleus. This is also confirmed by preclinical studies in rats. Rodents
in which AVP deficiency was observed exhibited reduced depressive and anxiety-like
behavior [128]. The antidepressant effect of V1B receptor antagonists is due to inhibition of
the HPA axis activated by acute stress. Preclinical studies in models of anxiety and depres-
sion are currently underway using molecules TASP0233278 and TASP0390325 acting as
potential antidepressants through V1B receptor antagonism [128]. The effects of other VB1
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receptor antagonists were also analyzed in preclinical and clinical models. In chronic stress
models, SSR149415 exerted antidepressant effects similar to conventional antidepressants.
Studies showed that SSR149415 prevented the elevation of ACTH levels triggered by stress.
Injection of SSR149414 into certain brain nuclei showed antidepressant effects. SSR149415
reduced neurodegeneration in the hippocampus induced by chronic stress, leading to
attenuation of depressive and anxiety-like behaviors. Furthermore, receptor antagonists for
vasopressin inhibit acetylcholine (ACh) release in the hippocampus, similar to classical an-
tidepressants, which may play a key role in their anxiolytic and antidepressant properties.
The current study suggests that SSR149415 may serve as a useful tool to further investigate
the effects of the HPA axis on the development of depression [128]. Clinical trials with
VB1 receptor antagonists have shown them to be effective at doses that attenuate HPA axis
overactivity. The greatest efficacy is observed in patients with HPA axis hyperreactivity in
MDD. However, further studies are needed to confirm the role of the hippocampus in the
antidepressant effects of VB1 [129,130].

Mifepristone (RU-486) is a GR receptor antagonist. Following administration of the
drug, GR receptor counts increase rapidly, indicating compensatory activation of the HPA
axis. Mifepristone administration can effectively alleviate depressive symptoms by increas-
ing GR regulation in critical structures of the hypothalamus and limbic system. This leads
to increased negative feedback control of GR over the HPA axis. In the studies on animal
models, the efficacy of the drug is confirmed by the results of the forced swimming test.
It was observed that repeated administration of mifepristone (5 days, 10 mg/kg) reduces
immobility and increases swimming behavior. Treatment with mifepristone normalizes the
stress-induced reduction in hippocampal neurogenesis [131]. A study conducted in the
University of Cincinnati shows that the inhibitory effect of the hippocampus on HPA axis
activity occurs through the ventral subiculum [132]. By increasing neurogenesis in this area
of the hippocampus, mifepristone may inhibit stress-induced over-reactivity of the HPA
axis [133]. Mifepristone has also been studied in other psychiatric conditions, including
depression in schizophrenia. Clinical studies show that it suppresses HPA axis activity in
people with severe mental illness. In addition, the administration of mifepristone led to a
decrease in diurnal ACTH levels. Interestingly, the therapeutic effects of mifepristone were
not observed until 14 days after cessation of treatment [131,134,135]. However, further
studies focusing on the long-term effects of mifepristone on the HPA axis are needed to
establish the efficacy of mifepristone in schizophrenia with depression [134,135].

Recent preclinical studies have demonstrated the efficacy of histone deacetylase
(HDAC) inhibitors. Targeting histone acetylation appears to be a promising treatment for
depression. Long-term stress leads to increased levels of acetylated histones in nucleus
accumbens (NAc). Prolonged intake of HDAC inhibitors may contribute to neuronal
plasticity by reducing HDAC2 expression in the NAc. This is the structure responsible for
the regulation of depressive behavior [136,137]. A representative of HDAC inhibitors is
vorinostat (VOR). Injection of this drug into the cerebellum of a mouse exposed to stress
led to an antidepressant response [138,139]. In addition, VOR showed anti-inflammatory
effects, suppressed iNOS expression in the induced inflammatory pathway and inhibited
iNOS phosphorylation [138].

7. The Neurobiology of Schizophrenia: Possible Pathophysiological Mechanism
Including HPA Axis

Stress is one of the main factors contributing to the development of psychiatric disor-
ders. Chronic stress is associated with, among other things, excessive activation of the HPA
axis. The HPA system, otherwise known as the stress axis, acts with some delay—after
about 30 min [140]. CRH secreted by PVN cells into the pituitary portal circulation stimu-
lates the secretion of ACTH into the blood. The final step in the activation of the HPA axis
is the activation of adrenal cortex cells and the resulting secretion of glucocorticosteroids
(cortisol). The delayed effect of the HPA axis is explained by the binding of glucocorticos-
teroids to nuclear receptors. After binding to the appropriate receptors in the cytoplasm,
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glucocorticosteroids must first be transported to the nucleus where they influence gene
expression (GRE, glucocorticoid-response element) [140].

Regulation of the HPA axis plays a key role in the stress response. An initial increase
in cortisol concentration in the blood has a beneficial effect on the body, but a prolonged
increase in its concentration is harmful and appears to play a large role in the pathogenesis
of psychiatric disorders [141,142]. Schizophrenia is a complex illness influenced by both
genetic and environmental factors. Increased susceptibility to environmental stress in
childhood has been shown to lead to hyperreactivity of the HPA axis in response to
acute stress. Increased cortisol secretion may, therefore, contribute to the development of
psychosis [143]. Long-term exposure to elevated blood cortisol levels has a strong effect
on dopaminergic neurotransmission. There are several theories as to why schizophrenia
develops. One of these is the dopaminergic concept. According to this theory, over-activity
of the mesolimbic dopaminergic pathway is responsible for the development of positive
symptoms (psychoses) [143]. In schizophrenia, there is also a decrease in dopaminergic
activity in the prefrontal cortex, in the mesocortical pathway, which leads to the tracing of
cognitive functions (negative and cognitive symptoms) [142,143]. Studies using positron
emission tomography confirm that elevated cortisol levels lead to increased dopamine
release in the striatum [144].

Despite the popularity of the dopamine concept, the endocannabinoid system (ECS)
plays a large role in the development of schizophrenia. Cannabinoid receptors type 1 and
2 (CB1 and CB2) are metabotropic, G-protein related receptors. The best-known agonist
of these receptors is delta-9-tetrahydrocannabinol (∆9-THC), a Cannabis sativa alkaloid.
CB1 receptors are found in large quantities in the mesolimbic pathway involved in the
regulation of the HPA axis. In addition, CB1 receptors regulate glutamate release from
synapses responsible for cortisol release [145]. Exogenous cannabinoids have been shown
to increase the HPA axis activity. Injection of THC into test rats led to an increase in
plasma corticosterone and ACTH levels [145,146]. Cannabinoids may exhibit their effects
mainly by affecting corticosterone negative feedback at the hypothalamic level. Confir-
mation of this relationship in further studies may be crucial in accurately understanding
the pathogenesis of psychiatric disorders, as well as depression, as over-activation of the
HPA axis leads to changes in endocannabinoid synthesis. The endocannabinoid system
exhibits neuroprotective effects and mitigates the effects of chronic stress [145]. The en-
docannabinoid system influences stress management, as evidenced by animal behavioral
tests, including the forced swimming test. Studies have shown that mice with blocked
CB1 receptors undergoing chronic stress exhibited marked anhedonia [145]. The HPA axis
plays a key role in the response to chronic stressful stimuli. Long-term stress can cause
psychological, metabolic and immunological disorders. This is why adaptation to chronic
stress is necessary to prevent adverse effects of stressors. This is supported by the fact that
in the absence of adaptation to stressful stimuli, CNS dysfunction occurs. Many studies
indicate that the endocannabinoid system inhibits the HPA axis activity [147,148]. It has
recently been noted that the inhibitory effects of the endocannabinoid system may be due
to its action within the amygdala. This is supported by the fact that local administration of
CB1 receptor agonists to this brain area can reduce the HPA axis activity, whereas admin-
istration of the same CB1 receptor ligands to another brain area does not have the same
effects [149,150]. Furthermore, it is thought that ECS signaling may affect the HPA axis by
inhibiting glucocorticoid-induced negative feedback. The endocannabinoid system plays
an important role in the regulation of the HPA axis under chronic stress conditions, acting
as a “guardian” of the HPA axis and preventing its over-activation [147].

A number of studies indicate adverse effects of both elevated and decreased cortisol
levels on cognitive function. Cortisol secretion in the HPA axis is regulated by, among oth-
ers, the hippocampus. It has been shown that hippocampal volume is significantly reduced
in patients with schizophrenia and MDD compared to controls, with larger differences
observed in patients with MDD [151]. This may be due to changes in hormone secretion in
response to stress. The difference between schizophrenia and MDD may be related to the
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fact that HPA axis dysfunction is more important in the pathogenesis of diseases associated
with mood disorders [151,152]. The relationship between HPA axis activity is still not
entirely clear. However, there is a growing body of scientific work supporting the fact that
HPA axis hyperfunction may enhance dopaminergic neurotransmission, which plays a key
role in the pathophysiology of schizophrenia. It is believed that hypercortisolemia may be
the cause of the onset of psychiatric disorders. Interestingly, studies show significant differ-
ences between the activity of the HPA axis in men and women, and thus, different degrees
of mental illness incidence depending on gender. In male rodents, higher cortisol levels
were observed in response to stressful stimuli compared to female individuals [153,154].
Abnormal functioning of the HPA axis may also be related to epigenetics. It has been shown
that traumatic childhood events can lead to mutations in GR genes [155]. Abnormalities of
the HPA axis may be related to the immune system. It has been shown that patients with
psychosis have elevated blood levels of cortisol as well as inflammatory markers, such as
IL-6, and IL-1-beta [156].

Stress is an important contributor to psychosis. Furthermore, it has been shown that
patients with psychiatric disorders also have increased HPA axis activity, manifested by in-
creased cortisol secretion [156]. The increased HPA axis activity is particularly prevalent at
the onset of illness. This is also confirmed by the fact that individuals with a predisposition
to psychosis have an increased pituitary volume [156]. The role of HPA axis hyperactivity
in the pathomechanism of schizophrenia is also indicated by the fact that glucocorticoid
antagonists are effective in relieving psychotic symptoms [157]. Numerous studies also
indicate suppression of the HPA axis activity by atypical antipsychotics (AP) [158]. How-
ever, it has still not been shown whether elevated cortisol levels are responsible for the
development of schizophrenia. Further research is needed to clarify the role of the HPA
axis in the development of psychiatric disorders. A better understanding of the role of
the HPA axis in the pathogenesis of schizophrenia, but also of cognitively related diseases,
such as MDD, may be the key to developing new chemical molecules that modulate the
HPA axis activity [157,158].

8. New Possible Drugs for Schizophrenia, Targeting the HPA Axis by
Psychoactive Substances

Despite significant advances in the availability of pharmacotherapy for schizophrenia,
the effectiveness of drugs is still limited. An increasing number of scientific studies tar-
geting the HPA axis as a potential site of action for new therapies are emerging [157,159].
The HPA axis may play an important role in the pathogenesis of schizophrenia. Elevated
blood cortisol levels are thought to contribute to cognitive decline in older people. This
effect leads to activation of GR and inhibition of neurogenesis. The functioning of the HPA
axis is largely regulated by GR and MR, therefore, it is believed that treatment targeting
these receptors may have a beneficial effect on cognitive processes in schizophrenia. Neu-
rosteroids, which include pregnenolone (PREG) and dehydroepiandrosterone (DHEA),
appear to be a promising treatment option [134,157].

DHEA is included in the group of steroid hormones produced by the adrenal cortex. It
is also produced in the brain and gonads acting through the GR. Recent studies have shown
high concentrations of DHEA in the human brain, resulting from the ease of penetration
of the DHEA molecule across the blood-brain barrier [160]. DHEA has a beneficial effect
on neuronal growth, showing neuroprotective effects. The mechanism of action of DHEA
is complex and subject to numerous regulations. One mechanism of action is based on
genomic effects, whereby DHEA is converted to dihydrotestosterone and testosterone [161].
The resulting metabolites bind to androgen receptors, thus showing their pharmacological
effects. However, this is not the only mechanism of DHEA action. This steroid may also
combine with NMDA, nicotinic, glutamate or vanilloid receptors TRPV (transient receptor
potential vanilloid channels) [162]. Several studies indicate that DHEA is effective in
patients with schizophrenia in improving cognitive function. However, further studies
using DHEA in schizophrenia are needed due to inconclusive results [163–165]. One of the
intermediate products in the synthesis of DHEA is PREG, which is formed from cholesterol.



Brain Sci. 2021, 11, 1298 14 of 28

It has been shown that pregnenolone can inhibit the negative symptoms of schizophrenia.
This effect is probably due to its action on GABA-A, NMDA, sigma-1 and dopaminergic
receptors [165,166]. PREG may improve cognitive function and reduce stress levels. In
addition, some preclinical studies have shown that PREG alleviates cognitive symptoms in
schizophrenia. Furthermore, this neurosteroid has a good safety profile [167]. Both PREG
and DHEA have neuroprotective activity, protecting neurons from apoptosis, as confirmed
by preclinical animal studies [168]. Some studies indicate that DHEA protects hippocampal
cells from the damaging effects of cortisol. Interestingly, the use of classical antipsychotic
drugs leads to increased DHEA levels in schizophrenic patients. The effect of neurosteroids
in schizophrenia is still not fully understood and requires further research [168].

The inefficiency of treatment with classical antipsychotics is a serious problem for
patients, which is why the search for new pharmacological therapies is so important. ECS
plays an important role in the maintenance of normal mental health, so more and more
potential treatments for schizophrenia targeting ECS are being developed. Some naturally
occurring cannabinoids may find use as APs. An increasing number of studies indicate
that ECS inhibits HPA axis activity by affecting CRH in the PVN and ACTH secretion from
the pituitary [169]. Furthermore, the mechanism of ECS inhibitory action on the HPA axis
is due to its effect on glucocorticoid secretion. Glucocorticoid binding to GR in the PVN
leads to the release of endocannabinoids, which by binding to presynaptic CB1 receptors
lead to inhibition of glucocorticoid release [170].

To date, there has been little research on the effects of psychoactive substances on
schizophrenia. These compounds may be used by patients with schizophrenia to reduce
feelings of fear and anxiety. The use of psychoactive substances may relieve symptoms
of the illness in the short term, but long-term use is associated with permanent changes
in the brain. There is then a reduction in volume in the limbic system and prefrontal
cortex [170]. Psychoactive substance abuse is a serious problem in modern society and can
lead to serious health consequences. Numerous studies confirm the fact that psychoactive
substances significantly increase the activity of the HPA axis, leading to excessive cortisol
secretion. Increased levels of ACTH and β-endorphins have also been observed in users
of psychoactive substances, such as cocaine. The effect on CRH secretion is thought
to play a major role. This is supported by the fact that the administration of a CRH
antagonist abolishes the effects of cocaine on the HPA axis. However, a full understanding
of their pharmacological and toxicological effects is necessary to implement effective
treatments [170–174]. Over the last decade, new psychoactive substances (NPS) have
become significantly more prevalent, which can include cannabinoid receptor agonists
(SCRAs) [159]. Their action is mainly due to their effect on CB1. However, it should be
noted that not all cannabinoids are classified as NPS, e.g., phytocannabinoids found in
plants other than cannabis [171,172].

Cannabidiol (CBD) is a non-psychoactive compound with potential antipsychotic
properties. Like THC, it is a component of Cannabis sativa. Importantly, cannabis con-
sumption is associated with a risk of strong side effects, such as psychiatric disorders,
addiction and anxiety. THC contained in cannabis is mainly responsible for these effects.
THC exposure can lead to positive symptoms in patients with schizophrenia. This effect
may be due to increased dopaminergic transmission in the prefrontal cortex and cau-
date nucleus [175,176]. It has been shown that cannabis users show marked changes in
the limbic system and prefrontal cortex, which are rich in CB1 receptors. Even a single
exposure to cannabinoids can cause multiple changes in the CNS, leading to increased
release of neurotransmitters, such as dopamine and endogenous opioids [175,177]. A
study by McGuire et al. [178] showed that after administration of CBD to patients with
schizophrenia, a reduction in the occurrence of positive symptoms of schizophrenia was
observed compared to a control sample. However, no improvement in cognitive function
in schizophrenia was observed [178]. Also, a study by De Filippis et al. [179] showed that
cannabidiol has antipsychotic activity. This effect is associated with the inhibition of the
formation of an inflammatory response. Exogenous cannabinoids reduce the secretion of
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inflammatory mediators, such as pro-inflammatory cytokines and inhibit the activation of
microglia cells. Studies comparing the effects of THC and CBD have also been conducted.
Interestingly, CBD has been shown to have no psychogenic effects compared to THC and
may attenuate THC-induced anxiety [180]. There is evidence to suggest an important
role for TRPV1 receptors in the effects of CBD in schizophrenia [181]. Currently, the exact
mechanism of cannabidiol’s antipsychotic action is still unclear. It is thought that it may
be due to CBD’s ability to inhibit the fatty acid amide hydrolase (FAAH) enzyme which
is responsible for deactivating anandamide. This is supported by the results of studies
showing increased levels of anandamide in CBD-treated patients [182]. Anandamide levels
in the CSF are thought to be inversely related to the severity of psychotic symptoms in
schizophrenia. Furthermore, the effects of anandamide may attenuate the transition of
mild psychotic symptoms to exacerbated ones [182]. Results from other research teams are
not as conclusive. Therefore, CBD is currently only used in very rare cases of schizophrenia.
High-quality randomized trials are needed to confirm its efficacy and safety [159,178,181].

9. Correlation—Schizophrenia and Depression

According to many scientific reports, depression is a common symptom due to every
phase of schizophrenia [183,184]. That negative symptom has become one of the reasons
for suicide among people suffering from schizophrenia [184–186]. Some researchers have
estimated that depressive symptoms are one of the most important risk factors for suicide
in the early phase of schizophrenia [187]. Depression can also lead to polypharmacy [188],
impaired social functioning [189] and even reduced quality of life. Generally, comorbid
depression in schizophrenia often hasn’t been properly diagnosed which doesn’t allow the
implementation of its treatment among patients [1,11]. Elucidating the correlation between
schizophrenia and depression so as to be able to manage with it is indispensible [190,191].
Among many studies, we could see a discrepancy between the prevalence of comorbid
depression in schizophrenia. In 2018 Dai et al. [192], using the 17-item Hamilton Depression
Rating Scale (HAMD-17), proved that depression occurred in about 54,6% of patients with
schizophrenia. During another study [191] amid outpatients with diagnosed schizophrenia,
only about 31% suffered from depression. These discrepancies may have been probably the
result of different study settings or assessment instruments [193]. It has been estimated that
depression concerns 7% to 75% of patients with schizophrenia [193]. The meta-analysis
in 2020 conducted by Li et al. [190] clearly confirmed that comorbidity with depression
and schizophrenia is a very common occurrence which may probably depend on some
factors like gender, age, duration of schizophrenia, involvement in social life, or even
the quality of the study. In 2018, Krynicki et al. [194] created a systematic review about
the relationship between negative symptoms and depression in patients suffering from
schizophrenia. It appeared that the distinction between negative symptoms and depression
in schizophrenia is not so clear-cut, as the two show a close correlation [195]. The symptoms
like pessimism, low mood or thoughts about suicide are characteristic more to depres-
sion whereas alogia or blunted affect to negative symptoms. While, in both mentioned
domains anhedonia, anergia or avolition could be observed. Undoubtedly, awareness
of suffering from schizophrenia leads to depressive symptoms, which was in detail ana-
lyzed by Ampalam et al. in 2012 [195]. The correlation of depression in the schizophrenic
population in the study was presented with Pearson correlation and it was 0.758. These
results confirmed earlier reports in medical publications, suggesting that the better insight,
the lower mood among schizophrenic patients [196,197]. Moreover, the longer duration
of schizophrenia, as well as the age of patients, have favored the rarer occurrence of the
symptoms of depression [195]. The quality of life in patients with schizophrenia has also
had a significant impact on the occurrence/nonoccurrence of depression. According to
Shargh et al. [191], there is a negative correlation between highly advanced depression
and low quality of life among these patients. Depression in patients with schizophrenia
becomes the cause of their dissatisfaction with life [189]. Furthermore, it has been shown
that a reduction in depressive symptoms actually leads to improved life satisfaction (such
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as social relationships or psychological well-being) [189,198]. Depressive symptoms may
also lead to a higher relapse rate, gradual social withdrawal, poorer response to treatment,
a tendency to addiction, or reduced cognitive function [189].

Mumtaz et al. [188] analyzed reviews from both clinical and preclinical trials so as
to define the effect of social isolation on neuropsychological disorders like depression or
schizophrenia [199–201].

It has been proven that social isolation causes both behavioral and neurochemical
changes. Moreover, this leads to dysregulations in endocannabinoid and dopaminergic
systems which are observed in schizophrenia and depression [202]. Cortisol determines
the major role in the HPA axis functioning. Cherian et al. [203] investigated the relationship
between the level of cortisol and cognition with types of neuronal disorders. Definitely,
the higher evening level of the mentioned hormone is observed in patients with major
depression than schizophrenia which suggests the dysregulation of the HPA axis in patients
with depression. Research suggests that cortisol secretion in patients with schizophrenia
increases before an acute episode, which may be an appropriate marker of vulnerability to
the disease [195,203–206].

10. Activation of the HPA Axis Due to Environmental/Oxidative Stress as a Risk Factor
for Depression and Schizophrenia

Environmental stress is the response of the organism to an environmental stimulus
that leads to emotional, cognitive, or behavioral disorders. Environmental stress could
be an effect of traumatic life experiences, previous illness, social relations, or perinatal
injuries [207,208]. Moreover, the interaction between environmental stressors and vulnera-
bility factors can be a reason for hyperactivity in the nervous system which finally results
in the overloading of the area in the brain responsible for processing information and
reducing the process of response to the stimuli [207]. Described vicious circle mechanisms
thereby cause intensity and manifest symptoms of schizophrenia [207,208]. Even though
the connection between environmental stress and neuronal disorders is obvious, the cause
itself, despite much previous research, hasn’t been still understood [194]. The impact of
stress on the development of many mental disorders is based on common mechanisms con-
nected with higher cortisol levels and the HPA axis [209]. Therefore, it leads to irreversible
intracellular changes of plasticity in the synapses by changing the level of BDNF [210]. All
types of mechanisms that dysregulated the HPA axis are linked with a higher risk of the
development of neuronal disorders [211].

Do et al. [211] demonstrated that oxidative stress contributes to NMDA receptor failure
and myelination disorders during nervous system development. Undoubtedly, the effects
of many environmental factors (including environmental stress) on the body are associated
with transient or prolonged oxidative stress. Schizophrenia is one of the neurodevelop-
mental disorders that is associated with redox imbalance [212]. The overproduction of
reactive oxygen species (ROS), as well as the lack of antioxidants in cells, cause a deficiency
of the protective antioxidant glutathione (GSH). These disorders may ultimately lead to
the development of schizophrenia [212,213]. In a study by Brown et al. [213], it has been
suggested that prevention from some environmental factors can be one of the strategies
to cope with schizophrenia. Many schizophrenia’s risk factors affect the development
of the fetal brain during pregnancy [214]. As a result of the activation of the maternal
immune system, oxidative stress leads to peroxisomal disorders in the fetus [214,215].
Flatow et al. [216] performed a meta-analysis of the associations between oxidative stress
and schizophrenia. According to many reviews and clinical trials, several antioxidants have
been identified, the levels of which in cells may be a significant biomarker in schizophrenia.
The researchers suggested that investigation of the correlation between oxidative stress
and clinical features may provide information about the potential mechanisms responsible
for the onset of disease. In 2012 Martinez-Cengotitabengoa and colleagues [217] were
the first scientists who investigated and described an association between the levels of
oxidative stress and neurocognition in patients with first-episode psychosis. The clinical
trial confirmed that levels of GSH and executive functions are significantly correlated.
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Moreover, the perception of oxidative stress as a biomarker and therapeutic target may lead
to the discovery of a new treatment of schizophrenia focused on antioxidants [216,218,219].
However, others also argued that oxidative parameters should not be used as one and only
schizophrenia biomarkers. In 2014, Gonzalez-Liencres et al. [220] conducted a case-control
study with patients suffering from schizophrenia. They discovered that the harmfulness
of oxidative stress in schizophrenia is a more complex problem. It occurs that the activity
and function of some enzymes involved in antioxidant processes—superoxide dismutase,
glutathione peroxidase, or catalase, have not been still clearly understood [221,222]. Gar-
diner et al. [223] have shown that some neurotrophic factors as neurotrophin 4/5 (NT4/5)
plausibly lead to the up-regulation of antioxidants in neurons. It had been suggested that
a higher level of NT4/5 is correlated with oxidative stress in neuronal cells, mainly in
patients suffering from bipolar disorder [224]. Whereas, both reduced levels of NT4/5
and activity of antioxidant processes have been noted in patients with Alzheimer’s dis-
ease [225]. Nevertheless, the association between NT4/5 and schizophrenia remains still
unexplained. Probably, the oxidative damage is due to both less cellular protection and
magnified oxidative insults. Due to these reports, the oxidative parameters are not specific
to cognitive disorders (like schizophrenia) despite their certain potential as markers to
determine cognitive faculties [220].

The pathogenesis of schizophrenia and also depression may depend on exposure
to oxidative and/or environmental stress. There is ample evidence to suggest that it
is environmental stress, mainly related to childhood trauma, which plays a large role
in the pathogenesis of depression. Some review papers provide evidence that environ-
mental factors can lead to epigenetic changes in humans [226,227]. This means that a
certain stressors can alter gene expression, which can be potentially heritable to the next
generation [228]. Park et al. [229] reviewed associations between stress, epigenetics and
depression in humans. They suggested that a multidirectional understanding of the cor-
relation between these three compounds may provide the information about pathology,
neurobiology and potential new methods for the treatment of depression. According to
other findings [230,231], there are two significant markers of oxidative stress where levels
are definitely higher in depression—F2-isoprostanes and 8-OHdG. Exposure to stress also
increases the production of pro-inflammatory cytokines and other inflammatory mediators
(IL-1, IL-6, IFNγ, TNFα, IL-1β) [232]. Interestingly, a study by Kiecolt-Glaser et al. [233]
found that children’s exposure to chronic psychosocial stress can significantly reduce their
life expectancy (by 7 to 15 years). Another study by Miller et al. [234] proved the increased
expression of C-reactive protein (CRP) and IL-6 in women with enhanced predisposition to
depression. Long-term exposure to environmental stress (e.g., physical or psychological
abuse in childhood) can lead to a sustained increase in the HPA axis activity and the
increased CRH release. As a result of increased cortisol release, amygdala neurons become
overactive and hippocampal activity is impaired. These permanent changes in the brain
increase the body’s vulnerability to stress. Exposure to environmental stressors leads to
activation of the sympathetic nervous system and the release of catecholamines [235–239].
The effect of catecholamines on the body is the release of pro-inflammatory cytokines and
the decrease in BDNF levels. Pro-inflammatory cytokines are also involved in activation of
the HPA axis and they reduce serotonin release [235–239].

Neuroinflammation is undoubtedly associated with depression (See Figure 4). This is
supported by the fact that the administration of interferon (IFN)-alpha, which is a proin-
flammatory cytokine, induces depressive symptoms [240,241]. Moreover, proinflammatory
cytokines may contribute to the phenomenon of excitotoxicity, associated with excess gluta-
mate in the brain and activation of the kynurenine pathway [242]. These processes result in
the formation of active metabolites that interfere with neurogenesis [240,242]. Inflammation
may also play a role in the psychosocial changes that often accompany depression [243].
To confirm this, a study was conducted in which participants were exposed to bacterial
endotoxin, an inducer of inflammation. Interestingly, not only depressive behaviors but
also feelings of social isolation were observed in the participants [243,244]. Inflammation
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has been shown to affect interpersonal relationships, sensitizing patients to negative and
positive social experiences [244]. Therefore, people who suffer from inflammation-related
diseases may be at greater risk of loneliness and depression [243,244]. Understanding the
role of neuroinflammation in the pathogenesis of depression has led to the development of
many new potential treatments for this condition, including anti-inflammatory cytokines
whose efficacy has been confirmed in preclinical studies [235–239,245]. Therefore, the
discovery of a complex correlation between depression and oxidative stress may allow for
a better understanding of its etiology.

Figure 4. HPA axis in pathomechanisms of depression and schizophrenia: new therapeutic targets
affecting the HPA axis.

11. Conclusions

The HPA axis—through its effect on cortisol release—plays a significant role in the
pathogenesis of depression. Cortisol levels are significantly elevated in patients with MDD
compared to healthy volunteers. High cortisol levels have proved to impair verbal and
working memory, thereby reducing cognitive function in depression. The hippocampus,
whose volume is significantly reduced in MDD, has been shown to be responsible for HPA
axis regulation and neurogenesis [146]. Data from a review of meta-analyses and random-
ized clinical trials indicate complex links between HPA axis function and serotonergic
transmission [23,24]. A review of newer work has also demonstrated HPA axis hyperreac-
tivity in schizophrenia [117,143]. However, it should be noted that for schizophrenia the
findings are less conclusive than for depression, and high-quality randomized clinical trials
clarifying the exact role of the HPA axis in the pathogenesis of schizophrenia are needed.

This review also highlights the relationship between the gut microbiota and the HPA
axis. Stressful events, especially during childhood, can lead to dysbiosis, which may
represent an indirect step in the impact of stress on HPA axis function. The link between
the gut microbiota and depression is confirmed by the fact that it is involved in the synthesis
of serotonin, BDNF and tryptophan metabolism.

A better understanding of the function of the HPA axis in schizophrenia and de-
pression is key to the development of new pharmacological therapies. Cortisol exerts
its pharmacological effects by influencing GR and MR. The use of mifepristone, a GR
antagonist in depression, has shown the most promising results and the best safety profile.
It has also significant benefits in schizophrenic patients, particularly in improving cognitive
function. The use of DHEA in schizophrenia has yielded inconclusive results and further
research is needed. Studies on the effect of cannabidiol on the development of positive
symptoms in schizophrenia seem to be encouraging. More and more data are emerging on
the effects of the vasopressin VB1 receptor on the development of depression. These are
relatively new findings, so studies are still ongoing to confirm the efficacy of VB1 receptor
antagonists in depression but appear to be a promising point of focus.
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The mechanism of action of the HPA axis is complex and it is often difficult to deter-
mine whether the overactivity of the HPA axis is a cause or a consequence of a disease.
Therefore, interfering factors, such as disease duration and severity should be taken into
account in further studies. The authors hope that the collected findings will lead to a better
understanding of the action of the HPA axis in depression and schizophrenia and will
contribute to the development of new pharmacological therapies.
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ACTH stimulation correlates with blood interleukin 6 concentration in healthy humans. Eur. J. Endocrinol. 2008, 159, 649–652.
[CrossRef] [PubMed]

5. Read, J.; van Os, J.; Morrison, A.P.; Ross, C.A. Childhood trauma, psychosis and schizophrenia: A literature review with
theoretical and clinical implications. Acta Psychiatr. Scand. 2005, 112, 330–350. [CrossRef] [PubMed]

6. Bai, Z.-L.; Li, X.-S.; Chen, G.-Y.; Du, Y.; Wei, Z.-X.; Chen, X.; Zheng, G.-E.; Deng, W.; Cheng, Y. Serum Oxidative Stress Marker
Levels in Unmedicated and Medicated Patients with Schizophrenia. J. Mol. Neurosci. 2018, 66, 428–436. [CrossRef]

7. Jacobson, L. Hypothalamic–Pituitary–Adrenocortical Axis Regulation. Endocrinol. Metab. Clin. N. Am. 2005, 34, 271–292. [CrossRef]
8. Dallman, M.F.; Akana, S.F.; Cascio, C.S.; Darlington, D.N.; Jacobson, L.; Levin, N. Regulation of ACTH Secretion: Variations on a

Theme of B. Rec. Prog. Horm. Res. 1987, 43, 113–173. [CrossRef]
9. Joseph, D.N.; Whirledge, S. Stress and the HPA Axis: Balancing Homeostasis and Fertility. Int. J. Mol. Sci. 2017, 18, 2224.

[CrossRef]
10. Heaney, J. Hypothalamic-Pituitary-Adrenal Axis; Springer: Berlin/Heidelberg, Germany, 2013; ISBN 978-1-4419-1004-2. [CrossRef]
11. Engeland, W.C.; Arnhold, M.M. Neural Circuitry in the Regulation of Adrenal Corticosterone Rhythmicity. Endocrine 2005, 28,

325–332. [CrossRef]
12. Balbo, M.; Leproult, R.; Van Cauter, E. Impact of Sleep and Its Disturbances on Hypothalamo-Pituitary-Adrenal Axis Activity. Int.

J. Endocrinol. 2010, 2010, 759234. [CrossRef]
13. Hansson, P.B.; Murison, R.; Lund, A.; Hammar, Å. Cognitive functioning and cortisol profiles in first episode major depression.

Scand. J. Psychol. 2015, 56, 379–383. [CrossRef]
14. Charles, S.T.; Mogle, J.; Piazza, J.R.; Karlamangla, A.; Almeida, D.M. Going the distance: The diurnal range of cortisol and its

association with cognitive and physiological functioning. Psychoneuroendocrinology 2019, 112, 104516. [CrossRef]
15. Stawski, R.S.; Almeida, D.M.; Lachman, M.E.; Tun, P.A.; Rosnick, C.B.; Seeman, T. Associations Between Cognitive Function

and Naturally Occurring Daily Cortisol During Middle Adulthood: Timing Is Everything. J. Gerontol. Ser. B 2011, 66B, i71–i81.
[CrossRef]

16. Marin, M.-F.; Lord, C.; Andrews, J.; Juster, R.-P.; Sindi, S.; Arsenault-Lapierre, G.; Fiocco, A.J.; Lupien, S.J. Chronic stress, cognitive
functioning and mental health. Neurobiol. Learn. Mem. 2011, 96, 583–595. [CrossRef]

17. Wyrwoll, C.S.; Holmes, M.C.; Seckl, J.R. 11β-Hydroxysteroid dehydrogenases and the brain: From zero to hero, a decade of
progress. Front. Neuroendocr. 2011, 32, 265–286. [CrossRef]

18. Evanson, N.K.; Herman, J.P.; Sakai, R.R.; Krause, E.G. Nongenomic Actions of Adrenal Steroids in the Central Nervous System. J.

Neuroendocr. 2010, 22, 846–861. [CrossRef]
19. Hill, M.; Tasker, J. Endocannabinoid signaling, glucocorticoid-mediated negative feedback, and regulation of the hypothalamic-

pituitary-adrenal axis. Neuroscience 2012, 204, 5–16. [CrossRef] [PubMed]
20. Hill, M.N.; McLaughlin, R.; Morrish, A.C.; Viau, V.; Floresco, S.; Hillard, C.J.; Gorzalka, B.B. Suppression of Amygdalar Endo-

cannabinoid Signaling by Stress Contributes to Activation of the Hypothalamic–Pituitary–Adrenal Axis. Neuropsychopharmacology

2009, 34, 2733–2745. [CrossRef] [PubMed]
21. Pace, T.W.W.; Spencer, R.L. Disruption of mineralocorticoid receptor function increases corticosterone responding to a mild, but

not moderate, psychological stressor. Am. J. Physiol. Metab. 2005, 288, E1082–E1088. [CrossRef] [PubMed]

http://doi.org/10.4065/76.5.511
http://doi.org/10.1016/S0893-133X(00)00159-7
http://doi.org/10.1530/EJE-08-0544
http://www.ncbi.nlm.nih.gov/pubmed/18753312
http://doi.org/10.1111/j.1600-0447.2005.00634.x
http://www.ncbi.nlm.nih.gov/pubmed/16223421
http://doi.org/10.1007/s12031-018-1165-4
http://doi.org/10.1016/j.ecl.2005.01.003
http://doi.org/10.1016/b978-0-12-571143-2.50010-1
http://doi.org/10.3390/ijms18102224
http://doi.org/10.1007/978-1-4419-1005-9_460
http://doi.org/10.1385/ENDO:28:3:325
http://doi.org/10.1155/2010/759234
http://doi.org/10.1111/sjop.12230
http://doi.org/10.1016/j.psyneuen.2019.104516
http://doi.org/10.1093/geronb/gbq094
http://doi.org/10.1016/j.nlm.2011.02.016
http://doi.org/10.1016/j.yfrne.2010.12.001
http://doi.org/10.1111/j.1365-2826.2010.02000.x
http://doi.org/10.1016/j.neuroscience.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22214537
http://doi.org/10.1038/npp.2009.114
http://www.ncbi.nlm.nih.gov/pubmed/19710634
http://doi.org/10.1152/ajpendo.00521.2004
http://www.ncbi.nlm.nih.gov/pubmed/15671079


Brain Sci. 2021, 11, 1298 20 of 28

22. Lisboa, S.; Gomes, F.; Terzian, A.; Aguiar, D.; Moreira, F.; Resstel, L.; Guimarães, F. The Endocannabinoid System and Anxiety.
Vitam. Horm. 2017, 103, 193–279. [CrossRef] [PubMed]

23. Maldonado, R.; Cabañero, D.; Martín-García, E. The endocannabinoid system in modulating fear, anxiety, and stress. Dialog-Clin.

Neurosci. 2020, 22, 229–239. [CrossRef]
24. Du, X.; Pang, T.Y. Is Dysregulation of the HPA-Axis a Core Pathophysiology Mediating Co-Morbid Depression in Neurodegener-

ative Diseases? Front. Psychiatry 2015, 6, 32. [CrossRef]
25. Keller, J.; Gomez, R.; Williams, G.; Lembke, A.; Lazzeroni, L.; Murphy, G.M.; Schatzberg, A.F. HPA axis in major depression:

Cortisol, clinical symptomatology and genetic variation predict cognition. Mol. Psychiatry 2016, 22, 527–536. [CrossRef]
26. Nandam, L.S.; Brazel, M.; Zhou, M.; Jhaveri, D.J. Cortisol and Major Depressive Disorder—Translating Findings from Humans to

Animal Models and Back. Front. Psychiatry 2020, 10. [CrossRef]
27. Carroll, B.J.; Curtis, G.C.; Mendels, J. Neuroendocrine Regulation in depression. II. Discrimination of depressed from nonde-

pressed patients. Arch. Gen. Psychiatry 1976, 33, 1051–1058. [CrossRef]
28. Ising, M.; Künzel, H.E.; Binder, E.B.; Nickel, T.; Modell, S.; Holsboer, F. The combined dexamethasone/CRH test as a potential

surrogate marker in depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2005, 29, 1085–1093. [CrossRef]
29. Dam, H.; Mellerup, E.T.; Rafaelsen, O.J. The dexamethasone suppression test in depression. J. Affect. Disord. 1985, 8, 95–103.

[CrossRef]
30. Stetler, C.; Miller, G.E. Depression and Hypothalamic-Pituitary-Adrenal Activation: A Quantitative Summary of Four Decades of

Research. Psychosom. Med. 2011, 73, 114–126. [CrossRef]
31. Bielajew, C.; Konkle, A.; Merali, Z. The effects of chronic mild stress on male Sprague–Dawley and Long Evans rats: I. Biochemical

and physiological analyses. Behav. Brain Res. 2002, 136, 583–592. [CrossRef]
32. De Andrade, J.; Céspedes, I.; Abrão, R.; dos Santos, T.; Diniz, L.; Britto, L.; Spadari-Bratfisch, R.; Ortolani, D.; Melo-Thomas,

L.; Silva, R.C.; et al. Chronic unpredictable mild stress alters an anxiety-related defensive response, Fos immunoreactivity and
hippocampal adult neurogenesis. Behav. Brain Res. 2013, 250, 81–90. [CrossRef]

33. Schatzberg, A.F.; Rothschild, A.J.; Langlais, P.J.; Bird, E.D.; Cole, J.O. A corticosteroid/dopamine hypothesis for psychotic
depression and related states. J. Psychiatr. Res. 1985, 19, 57–64. [CrossRef]

34. Qin, D.; Rizak, J.; Chu, X.; Li, Z.; Yang, S.; Lü, L.; Yang, L.; Yang, Q.; Yang, B.; Pan, L.; et al. A spontaneous depressive pattern in
adult female rhesus macaques. Sci. Rep. 2015, 5, 11267. [CrossRef] [PubMed]

35. Davenport, M.D.; Tiefenbacher, S.; Lutz, C.K.; Novak, M.; Meyer, J.S. Analysis of endogenous cortisol concentrations in the hair
of rhesus macaques. Gen. Comp. Endocrinol. 2006, 147, 255–261. [CrossRef]

36. Feng, X.; Wang, L.; Yang, S.; Qin, D.; Wang, J.; Li, C.; Lv, L.; Ma, Y.; Hu, X. Maternal separation produces lasting changes in
cortisol and behavior in rhesus monkeys. Proc. Natl. Acad. Sci. USA 2011, 108, 14312–14317. [CrossRef] [PubMed]

37. Bertollo, A.G.; Grolli, E.R.; Plissari, E.M.; Gasparin, A.V.; Quevedo, J.; Réus, G.Z.; Bagatini, M.D.; Ignácio, Z.M. Stress and serum
cortisol levels in major depressive disorder: A cross-sectional study. AIMS Neurosci. 2020, 7, 459–469. [CrossRef] [PubMed]

38. Hodes, G.; Kana, V.; Menard, C.; Merad, M.; Russo, S.J. Neuroimmune mechanisms of depression. Nat. Neurosci. 2015, 18,
1386–1393. [CrossRef]

39. Ignácio, Z.M.; Da Silva, R.S.; Plissari, M.E.; Quevedo, J.; Réus, G.Z. Physical Exercise and Neuroinflammation in Major Depressive
Disorder. Mol. Neurobiol. 2019, 56, 8323–8335. [CrossRef]

40. Slavich, G.M.; Irwin, M.R. From stress to inflammation and major depressive disorder: A social signal transduction theory of
depression. Psychol. Bull. 2014, 140, 774–815. [CrossRef]

41. Booij, S.H.; Wigman, J.T.; Jacobs, N.; Thiery, E.; Derom, C.; Wichers, M.; Oravecz, Z. Cortisol dynamics in depression: Application
of a continuous-time process model. Psychoneuroendocrinology 2020, 115, 104598. [CrossRef]

42. Sterner, E.Y.; Kalynchuk, L.E. Behavioral and neurobiological consequences of prolonged glucocorticoid exposure in rats:
Relevance to depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2010, 34, 777–790. [CrossRef] [PubMed]

43. Johnson, S.A.; Fournier, N.M.; Kalynchuk, L.E. Effect of different doses of corticosterone on depression-like behavior and HPA
axis responses to a novel stressor. Behav. Brain Res. 2006, 168, 280–288. [CrossRef] [PubMed]

44. Lupien, S.J.; McEwen, B.S.; Gunnar, M.R.; Heim, C. Effects of stress throughout the lifespan on the brain, behaviour and cognition.
Nat. Rev. Neurosci. 2009, 10, 434–445. [CrossRef] [PubMed]

45. Magariños, A.M.; Orchinik, M.; McEwen, B.S. Morphological changes in the hippocampal CA3 region induced by non-invasive
glucocorticoid administration: A paradox. Brain Res. 1998, 809, 314–318. [CrossRef]

46. Wellman, C.L. Dendritic reorganization in pyramidal neurons in medial prefrontal cortex after chronic corticosterone administra-
tion. J. Neurobiol. 2001, 49, 245–253. [CrossRef]

47. Mitra, R.; Sapolsky, R.M. Acute corticosterone treatment is sufficient to induce anxiety and amygdaloid dendritic hypertrophy.
Proc. Natl. Acad. Sci. USA 2008, 105, 5573–5578. [CrossRef]

48. Chen, C.; Nakagawa, S.; An, Y.; Ito, K.; Kitaichi, Y.; Kusumi, I. The exercise-glucocorticoid paradox: How exercise is beneficial to
cognition, mood, and the brain while increasing glucocorticoid levels. Front. Neuroendocr. 2017, 44, 83–102. [CrossRef]

49. Brown, H.E.; Pearson, N.; Braithwaite, R.E.; Brown, W.J.; Biddle, S. Physical Activity Interventions and Depression in Children
and Adolescents. Sports Med. 2013, 43, 195–206. [CrossRef]

50. Bs, S.B.H.; Zelinski, E.M. Extended Practice and Aerobic Exercise Interventions Benefit Untrained Cognitive Outcomes in Older
Adults: A Meta-Analysis. J. Am. Geriatr. Soc. 2011, 60, 136–141. [CrossRef]

http://doi.org/10.1016/bs.vh.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28061971
http://doi.org/10.31887/dcns.2020.22.3/rmaldonado
http://doi.org/10.3389/fpsyt.2015.00032
http://doi.org/10.1038/mp.2016.120
http://doi.org/10.3389/fpsyt.2019.00974
http://doi.org/10.1001/archpsyc.1976.01770090041003
http://doi.org/10.1016/j.pnpbp.2005.03.014
http://doi.org/10.1016/0165-0327(85)90078-3
http://doi.org/10.1097/PSY.0b013e31820ad12b
http://doi.org/10.1016/S0166-4328(02)00222-X
http://doi.org/10.1016/j.bbr.2013.04.031
http://doi.org/10.1016/0022-3956(85)90068-8
http://doi.org/10.1038/srep11267
http://www.ncbi.nlm.nih.gov/pubmed/26059851
http://doi.org/10.1016/j.ygcen.2006.01.005
http://doi.org/10.1073/pnas.1010943108
http://www.ncbi.nlm.nih.gov/pubmed/21844333
http://doi.org/10.3934/Neuroscience.2020028
http://www.ncbi.nlm.nih.gov/pubmed/33263081
http://doi.org/10.1038/nn.4113
http://doi.org/10.1007/s12035-019-01670-1
http://doi.org/10.1037/a0035302
http://doi.org/10.1016/j.psyneuen.2020.104598
http://doi.org/10.1016/j.pnpbp.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20226827
http://doi.org/10.1016/j.bbr.2005.11.019
http://www.ncbi.nlm.nih.gov/pubmed/16386319
http://doi.org/10.1038/nrn2639
http://www.ncbi.nlm.nih.gov/pubmed/19401723
http://doi.org/10.1016/S0006-8993(98)00882-8
http://doi.org/10.1002/neu.1079
http://doi.org/10.1073/pnas.0705615105
http://doi.org/10.1016/j.yfrne.2016.12.001
http://doi.org/10.1007/s40279-012-0015-8
http://doi.org/10.1111/j.1532-5415.2011.03761.x


Brain Sci. 2021, 11, 1298 21 of 28

51. Chen, C.; Takahashi, T.; Nakagawa, S.; Inoue, T.; Kusumi, I. Reinforcement learning in depression: A review of computational
research. Neurosci. Biobehav. Rev. 2015, 55, 247–267. [CrossRef]

52. Pearson-Fuhrhop, K.M.; Dunn, E.; Mortero, S.; Devan, W.J.; Falcone, G.J.; Lee, P.; Holmes, A.; Hollinshead, M.O.; Roffman, J.;
Smoller, J.W.; et al. Dopamine Genetic Risk Score Predicts Depressive Symptoms in Healthy Adults and Adults with Depression.
PLoS ONE 2014, 9, e93772. [CrossRef]

53. Chen, C.; Zhao, S.; Han, X.; Cui, M.; Fan, S. Optimization of a reshaping rivet to reduce the protrusion height and increase the
strength of clinched joints. J. Mater. Process. Technol. 2016, 234, 1–9. [CrossRef]

54. Yang, F.; Cao, X.; Sun, X.; Wen, H.; Qiu, J.; Xiao, H. Hair Cortisol Is Associated with Social Support and Symptoms in Schizophrenia.
Front. Psychiatry 2020, 11, 572656. [CrossRef]

55. Schifani, C.; Pruessner, J.; Tseng, H.; Rao, N.; Tagore, A.; Wilson, A.A.; Houle, S.; Rusjan, P.; Mizrahi, R. Stress-induced cortical
dopamine response is altered in subjects at clinical high risk for psychosis using cannabis. Addict. Biol. 2019, 25, e12812. [CrossRef]
[PubMed]

56. Boiko, A.S.; Mednova, A.I.; Kornetova, E.G.; A Bokhan, N.; Semke, A.V.; Loonen, A.J.; Ivanova, A.S. Cortisol and DHEAS Related
to Metabolic Syndrome in Patients with Schizophrenia. Neuropsychiatr. Dis. Treat. 2020, 16, 1051–1058. [CrossRef]

57. Glassman, M.; Wehring, H.J.; Pocivavsek, A.; Sullivan, K.M.; Rowland, L.M.; McMahon, R.P.; Chiappelli, J.; Liu, F.; Kelly, D.L.
Peripheral Cortisol and Inflammatory Response to a Psychosocial Stressor in People with Schizophrenia. J. Neuropsychiatry

2018, 2. [CrossRef] [PubMed]
58. Ciufolini, S.; Dazzan, P.; Kempton, M.; Pariante, C.M.; Mondelli, V. HPA axis response to social stress is attenuated in schizophrenia

but normal in depression: Evidence from a meta-analysis of existing studies. Neurosci. Biobehav. Rev. 2014, 47, 359–368. [CrossRef]
[PubMed]

59. Pruessner, M.; Béchard-Evans, L.; Boekestyn, L.; Iyer, S.N.; Pruessner, J.C.; Malla, A.K. Attenuated cortisol response to acute
psychosocial stress in individuals at ultra-high risk for psychosis. Schizophr. Res. 2013, 146, 79–86. [CrossRef]

60. Ji, E.; Weickert, C.S.; Purves-Tyson, T.; White, C.; Handelsman, D.J.; Desai, R.; O”Donnell, M.; Liu, D.; Galletly, C.; Lenroot,
R.; et al. Cortisol-dehydroepiandrosterone ratios are inversely associated with hippocampal and prefrontal brain volume in
schizophrenia. Psychoneuroendocrinology 2020, 123, 104916. [CrossRef]

61. Jansen, L.M.C.; Wied, C.C.G.-D.; Kahn, R.S. Selective impairments in the stress response in schizophrenic patients. Psychopharma-

cology 2000, 149, 319–325. [CrossRef]
62. Jin, R.O.; Mason, S.; Mellon, S.H.; Epel, E.S.; Reus, V.I.; Mahan, L.; Rosser, R.L.; Hough, C.M.; Burke, H.M.; Mueller, S.G.; et al.

Cortisol/DHEA ratio and hippocampal volume: A pilot study in major depression and healthy controls. Psychoneuroendocrinology

2016, 72, 139–146. [CrossRef] [PubMed]
63. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.

Indigenous Bacteria from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell 2015, 161, 264–276. [CrossRef] [PubMed]
64. Inoue, D.; Kimura, I.; Wakabayashi, M.; Tsumoto, H.; Ozawa, K.; Hara, T.; Takei, Y.; Hirasawa, A.; Ishihama, Y.; Tsujimoto, G.

Short-chain fatty acid receptor GPR41-mediated activation of sympathetic neurons involves synapsin 2b phosphorylation. FEBS

Lett. 2012, 586, 1547–1554. [CrossRef]
65. Thomas, C.; Hong, T.; Van Pijkeren, J.P.; Hemarajata, P.; Trinh, D.V.; Hu, W.; Britton, R.A.; Kalkum, M.; Versalovic, J. Histamine

Derived from Probiotic Lactobacillus reuteri Suppresses TNF via Modulation of PKA and ERK Signaling. PLoS ONE 2012,
7, e31951. [CrossRef] [PubMed]

66. Farzi, A.; Fröhlich, E.E.; Holzer, P. Gut Microbiota and the Neuroendocrine System. Neurotherapeutics 2018, 15, 5–22. [CrossRef]
67. Doolin, K.; Farrell, C.; Tozzi, L.; Harkin, A.; Frodl, T.; O”Keane, V.; Doolin, K.; Farrell, C.; Tozzi, L.; Harkin, A.; et al. Diurnal

Hypothalamic-Pituitary-Adrenal Axis Measures and Inflammatory Marker Correlates in Major Depressive Disorder. Int. J. Mol.

Sci. 2017, 18, 2226. [CrossRef]
68. Winter, G.; Hart, R.A.; Charlesworth, R.; Sharpley, C. Gut microbiome and depression: What we know and what we need to

know. Rev. Neurosci. 2018, 29, 629–643. [CrossRef]
69. Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. Regulation of the

Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr. Physiol. 2016, 6, 603–621. [CrossRef]
70. Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and clinical implications of the brain–gut–enteric microbiota axis. Nat. Rev.

Gastroenterol. Hepatol. 2009, 6, 306–314. [CrossRef]
71. Jones, L.A.; Sun, E.W.; Martin, A.; Keating, D.J. The ever-changing roles of serotonin. Int. J. Biochem. Cell Biol. 2020, 125, 105776.

[CrossRef]
72. Borovikova, L.V.; Ivanova, S.; Nardi, D.; Zhang, M.; Yang, H.; Ombrellino, M.; Tracey, K.J. Role of vagus nerve signaling in

CNI-1493-mediated suppression of acute inflammation. Auton. Neurosci. 2000, 85, 141–147. [CrossRef]
73. Kimura, I.; Inoue, D.; Maeda, T.; Hara, T.; Ichimura, A.; Miyauchi, S.; Kobayashi, M.; Hirasawa, A.; Tsujimoto, G. Short-chain fatty

acids and ketones directly regulate sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci.

USA 2011, 108, 8030–8035. [CrossRef]
74. Gao, C.; Major, A.; Rendon, D.; Lugo, M.; Jackson, V.; Shi, Z.; Mori-Akiyama, Y.; Versalovic, J. Histamine H2 Receptor-Mediated

Suppression of Intestinal Inflammation by Probiotic Lactobacillus reuteri. mBio 2015, 6, e01358-15. [CrossRef]

http://doi.org/10.1016/j.neubiorev.2015.05.005
http://doi.org/10.1371/journal.pone.0093772
http://doi.org/10.1016/j.jmatprotec.2016.03.006
http://doi.org/10.3389/fpsyt.2020.572656
http://doi.org/10.1111/adb.12812
http://www.ncbi.nlm.nih.gov/pubmed/31389139
http://doi.org/10.2147/NDT.S247161
http://doi.org/10.21767/2471-8548.10008
http://www.ncbi.nlm.nih.gov/pubmed/30801048
http://doi.org/10.1016/j.neubiorev.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25246294
http://doi.org/10.1016/j.schres.2013.02.019
http://doi.org/10.1016/j.psyneuen.2020.104916
http://doi.org/10.1007/s002130000381
http://doi.org/10.1016/j.psyneuen.2016.06.017
http://www.ncbi.nlm.nih.gov/pubmed/27428086
http://doi.org/10.1016/j.cell.2015.02.047
http://www.ncbi.nlm.nih.gov/pubmed/25860609
http://doi.org/10.1016/j.febslet.2012.04.021
http://doi.org/10.1371/journal.pone.0031951
http://www.ncbi.nlm.nih.gov/pubmed/22384111
http://doi.org/10.1007/s13311-017-0600-5
http://doi.org/10.3390/ijms18102226
http://doi.org/10.1515/revneuro-2017-0072
http://doi.org/10.1002/cphy.c150015
http://doi.org/10.1038/nrgastro.2009.35
http://doi.org/10.1016/j.biocel.2020.105776
http://doi.org/10.1016/S1566-0702(00)00233-2
http://doi.org/10.1073/pnas.1016088108
http://doi.org/10.1128/mBio.01358-15


Brain Sci. 2021, 11, 1298 22 of 28

75. Huo, R.; Zeng, B.; Zeng, L.; Cheng, K.; Li, B.; Luo, Y.; Wang, H.; Zhou, C.; Fang, L.; Li, W.; et al. Microbiota Modulate Anxiety-Like
Behavior and Endocrine Abnormalities in Hypothalamic-Pituitary-Adrenal Axis. Front. Cell. Infect. Microbiol. 2017, 7, 489.
[CrossRef]

76. Labad, J.; Soria, V.; Salvat-Pujol, N.; Segalàs, C.; Real, E.; Urretavizcaya, M.; de Arriba-Arnau, A.; Ferrer, A.; Crespo, J.M.;
Jiménez-Murcia, S.; et al. Hypothalamic-pituitary-adrenal axis activity in the comorbidity between obsessive-compulsive disorder
and major depression. Psychoneuroendocrinology 2018, 93, 20–28. [CrossRef]

77. Kelly, J.; Borre, Y.; Brien, C.O.; Patterson, E.; El Aidy, S.; Deane, J.; Kennedy, P.J.; Beers, S.; Scott, K.; Moloney, G.; et al. Transferring
the blues: Depression-associated gut microbiota induces neurobehavioural changes in the rat. J. Psychiatr. Res. 2016, 82, 109–118.
[CrossRef] [PubMed]

78. Van Bodegom, M.; Homberg, J.R.; Henckens, M.J.A.G. Modulation of the Hypothalamic-Pituitary-Adrenal Axis by Early Life
Stress Exposure. Front. Cell. Neurosci. 2017, 11, 87. [CrossRef] [PubMed]

79. Farzi, A.; Reichmann, F.; Meinitzer, A.; Mayerhofer, R.; Jain, P.; Hassan, A.; Fröhlich, E.E.; Wagner, K.; Painsipp, E.; Rinner, B.;
et al. Synergistic effects of NOD1 or NOD2 and TLR4 activation on mouse sickness behavior in relation to immune and brain
activity markers. Brain Behav. Immun. 2014, 44, 106–120. [CrossRef] [PubMed]

80. Chang, P.V.; Hao, L.; Offermanns, S.; Medzhitov, R. The microbial metabolite butyrate regulates intestinal macrophage function
via histone deacetylase inhibition. Proc. Natl. Acad. Sci. USA 2014, 111, 2247–2252. [CrossRef] [PubMed]

81. Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.;
et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446–450.
[CrossRef]

82. Asano, Y.; Hiramoto, T.; Nishino, R.; Aiba, Y.; Kimura, T.; Yoshihara, K.; Koga, Y.; Sudo, N. Critical role of gut microbiota in
the production of biologically active, free catecholamines in the gut lumen of mice. Am. J. Physiol. Liver Physiol. 2012, 303,
G1288–G1295. [CrossRef]

83. Moya-Pérez, A.; Perez-Villalba, A.; Benitez-Paez, A.; Campillo, I.; Sanz, Y. Bifidobacterium CECT 7765 modulates early stress-
induced immune, neuroendocrine and behavioral alterations in mice. Brain Behav. Immun. 2017, 65, 43–56. [CrossRef]

84. Trzeciak, P.; Herbet, M. Role of the Intestinal Microbiome, Intestinal Barrier and Psychobiotics in Depression. Nutrients 2021,
13, 927. [CrossRef] [PubMed]

85. Roceri, M.; Hendriks, W.; Racagni, G.; Ellenbroek, A.B.; Riva, M.A. Early maternal deprivation reduces the expression of BDNF
and NMDA receptor subunits in rat hippocampus. Mol. Psychiatry 2002, 7, 609–616. [CrossRef]

86. Maric, N.; Adzic, M. Pharmacological modulation of HPA axis in depression—New avenues for potential therapeutic benefits.
Psychiatr. Danub. 2013, 25, 299–305. [PubMed]

87. Bailey, M.T.; Dowd, S.; Galley, J.D.; Hufnagle, A.R.; Allen, R.G.; Lyte, M. Exposure to a social stressor alters the structure of the
intestinal microbiota: Implications for stressor-induced immunomodulation. Brain Behav. Immun. 2011, 25, 397–407. [CrossRef]
[PubMed]

88. Gareau, M.G.; Wine, E.; Rodrigues, D.M.; Cho, J.H.; Whary, M.T.; Philpott, D.J.; MacQueen, G.M.; Sherman, P.M. Bacterial
infection causes stress-induced memory dysfunction in mice. Gut 2010, 60, 307–317. [CrossRef]

89. Palazidou, E. The neurobiology of depression. Br. Med. Bull. 2012, 101, 127–145. [CrossRef]
90. Fuster, J.M. The Prefrontal Cortex—An Update: Time Is of the Essence. Neuron 2001, 30, 319–333. [CrossRef]
91. Koolschijn, P.C.M.; van Haren, N.E.; Lensvelt-Mulders, G.J.; Pol, H.H.; Kahn, R.S. Brain volume abnormalities in major depressive

disorder: A meta-analysis of magnetic resonance imaging studies. Hum. Brain Mapp. 2009, 30, 3719–3735. [CrossRef]
92. Hamilton, J.P.; Siemer, M.; Gotlib, I.H. Amygdala volume in major depressive disorder: A meta-analysis of magnetic resonance

imaging studies. Mol. Psychiatry 2008, 13, 993–1000. [CrossRef]
93. Murialdo, G.; Barreca, A.; Nobili, F.; Rollero, A.; Timossi, G.; Gianelli, M.V.; Copello, F.; Rodriguez, G.; Polleri, A. Relationships

between cortisol, dehydroepiandrosterone sulphate and insulin-like growth factor-I system in dementia. J. Endocrinol. Investig.

2001, 24, 139–146. [CrossRef] [PubMed]
94. Yue, Y.; Yuan, Y.; Hou, Z.; Jiang, W.; Bai, F.; Zhang, Z. Abnormal Functional Connectivity of Amygdala in Late-Onset Depression

Was Associated with Cognitive Deficits. PLoS ONE 2013, 8, e75058. [CrossRef] [PubMed]
95. Squire, L.R.; Knowlton, B.J. The New Cognitive Neurosciences; Gazzaniga, M.S., Ed.; MIT Press: Cambridge, MA, USA, 2000;

pp. 79–765.
96. Liu, W.; Ge, T.; Leng, Y.; Pan, Z.; Fan, J.; Yang, W.; Cui, R. The Role of Neural Plasticity in Depression: From Hippocampus to

Prefrontal Cortex. Neural Plast. 2017, 2017, 6871089. [CrossRef] [PubMed]
97. Zhang, E.; Yau, S.S.Y.; Lau, W.M.; Ma, H.; Lee, T.M.C.; Chang, R.C.-C.; So, K.-F. Synaptic Plasticity, but not Hippocampal

Neurogenesis, Mediated the Counteractive Effect of Wolfberry on Depression in Rats. Cell Transplant. 2012, 21, 2635–2649.
[CrossRef] [PubMed]

98. Murialdo, G.; Nobili, F.A.; Rollero, A.; Gianelli, M.V.; Copello, F.; Rodriguez, G.; Polleri, A. Hippocampal perfusion and
pituitary-adrenal axis in Alzheimer’s disease. Neuropsychobiology 2000, 42, 51–57. [CrossRef]

99. Ge, J.-F.; Qi, C.-C.; Zhou, J.-N. Imbalance of leptin pathway and hypothalamus synaptic plasticity markers are associated with
stress-induced depression in rats. Behav. Brain Res. 2013, 249, 38–43. [CrossRef]

http://doi.org/10.3389/fcimb.2017.00489
http://doi.org/10.1016/j.psyneuen.2018.04.008
http://doi.org/10.1016/j.jpsychires.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27491067
http://doi.org/10.3389/fncel.2017.00087
http://www.ncbi.nlm.nih.gov/pubmed/28469557
http://doi.org/10.1016/j.bbi.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25218901
http://doi.org/10.1073/pnas.1322269111
http://www.ncbi.nlm.nih.gov/pubmed/24390544
http://doi.org/10.1038/nature12721
http://doi.org/10.1152/ajpgi.00341.2012
http://doi.org/10.1016/j.bbi.2017.05.011
http://doi.org/10.3390/nu13030927
http://www.ncbi.nlm.nih.gov/pubmed/33809367
http://doi.org/10.1038/sj.mp.4001036
http://www.ncbi.nlm.nih.gov/pubmed/24048401
http://doi.org/10.1016/j.bbi.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/21040780
http://doi.org/10.1136/gut.2009.202515
http://doi.org/10.1093/bmb/lds004
http://doi.org/10.1016/S0896-6273(01)00285-9
http://doi.org/10.1002/hbm.20801
http://doi.org/10.1038/mp.2008.57
http://doi.org/10.1007/BF03343833
http://www.ncbi.nlm.nih.gov/pubmed/11314741
http://doi.org/10.1371/journal.pone.0075058
http://www.ncbi.nlm.nih.gov/pubmed/24040385
http://doi.org/10.1155/2017/6871089
http://www.ncbi.nlm.nih.gov/pubmed/28246558
http://doi.org/10.3727/096368912X655181
http://www.ncbi.nlm.nih.gov/pubmed/23127884
http://doi.org/10.1159/000026672
http://doi.org/10.1016/j.bbr.2013.04.020


Brain Sci. 2021, 11, 1298 23 of 28

100. Salvat-Pujol, N.; Labad, J.; Urretavizcaya, M.; de Arriba-Arnau, A.; Segalàs, C.; Real, E.; Ferrer, A.; Crespo, J.M.; Jiménez-Murcia,
S.; Soriano-Mas, C.; et al. Hypothalamic-pituitary-adrenal axis activity and cognition in major depression: The role of remission
status. Psychoneuroendocrinology 2016, 76, 38–48. [CrossRef]

101. Roubos, E.W.; Dahmen, M.; Kozicz, T.; Xu, L. Leptin and the hypothalamo-pituitary–adrenal stress axis. Gen. Comp. Endocrinol.

2012, 177, 28–36. [CrossRef]
102. Kloiber, S.; Ripke, S.; Kohli, M.A.; Reppermund, S.; Salyakina, D.; Uher, R.; McGuffin, P.; Perlis, R.H.; Hamilton, S.P.; Pütz, B.; et al.

Resistance to antidepressant treatment is associated with polymorphisms in the leptin gene, decreased leptin mRNA expression,
and decreased leptin serum levels. Eur. Neuropsychopharmacol. 2013, 23, 653–662. [CrossRef]

103. Fernstrom, J.D. Large neutral amino acids: Dietary effects on brain neurochemistry and function. Amino Acids 2012, 45, 419–430.
[CrossRef]

104. De Jong, R.A.; Nijman, H.W.; Boezen, H.M.; Volmer, M.; Hoor, K.A.T.; Krijnen, J.; van der Zee, A.G.; Hollema, H.; Kema, I.P.
Serum Tryptophan and Kynurenine Concentrations as Parameters for Indoleamine 2,3-Dioxygenase Activity in Patients with
Endometrial, Ovarian, and Vulvar Cancer. Int. J. Gynecol. Cancer 2011, 21, 1320–1327. [CrossRef]

105. Sorgdrager, F.; Doornbos, B.; Penninx, B.; de Jonge, P.; Kema, I. The association between the hypothalamic pituitary adrenal axis
and tryptophan metabolism in persons with recurrent major depressive disorder and healthy controls. J. Affect. Disord. 2017, 222,
32–39. [CrossRef]

106. Zoubovsky, S.P.; Hoseus, S.; Tumukuntala, S.; Schulkin, J.O.; Williams, M.T.; Vorhees, C.V.; Muglia, L.J. Chronic psychosocial
stress during pregnancy affects maternal behavior and neuroendocrine function and modulates hypothalamic CRH and nuclear
steroid receptor expression. Transl. Psychiatry 2020, 10, 6. [CrossRef]

107. Renthal, N.E.; Williams, K.C.; Montalbano, A.P.; Chen, C.-C.; Gao, L.; Mendelson, C.R. Molecular Regulation of Parturition: A
Myometrial Perspective. Cold Spring Harb. Perspect. Med. 2015, 5, a023069. [CrossRef] [PubMed]

108. Davis, E.P.; Korja, R.; Karlsson, L.; Glynn, L.M.; Sandman, C.A.; Vegetabile, B.; Kataja, E.-L.; Nolvi, S.; Sinervä, E.; Pelto, J.;
et al. Across continents and demographics, unpredictable maternal signals are associated with children’s cognitive function.
EBioMedicine 2019, 46, 256–263. [CrossRef]

109. Glynn, L.M.; Baram, T.Z. The influence of unpredictable, fragmented parental signals on the developing brain. Front. Neuroendocr.

2019, 53, 100736. [CrossRef]
110. Baram, T.Z.; Davis, E.P.; Obenaus, A.; Sandman, C.A.; Small, S.; Solodkin, A.; Stern, H. Fragmentation and Unpredictability of

Early-Life Experience in Mental Disorders. Am. J. Psychiatry 2012, 169, 907–915. [CrossRef] [PubMed]
111. Pariante, C.M.; Lightman, S.L. The HPA axis in major depression: Classical theories and new developments. Trends Neurosci.

2008, 31, 464–468. [CrossRef]
112. Keck, E.M.; Welt, T.; Müller, M.B.; Uhr, M.; Ohl, F.; Wigger, A.; Toschi, N.; Holsboer, F.; Landgraf, R. Reduction of Hypothalamic

Vasopressinergic Hyperdrive Contributes to Clinically Relevant Behavioral and Neuroendocrine Effects of Chronic Paroxetine
Treatment in a Psychopathological Rat Model. Neuropsychopharmacology 2002, 28, 235–243. [CrossRef]

113. Shalev, I.; Israel, S.; Uzefovsky, F.; Gritsenko, I.; Kaitz, M.; Ebstein, R. Vasopressin needs an audience: Neuropeptide elicited stress
responses are contingent upon perceived social evaluative threats. Horm. Behav. 2011, 60, 121–127. [CrossRef] [PubMed]

114. Xu, Y.Y.; Liang, J.; Xia, Q.R. Novel insights into the pharmacological effects of resveratrol on the management of depression: A
short review. Die Pharm. 2017, 72, 499–502.

115. Menke, A.; Klengel, T.; Binder, E.B. Epigenetics, Depression and Antidepressant Treatment. Curr. Pharm. Des. 2012, 18, 5879–5889.
[CrossRef]

116. Ge, J.-F.; Peng, L.; Cheng, J.-Q.; Pan, C.-X.; Tang, J.; Chen, F.-H.; Li, J. Antidepressant-like effect of resveratrol: Involvement of
antioxidant effect and peripheral regulation on HPA axis. Pharmacol. Biochem. Behav. 2013, 114–115, 64–69. [CrossRef]

117. Yang, X.-H.; Song, S.-Q.; Xu, Y. Resveratrol ameliorates chronic unpredictable mild stress-induced depression-like behavior:
Involvement of the HPA axis, inflammatory markers, BDNF, and Wnt/β-catenin pathway in rats. Neuropsychiatr. Dis. Treat. 2017,
13, 2727–2736. [CrossRef]

118. Liu, D.; Xie, K.; Yang, X.; Gu, J.; Ge, L.; Wang, X.; Wang, Z. Resveratrol reverses the effects of chronic unpredictable mild stress on
behavior, serum corticosterone levels and BDNF expression in rats. Behav. Brain Res. 2014, 264, 9–16. [CrossRef]

119. Harris, A.; Seckl, J. Glucocorticoids, prenatal stress and the programming of disease. Horm. Behav. 2011, 59, 279–289. [CrossRef]
[PubMed]

120. Ke, Q.; Li, R.; Cai, L.; Wu, S.-D.; Li, C.-M. Ro41-5253, a selective antagonist of retinoic acid receptor α, ameliorates chronic
unpredictable mild stress-induced depressive-like behaviors in rats: Involvement of regulating HPA axis and improving
hippocampal neuronal deficits. Brain Res. Bull. 2019, 146, 302–309. [CrossRef]

121. Shapiro, L.P.; Parsons, R.; Koleske, A.J.; Gourley, S.L. Differential expression of cytoskeletal regulatory factors in the adolescent
prefrontal cortex: Implications for cortical development. J. Neurosci. Res. 2016, 95, 1123–1143. [CrossRef]

122. Boksa, P. Effects of prenatal infection on brain development and behavior: A review of findings from animal models. Brain Behav.

Immun. 2010, 24, 881–897. [CrossRef] [PubMed]
123. Majidi, J.; Kosari-Nasab, M.; Salari, A.-A. Developmental minocycline treatment reverses the effects of neonatal immune activation

on anxiety- and depression-like behaviors, hippocampal inflammation, and HPA axis activity in adult mice. Brain Res. Bull. 2016,
120, 1–13. [CrossRef]

http://doi.org/10.1016/j.psyneuen.2016.11.007
http://doi.org/10.1016/j.ygcen.2012.01.009
http://doi.org/10.1016/j.euroneuro.2012.08.010
http://doi.org/10.1007/s00726-012-1330-y
http://doi.org/10.1097/IGC.0b013e31822017fb
http://doi.org/10.1016/j.jad.2017.06.052
http://doi.org/10.1038/s41398-020-0704-2
http://doi.org/10.1101/cshperspect.a023069
http://www.ncbi.nlm.nih.gov/pubmed/26337112
http://doi.org/10.1016/j.ebiom.2019.07.025
http://doi.org/10.1016/j.yfrne.2019.01.002
http://doi.org/10.1176/appi.ajp.2012.11091347
http://www.ncbi.nlm.nih.gov/pubmed/22885631
http://doi.org/10.1016/j.tins.2008.06.006
http://doi.org/10.1038/sj.npp.1300040
http://doi.org/10.1016/j.yhbeh.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21554881
http://doi.org/10.2174/138161212803523590
http://doi.org/10.1016/j.pbb.2013.10.028
http://doi.org/10.2147/NDT.S150028
http://doi.org/10.1016/j.bbr.2014.01.039
http://doi.org/10.1016/j.yhbeh.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20591431
http://doi.org/10.1016/j.brainresbull.2019.01.022
http://doi.org/10.1002/jnr.23960
http://doi.org/10.1016/j.bbi.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20230889
http://doi.org/10.1016/j.brainresbull.2015.10.009


Brain Sci. 2021, 11, 1298 24 of 28

124. Doosti, M.-H.; Bakhtiari, A.; Zare, P.; Amani, M.; Majidi-Zolbanin, N.; Babri, S.; Salari, A.-A. Impacts of early intervention
with fluoxetine following early neonatal immune activation on depression-like behaviors and body weight in mice. Prog.

Neuro-Psychopharmacol. Biol. Psychiatry 2012, 43, 55–65. [CrossRef] [PubMed]
125. Henry, C.J.; Huang, Y.; Wynne, A.; Hanke, M.; Himler, J.; Bailey, M.T.; Sheridan, J.F.; Godbout, J.P. Minocycline attenuates

lipopolysaccharide (LPS)-induced neuroinflammation, sickness behavior, and anhedonia. J. Neuroinflamm. 2008, 5, 15. [CrossRef]
[PubMed]

126. Soczynska, J.K.; Mansur, R.B.; Brietzke, E.; Swardfager, W.; Kennedy, S.H.; Woldeyohannes, H.O.; Powell, A.M.; Manierka, M.S.;
McIntyre, R.S. Novel therapeutic targets in depression: Minocycline as a candidate treatment. Behav. Brain Res. 2012, 235, 302–317.
[CrossRef] [PubMed]

127. Miyaoka, T.; Yasukawa, R.; Yasuda, H.; Hayashida, M.; Inagaki, T.; Horiguchi, J. Minocycline as Adjunctive Therapy for
Schizophrenia: An open-label study. Clin. Neuropharmacol. 2008, 31, 287–292. [CrossRef] [PubMed]

128. Chaki, S. Vasopressin V1B Receptor Antagonists as Potential Antidepressants. Int. J. Neuropsychopharmacol. 2021, 24, 450–463.
[CrossRef]

129. Iijima, M.; Yoshimizu, T.; Shimazaki, T.; Tokugawa, K.; Fukumoto, K.; Kurosu, S.; Kuwada, T.; Sekiguchi, Y.; Chaki, S. Antidepres-
sant and anxiolytic profiles of newly synthesized arginine vasopressin V1Breceptor antagonists: TASP0233278 and TASP0390325.
Br. J. Pharmacol. 2014, 171, 3511–3525. [CrossRef]

130. Griebel, G.; Holsboer, F. Neuropeptide receptor ligands as drugs for psychiatric diseases: The end of the beginning? Nat. Rev.

Drug Discov. 2012, 11, 462–478. [CrossRef]
131. Cohan, P. Mifepristone Accelerates HPA Axis Recovery in Secondary Adrenal Insufficiency. Case Rep. Endocrinol. 2016,

2016, 4709597. [CrossRef]
132. Wulsin, A.C.; Herman, J.P.; Solomon, M.B. Mifepristone decreases depression-like behavior and modulates neuroendocrine

and central hypothalamic–pituitary–adrenocortical axis responsiveness to stress. Psychoneuroendocrinology 2010, 35, 1100–1112.
[CrossRef]

133. Mailliet, F.; Qi, H.; Rocher, C.; Spedding, M.; Svenningsson, P.; Jay, T.M. Protection of stress-induced impairment of hippocam-
pal/prefrontal LTP through blockade of glucocorticoid receptors: Implication of MEK signaling. Exp. Neurol. 2008, 211, 593–596.
[CrossRef]

134. Howland, R.H. Mifepristone as a Therapeutic Agent in Psychiatry. J. Psychosoc. Nurs. Ment. Health Serv. 2013, 51, 11–14.
[CrossRef]

135. Gallagher, P.; Watson, S.; Smith, M.S.; Ferrier, I.N.; Young, A.H. Effects of adjunctive mifepristone (RU-486) administration on
neurocognitive function and symptoms in schizophrenia. Biol. Psychiatry 2005, 57, 155–161. [CrossRef]

136. Chong, W.; Li, Y.; Liu, B.; Liu, Z.; Zhao, T.; Wonsey, D.R.; Chen, C.; Velmahos, G.C.; Demoya, M.A.; King, D.R.; et al. Anti-
inflammatory properties of histone deacetylase inhibitors: A mechanistic study. J. Trauma Inj. Infect. Crit. Care 2012, 72, 347–354.
[CrossRef]

137. Zhong, H.-M.; Ding, Q.-H.; Chen, W.-P.; Luo, R.-B. Vorinostat, a HDAC inhibitor, showed anti-osteoarthritic activities through
inhibition of iNOS and MMP expression, p38 and ERK phosphorylation and blocking NF-κB nuclear translocation. Int. Im-

munopharmacol. 2013, 17, 329–335. [CrossRef]
138. Covington, H.E.; Maze, I.; LaPlant, Q.C.; Vialou, V.; Ohnishi, Y.N.; Berton, O.; Fass, D.M.; Renthal, W.; Rush, A.; Wu, E.Y.; et al.

Antidepressant Actions of Histone Deacetylase Inhibitors. J. Neurosci. 2009, 29, 11451–11460. [CrossRef]
139. Chen, S.; Sang, N. Histone Deacetylase Inhibitors: The Epigenetic Therapeutics That Repress Hypoxia-Inducible Factors. J. Biomed.

Biotechnol. 2010, 2011, 197946. [CrossRef] [PubMed]
140. Zorn, J.V.; Schür, R.R.; Boks, M.P.; Kahn, R.S.; Joels, M.; Vinkers, C.H. Cortisol stress reactivity across psychiatric disorders: A

systematic review and meta-analysis. Psychoneuroendocrinology 2017, 77, 25–36. [CrossRef] [PubMed]
141. Ehlert, U.; Gaab, J.; Heinrichs, M. Psychoneuroendocrinological contributions to the etiology of depression, posttraumatic stress

disorder, and stress-related bodily disorders: The role of the hypothalamus–pituitary–adrenal axis. Biol. Psychol. 2001, 57, 141–152.
[CrossRef]

142. Sapolsky, R.M. Glucocorticoids and Hippocampal Atrophy in Neuropsychiatric Disorders. Arch. Gen. Psychiatry 2000, 57, 925–935.
[CrossRef] [PubMed]

143. Chaumette, B.; Kebir, O.; Mam-Lam-Fook, C.; Morvan, Y.; Bourgin, J.; Godsil, B.; Plaze, M.; Gaillard, R.; Jay, T.M.; Krebs, M.-O.
Salivary cortisol in early psychosis: New findings and meta-analysis. Psychoneuroendocrinology 2016, 63, 262–270. [CrossRef]
[PubMed]

144. Mizrahi, R.; Addington, J.; Rusjan, P.; Suridjan, I.; Ng, A.; Boileau, I.; Pruessner, J.; Remington, G.; Houle, S.; Wilson, A.A.
Increased Stress-Induced Dopamine Release in Psychosis. Biol. Psychiatry 2012, 71, 561–567. [CrossRef]

145. Steiner, M.; Wotjak, C. Role of the endocannabinoid system in regulation of the hypothalamic-pituitary-adrenocortical axis. Prog.

Brain Res. 2008, 170, 397–432. [CrossRef]
146. Dewey, W.L.; Peng, T.-C.; Harris, L.S. The effect of 1-trans-∆9-tetrahydrocannabinol on the hypothalamo-hypophyseal-adrenal

axis of rats. Eur. J. Pharmacol. 1970, 12, 382–384. [CrossRef]
147. Finn, D.P.; Jhaveri, M.D.; Beckett, S.R.G.; Kendall, D.A.; Marsden, C.A.; Chapman, V. Cannabinoids modulate ultrasound-induced

aversive responses in rats. Psychopharmacology 2004, 172, 41–51. [CrossRef]

http://doi.org/10.1016/j.pnpbp.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23270703
http://doi.org/10.1186/1742-2094-5-15
http://www.ncbi.nlm.nih.gov/pubmed/18477398
http://doi.org/10.1016/j.bbr.2012.07.026
http://www.ncbi.nlm.nih.gov/pubmed/22963995
http://doi.org/10.1097/WNF.0b013e3181593d45
http://www.ncbi.nlm.nih.gov/pubmed/18836347
http://doi.org/10.1093/ijnp/pyab013
http://doi.org/10.1111/bph.12699
http://doi.org/10.1038/nrd3702
http://doi.org/10.1155/2016/4709597
http://doi.org/10.1016/j.psyneuen.2010.01.011
http://doi.org/10.1016/j.expneurol.2008.02.030
http://doi.org/10.3928/02793695-20130513-01
http://doi.org/10.1016/j.biopsych.2004.10.017
http://doi.org/10.1097/TA.0b013e318243d8b2
http://doi.org/10.1016/j.intimp.2013.06.027
http://doi.org/10.1523/JNEUROSCI.1758-09.2009
http://doi.org/10.1155/2011/197946
http://www.ncbi.nlm.nih.gov/pubmed/21151670
http://doi.org/10.1016/j.psyneuen.2016.11.036
http://www.ncbi.nlm.nih.gov/pubmed/28012291
http://doi.org/10.1016/S0301-0511(01)00092-8
http://doi.org/10.1001/archpsyc.57.10.925
http://www.ncbi.nlm.nih.gov/pubmed/11015810
http://doi.org/10.1016/j.psyneuen.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26520686
http://doi.org/10.1016/j.biopsych.2011.10.009
http://doi.org/10.1016/s0079-6123(08)00433-0
http://doi.org/10.1016/0014-2999(70)90094-4
http://doi.org/10.1007/s00213-003-1629-1


Brain Sci. 2021, 11, 1298 25 of 28

148. Gorzalka, B.B.; Hill, M.N. Integration of Endocannabinoid Signaling into the Neural Network Regulating Stress-Induced
Activation of the Hypothalamic–Pituitary–Adrenal Axis. Curr. Top Behav. Neurosci. 2009, 1, 289–306. [CrossRef]

149. McEwen, B.S. Glucocorticoids, depression, and mood disorders: Structural remodeling in the brain. Metabolism 2005, 54, 20–23.
[CrossRef]

150. Herman, J.P.; Figueiredo, H.; Mueller, N.K.; Ulrich-Lai, Y.; Ostrander, M.M.; Choi, D.C.; Cullinan, W.E. Central mechanisms of
stress integration: Hierarchical circuitry controlling hypothalamo–pituitary–adrenocortical responsiveness. Front. Neuroendocr.

2003, 24, 151–180. [CrossRef]
151. Ulrich-Lai, Y.M.; Xie, W.; Meij, J.T.; Dolgas, C.M.; Yu, L.; Herman, J. Limbic and HPA axis function in an animal model of chronic

neuropathic pain. Physiol. Behav. 2006, 88, 67–76. [CrossRef]
152. Barna, I.; Zelena, D.; Arszovszki, A.; Ledent, C. The role of endogenous cannabinoids in the hypothalamo-pituitary-adrenal axis

regulation: In vivo and in vitro studies in CB1 receptor knockout mice. Life Sci. 2004, 75, 2959–2970. [CrossRef]
153. Soria, V.; González-Rodríguez, A.; Huerta-Ramos, E.; Usall, J.; Cobo, J.; Bioque, M.; Barbero, J.D.; Garcia-Rizo, C.; Tost, M.;

Monreal, J.A.; et al. Targeting hypothalamic-pituitary-adrenal axis hormones and sex steroids for improving cognition in
major mood disorders and schizophrenia: A systematic review and narrative synthesis. Psychoneuroendocrinology 2018, 93, 8–19.
[CrossRef]

154. Streit, F.; Memic, A.; Hasandedić, L.; Rietschel, L.; Frank, J.; Lang, M.; Witt, S.H.; Forstner, A.J.; Degenhardt, F.; Wüst, S.; et al.
Perceived stress and hair cortisol: Differences in bipolar disorder and schizophrenia. Psychoneuroendocrinology 2016, 69, 26–34.
[CrossRef] [PubMed]

155. Pruessner, M.; Cullen, A.; Aas, M.; Walker, E.F. The neural diathesis-stress model of schizophrenia revisited: An update on recent
findings considering illness stage and neurobiological and methodological complexities. Neurosci. Biobehav. Rev. 2017, 73, 191–218.
[CrossRef]

156. Heim, C.; Newport, D.J.; Heit, S.; Graham, Y.P.; Wilcox, M.; Bonsall, R.; Miller, A.H.; Nemeroff, C.B. Pituitary-Adrenal and
Autonomic Responses to Stress in Women After Sexual and Physical Abuse in Childhood. JAMA 2000, 284, 592–597. [CrossRef]
[PubMed]

157. Mondelli, V.; Dazzan, P.; Hepgul, N.; Di Forti, M.; Aas, M.; D’Albenzio, A.; Di Nicola, M.; Fisher, H.; Handley, R.; Marques, T.R.;
et al. Abnormal cortisol levels during the day and cortisol awakening response in first-episode psychosis: The role of stress and
of antipsychotic treatment. Schizophr. Res. 2009, 116, 234–242. [CrossRef] [PubMed]

158. Schatzber, A.F.; Lindley, S. Glucocorticoid antagonists in neuropsychotic disorders. Eur. J. Pharmacol. 2008, 583, 358–364.
[CrossRef]

159. Revell, E.R.; Neill, J.C.; Harte, M.; Khan, Z.; Drake, R.J. A systematic review and meta-analysis of cognitive remediation in early
schizophrenia. Schizophr. Res. 2015, 168, 213–222. [CrossRef]

160. Yang, A.C.; Tsai, S.-J. New Targets for Schizophrenia Treatment beyond the Dopamine Hypothesis. Int. J. Mol. Sci. 2017, 18, 1689.
[CrossRef]

161. Weill-Engerer, S.; David, J.-P.; Sazdovitch, V.; Liere, P.; Schumacher, M.; Delacourte, A.; Baulieu, E.-E.; Akwa, Y. In vitro metabolism
of dehydroepiandrosterone (DHEA) to 7α-hydroxy-DHEA and ∆5-androstene-3β,17β-diol in specific regions of the aging brain
from Alzheimer”s and non-demented patients. Brain Res. 2003, 969, 117–125. [CrossRef]

162. Labrie, F.; Bélanger, A.; Simard, J.; Luu-The, V.; Labrie, C. DHEA and Peripheral Androgen and Estrogen Formation: Intracrinology.
Ann. N. Y. Acad. Sci. 1995, 774, 16–28. [CrossRef]

163. Hill, M.; Starka, L. The non-genomic actions of dehydroepiandrosterone and its metabolites. J. Steroid Biochem. Mol. Biol. 2015,
145, 254–260. [CrossRef] [PubMed]

164. Kreinin, A.; Bawakny, N.; Ritsner, M.S. Adjunctive Pregnenolone Ameliorates the Cognitive Deficits in Recent-Onset Schizophre-
nia: An 8-Week, Randomized, Double-Blind, Placebo-Controlled Trial. Clin. Schizophr. Relat. Psychoses 2017, 10, 201–210.
[CrossRef]

165. Ritsner, M.S.; Strous, R.D. Neurocognitive deficits in schizophrenia are associated with alterations in blood levels of neurosteroids:
A multiple regression analysis of findings from a double-blind, randomized, placebo-controlled, crossover trial with DHEA. J.

Psychiatr. Res. 2010, 44, 75–80. [CrossRef] [PubMed]
166. Kamin, H.S.; Kertes, D.A. Cortisol and DHEA in development and psychopathology. Horm. Behav. 2017, 89, 69–85. [CrossRef]
167. Ritsner, M.S.; Bawakny, H.; Kreinin, A. Pregnenolone treatment reduces severity of negative symptoms in recent-onset schizophre-

nia: An 8-week, double-blind, randomized add-on two-center trial. Psychiatry Clin. Neurosci. 2014, 68, 432–440. [CrossRef]
[PubMed]

168. Vallée, M. Neurosteroids and potential therapeutics: Focus on pregnenolone. J. Steroid Biochem. Mol. Biol. 2015, 160, 78–87.
[CrossRef]

169. Ritsner, M.S. Pregnenolone, Dehydroepiandrosterone, and Schizophrenia: Alterations and Clinical Trials. CNS Neurosci. Ther.

2010, 16, 32–44. [CrossRef]
170. Robson, P.J.; Guy, G.W.; di Marzo, V. Cannabinoids and Schizophrenia: Therapeutic Prospects. Curr. Pharm. Des. 2014, 20,

2194–2204. [CrossRef]
171. Walter, M.; Denier, N.; Vogel, M.; Lang, U. Effects of Psychoactive Substances in Schizophrenia—Findings of Structural and

Functional Neuroimaging. Curr. Top. Med. Chem. 2012, 12, 2426–2433. [CrossRef]

http://doi.org/10.1007/978-3-540-88955-7_12
http://doi.org/10.1016/j.metabol.2005.01.008
http://doi.org/10.1016/j.yfrne.2003.07.001
http://doi.org/10.1016/j.physbeh.2006.03.012
http://doi.org/10.1016/j.lfs.2004.06.006
http://doi.org/10.1016/j.psyneuen.2018.04.012
http://doi.org/10.1016/j.psyneuen.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27017430
http://doi.org/10.1016/j.neubiorev.2016.12.013
http://doi.org/10.1001/jama.284.5.592
http://www.ncbi.nlm.nih.gov/pubmed/10918705
http://doi.org/10.1016/j.schres.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19751968
http://doi.org/10.1016/j.ejphar.2008.01.001
http://doi.org/10.1016/j.schres.2015.08.017
http://doi.org/10.3390/ijms18081689
http://doi.org/10.1016/S0006-8993(03)02288-1
http://doi.org/10.1111/j.1749-6632.1995.tb17369.x
http://doi.org/10.1016/j.jsbmb.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/24846830
http://doi.org/10.3371/CSRP.KRBA.013114
http://doi.org/10.1016/j.jpsychires.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19665142
http://doi.org/10.1016/j.yhbeh.2016.11.018
http://doi.org/10.1111/pcn.12150
http://www.ncbi.nlm.nih.gov/pubmed/24548129
http://doi.org/10.1016/j.jsbmb.2015.09.030
http://doi.org/10.1111/j.1755-5949.2009.00118.x
http://doi.org/10.2174/13816128113199990427
http://doi.org/10.2174/156802612805289971


Brain Sci. 2021, 11, 1298 26 of 28

172. Shafi, A.; Berry, A.J.; Sumnall, H.; Wood, D.M.; Tracy, D.K. New psychoactive substances: A review and updates. Ther. Adv.

Psychopharmacol. 2020, 10. [CrossRef]
173. Banister, S.D.; Connor, M. The Chemistry and Pharmacology of Synthetic Cannabinoid Receptor Agonists as New Psychoactive

Substances: Origins. Handb. Exp. Pharmacol. 2018, 252, 165–190. [CrossRef]
174. Upthegrove, R.; Marwaha, S.; Birchwood, M. Depression and Schizophrenia: Cause, Consequence, or Trans-diagnostic Issue?

Schizophr. Bull. 2016, 43, 240–244. [CrossRef] [PubMed]
175. Manetti, L.; Cavagnini, F.; Martino, E.; Ambrogio, A.G. Effects of cocaine on the hypothalamic–pituitary–adrenal axis. J. Endocrinol.

Investig. 2014, 37, 701–708. [CrossRef] [PubMed]
176. Lorenzetti, V.; Solowij, N.; Yücel, M. The Role of Cannabinoids in Neuroanatomic Alterations in Cannabis Users. Biol. Psychiatry

2015, 79, e17–e31. [CrossRef]
177. Schubart, C.; Sommer, I.; Fusar-Poli, P.; de Witte, L.; Kahn, R.; Boks, M. Cannabidiol as a potential treatment for psychosis. Eur.

Neuropsychopharmacol. 2014, 24, 51–64. [CrossRef]
178. Schoevers, J.; Leweke, J.E.; Leweke, F.M. Cannabidiol as a treatment option for schizophrenia: Recent evidence and current

studies. Curr. Opin. Psychiatry 2020, 33, 185–191. [CrossRef]
179. McGuire, P.; Robson, P.; Cubała, W.; Vasile, D.; Morrison, P.D.; Barron, R.; Taylor, A.; Wright, S. Cannabidiol (CBD) as an

Adjunctive Therapy in Schizophrenia: A Multicenter Randomized Controlled Trial. Am. J. Psychiatry 2018, 175, 225–231.
[CrossRef]

180. De Filippis, D.; Esposito, G.; Cirillo, C.; Cipriano, M.; de Winter, B.; Scuderi, C.; Sarnelli, G.; Cuomo, R.; Steardo, L.; de Man,
J.G.; et al. Cannabidiol Reduces Intestinal Inflammation through the Control of Neuroimmune Axis. PLoS ONE 2011, 6, e28159.
[CrossRef]

181. Iseger, T.A.; Bossong, M.G. A systematic review of the antipsychotic properties of cannabidiol in humans. Schizophr. Res. 2015,
162, 153–161. [CrossRef] [PubMed]

182. Long, E.L.; Malone, D.T.; Taylor, A.D. Cannabidiol Reverses MK-801-Induced Disruption of Prepulse Inhibition in Mice.
Neuropsychopharmacology 2005, 31, 795–803. [CrossRef] [PubMed]

183. Leweke, F.M.; Piomelli, D.; Pahlisch, F.; Muhl, D.; Gerth, C.W.; Hoyer, C.; Klosterkötter, J.; Hellmich, M.; Koethe, D. Cannabidiol
enhances anandamide signaling and alleviates psychotic symptoms of schizophrenia. Transl. Psychiatry 2012, 2, e94. [CrossRef]

184. Li, W.; Yang, Y.; An, F.-R.; Zhang, L.; Ungvari, G.S.; Jackson, T.; Yuan, Z.; Xiang, Y.-T. Prevalence of comorbid depression in
schizophrenia: A meta-analysis of observational studies. J. Affect. Disord. 2020, 273, 524–531. [CrossRef]

185. Naguy, A. Depression in schizophrenia-A good or bad omen? Asia-Pac. Psychiatry 2018, 10, e12312. [CrossRef] [PubMed]
186. Ayesa-Arriola, R.; Alcaraz, E.G.; Hernández, B.V.; Pérez-Iglesias, R.; Moríñigo, J.D.L.; Duta, R.; David, A.S.; Tabares-Seisdedos, R.;

Crespo-Facorro, B. Suicidal behaviour in first-episode non-affective psychosis: Specific risk periods and stage-related factors. Eur.

Neuropsychopharmacol. 2015, 25, 2278–2288. [CrossRef]
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