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Introduction

Steroid hormones are major players in organism development,
organisation, and on the ability to respond to environmental challenges.
They are produced by the adrenal cortex and may be divided into two
categories: corticosteroids and androgens/sex steroids. Corticosteroids
have been deeply studied in neurodegenerative disorders, but the in-
terest in androgens for a long time has been related to their role as
precursors of sex steroids. Dehydroepiandrosterone (DHEA), along with
its sulphated form DHEA(S), account for the most abundant circulating
steroid hormones (Baulieu, 1996). Studies point to DHEA and/or DHEA
(S) as regulators of neurotransmission, with opposite effects to gluco-
corticoids. Herein, we provide a state-of-the-art review exploring the
relationship between depression and DHEA and/or DHEA(S). We have
searched and comprised the main information from cross-sectional and
longitudinal studies, clinical trials and other interventional studies (i.e.
interplay with antidepressant treatment), and meta-analysis. Moreover,
in order to provide a better understanding of the field, we investigated
and described elements of DHEA biology, from its genetics, synthesis
and metabolism, to possible mechanisms of action by which DHEA may
affect depression (e.g. counter effects to cortisol; interplay with neuro-
transmission; immune modulatory effect). Finally, we indicate gaps that
remain open in the field, which could be a target for further research.
This could enlighten and deepen the knowledge concerning the role of
DHEA and/or DHEA(S) in depression aetiology.

Methods

We conducted a narrative review aiming to investigate the role of
DHEA in depression. Study design, search criteria, identification and
critical evaluation of results, manuscript preparation and final review by
the authors occurred December/2018 to January/2021. The search was
carried out in English, on the basis of title, abstract and/or keywords in
the following databases: Pubmed, Science Direct, Scholar Google, Web
of Science, Springerlink, Wiley online, and Elsevier. The list of keywords
contained a combination of terms as the following: “DHEA biology”,

* Corresponding author.
E-mail address: Ihteodoro@usp.br (L.H. Souza-Teodoro).

https://doi.org/10.1016/j.jadr.2022.100340

“DHEA synthesis”, “DHEA genetics”, “DHEA RNA”, “DHEA central
nervous system”, DHEA steroidogenesis”, “DHEA depression”, “DHEA
major depression”, “DHEA major depressive disorder”, “DHEA depres-
sive symptoms”, “DHEA cortisol”, “DHEA/cortisol ratio”, “DHEA cohort
study”, “DHEA cross-sectional”, “DHEA longitudinal studies”, “DHEA,
“DHEA meta-analysis”, “DHEA antidepressants”, “DHEA neurotrans-
mitters”, “DHEA serotonin”, “DHEA sigma receptors”’, “DHEA GABA
receptors”, “DHEA NMDA receptors”, “DHEA inflammation”, “DHEA
immune system” and “DHEA inflammatory biomarkers” with or without
Boolean terms. We excluded all the book chapters, conference abstracts,
editorials, and short comments. Due to the methodological diversity and
scope of the studies, it was not possible to use standardised selection
based on the methodology of each article. However, the final selection of
studies ranged from 1973 to 2020 and was critically evaluated by the
first author. Our findings were structured and presented in 4 major
sections: “DHEA biology”, "DHEA and depression — Observational
studies”, “DHEA and depression — Interventional studies”, “DHEA and
depression — Potential mechanisms of action”. A critical discussion is
further proposed regarding the results.

DHEA biology
DHEA synthesis

DHEA is a major adrenal androgen derived from cholesterol. Its
synthesis is classically understood to be restricted highest order of pri-
mates (Baulieu, 1996; Cutler et al., 1978; Quinn et al., 2016), thus,
representing a recent evolutionary development. In humans, steroido-
genic production starts from 6 to 8 weeks of gestation according to the
embryonic development. At this stage, the production of DHEA derives
from the adrenal foetal zone and is high (Mesiano and Jaffe, 1997);
afterbirth, the adrenal foetal zone undergoes involution leading to a
significant drop in DHEA levels. DHEA and/or DHEA(S) levels will in-
crease once again during adrenarche. DHEA, now produced by the ad-
renal reticularis zone, is one of the signals that denotes the pubertal
increase in adrenal androgens and occurs prior to the onset of increased
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gonadotropin secretion (Dhom, 1973; Gell et al., 1998; Mesiano and
Jaffe, 1997; Maninger et al., 2009). Adrenal androgens are relatively
weak androgens that are converted to more potent ones such as testos-
terone, dihydrotestosterone or to oestrogens via aromatization. Plasma
DHEA levels have a diurnal rhythm similar to that of cortisol, but plasma
levels of DHEA(S) show less variation and are a useful biochemical
marker of adrenarche (Loomba-Albrecht and Styne, 2019).

In older age, by 70 to 90 years old, DHEA and DHEA(S) levels are
approximately 70-80% lower than their peak levels on men and women
(Labrie et al., 1997). It is therefore possible that DHEA plays a particular
role in the development of old-age depression. Indeed, lower levels of
DHEA and/or DHEA(S) in relation to their age-expectancy levels is
associated with increased disease development and mortality (Phillips
et al., 2010; Rendina et al., 2017; Tivesten et al., 2014).

DHEA synthesis is dependant on the action of CYP11A1, also known
as CYP450scc (derivative from side chain cleavage). This enzyme plays a
double step of hydroxylation on carbon bonds (Burstein et al., 1975;
Mast et al., 2011; Strushkevich et al., 2011). As a result, there will be the
formation of pregnenolone. This molecule is the precursor of all ste-
roidogenic hormones, and its specifically conversion into DHEA involves
the enzyme CYP17. This enzyme hydroxylates pregnenolone leading to
the formation of 17-OH-pregnenolone, and further production of DHEA
(Soucy and Luu-The, 2000).

DHEA to DHEA(S) conversion

DHEA(S) is a derivative from DHEA by the action of the sulfo-
transferase enzyme sulfotransferase 2A1 (SULT2A1), mainly in the ad-
renal glands and the liver. The majority of the circulating DHEA levels is
on its sulphated form DHEA(S). This catalysis is mediated by the
SULT2AL1. Albeit an interconversion from DHEA(S) to DHEA might be
possible by the action of steroid sulfatase, this reaction is unlikely to be
relevant for the circulating levels of the hormones. Adrenal androgens
are relatively weak androgens that are converted to more potent ones
such as testosterone and dihydrotestosterone or to oestrogens via
aromatization. Plasma DHEA levels have a diurnal rhythm similar to
that of cortisol, but plasma levels of DHEA(S) show less variation and are
a useful biochemical marker of adrenarche. In studies of depression both
have been investigated interchangeably and this may add to the vari-
ability of the findings to some extent. There is initial evidence showing
that the administration of DHEA indeed increases DHEA(S) levels, but
the opposite was not observed (Hammer et al., 2005).

Genetic regulation of DHEA and DHEA(S) levels

The regulation of DHEA and/or DHEA(S) levels have been investi-
gated, and genetic variants were identified that encode relevant proteins
potentially associated with the regulation of hormone levels. A single
nucleotide polymorphism (SNP; rs6162) associated to CYP17A1, which
encodes the enzyme involved in the last step of DHEA formation, leads
to a variation of up to 20% in DHEA(S) levels (Lévesque et al., 2013).

The widest genome-wide study (GWAS) to date (n = 14,846) found 8
SNPs associated to DHEA levels. Genes were ZKSCANS (rs11761528),
ARPCIA (rs740160), CYP2C9 (rs2185570), TRIM4 (rs17277546), BMF
(rs7181230), HHEX (rs2497306), BCL2L11 (rs6738028) and SULT2A1
(rs2637125) (Zhai et al., 2011). Of notice, at least two GWAS in an adult
general population showed that the SNP rs2637125 on gene SULT2A1
was associated with low circulating DHEA(S) levels (Zhai et al., 2011),
but the functional relevance of this finding is still unclear as the presence
of this polymorphism did not impact on the actual DHEA/DHEA(S) ratio
(Haring et al., 2013). The previously mentioned role of DHEA(S) in
ageing may also have a genetic contribution since levels of DHEA(S) are
also associated to BCL2 apoptosis regulator and the BCL2 modifying
factor with genome-wide significance (Zhai et al., 2011).

A polymorphism (CYP3A7x1C) in CYP3A7 gene was associated to
reduced DHEA(S) levels (Ruth et al., 2016) in up to 50% (Smit et al.,
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2005). This gene codifies the enzyme CYP3A7, which is expressed in the
foetal liver, and it is involved in DHEA and/or DHEA(S) metabolism and
clearance (Hakkola et al., 1994; Miller et al., 2004; Stevens et al., 2003).
A shunt or an increase on DHEA levels may also occur depending on
the expression of 3p-hydroxysteroid-dehydrogenase (3fHSD1). Gene
encoding this enzyme may present an adrenal-restrictive allele or an
adrenal-permissive allele, which, respectively, limits conversion of
DHEA towards other androgens or enhances DHEA metabolism by
conferring resistance to ubiquitination (Naelitz and Sharifi, 2020).

DHEA and DHEA(S) in the central nervous system

Early investigations pointed DHEA as a neurosteroid - a hormone
locally produced in the brain (Baulieu and Robel, 1998). Although pe-
ripheral DHEA can freely cross the brain-blood barrier, DHEA(S) as a
hydrophilic molecule cannot (Starka et al., 2015). Carriers such as the
organic anion transporting polypeptide (OATP), ATP-binding cassette,
and solute carriers are involved in the cellular uptake of DHEA(S)
(Kullak-Ublick et al., 1998; Starka et al., 2015). DHEA(S) might be
locally un-sulphated in cellular tissues by steroid sulfatases (Reed et al.,
2005) before being converted into other metabolites.

The first demonstration suggesting that DHEA(S) might have a role in
neuromodulation came from the findings of the androgen expression in
rat brains (Corpéchot et al., 1981), once a systemic production is absent
or very low in rats (Baulieu and Robel, 1998; Baulieu, 1996; Corpéchot
et al., 1981; Cutler et al., 1978). In fact, in a recent post-mortem study
was shown that the mRNA and the immunostaining of CYP17 is
diminished in the anterior cingulate cortex of depressed patients, while
the SULT2A1 mRNA is increased in the dorsolateral prefrontal cortex.
Thus, showing an imbalance in DHEA and DHEA(S) brain metabolism
(Qi et al., 2018). Besides, evidences show the brain expression of DHEA
in fashion that its concentration is higher than the plasmatic levels
(Lacroix et al., 1987). DHEA levels found in the brain are understood to
be mainly synthesized de novo (Baulieu and Robel, 1998; Baulieu,
1996). The production is unrelated to the circadian endocrine regulation
(Robel et al., 1986) as neither the treatment with dexamethasone, nor
adrenalectomy diminishes DHEA(S) levels in the brain; and treatment
with corticotrophin failed to modulate it (Corpéchot et al., 1981).

Studies on animal models support the local synthesis of DHEA as
brain cells express the sterodoigenic cytochrome enzimes CYP11A1 and
CYP17 (Kohchi et al., 1998; Manca et al., 2012; Ukena et al., 1998;
Maninger et al., 2009), the first step in the biosynthesis of steroid hor-
mones. Further support to the local production of DHEA is the fact that
hippocampal cells convert pregnenolone into DHEA (Hojo et al., 2004).
Another alternative pathway for brain DHEA production could involve
oxidative stress. In human brain cell cultures (Brown et al., 2000) and in
brain tissue (Rammouz et al., 2011; Brown et al., 2003) DHEA was
synthetized through oxidative stress-mediated metabolism and inde-
pendent of the CYP17 activity.

DHEA and depression - observational studies
Depression

Depression is a mental condition of massive global impact, with more
than 320 hundred million people suffering from it. Common systemic
impacts related to depression are to mood variations, sadness, loss of
pleasure and feelings, anxiety, sleep disturbances, amongst others. It is
the worldwide leading cause of disability and suicide (WHO, 2017).
Current treatments have not been successful to a limited proportion of
individuals. Despite the fact that depression is associated with neuro-
transmitter disturbances, inflammatory processes, and dysregulation of
the hypothalamic-pituitary—adrenal (HPA) axis (Jain et al., 2018), in
depth aetiological and pathophysiological mechanisms are yet to be
described.
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DHEA and DHEA(S) levels in depression

Most mental health disorders start during adolescence and the inci-
dence of emotional disorders rises dramatically between 11 and 18 years
(Joinson et al., 2017). It is well established that DHEA have different
levels between men and women. In both genders the production peak is
reached around the third decade of life, with a consequent age-related
decline of approximately 2% a year (Racchi et al., 2003).

Cross-sectional studies of DHEA and DHEA(S) in major depressive
disorder

The association between DHEA and/or DHEA(S) in major depressive
disorder (MDD) are still conflicting (Table 1). Studies which show DHEA
and/or DHEA(S) levels are decreased (Barrett-Connor et al., 1999;

Table 1

Summary of cross-sectional studies evaluating DHEA and/or DHEA(S) levels in
patients with major depressive disorder (MDD) in A) plasma/serum and B)
saliva.

A) Plasma/Serum/Urine

Author Participants Sample Results
Men and women
(Osran et al., 1993) 9 MDD Serum —
9 HC Urine
(Heuser et al., 1998) 26 severe MDD Plasma 1
33 controls
(Hsiao, 2006b) 28 MDD Serum -
(Markopoulou et al., 2009) 28 severe MDD Plasma -
40 HC
(Phillips et al., 2011) 185 MDD Serum -
3755 HC
(Kurita et al., 2012) 90 MDD Serum 1
128 HC
(Morita et al., 2014) 24 MDD Plasma 1
24 HC
Men
(Kurita et al., 2012) 90 MDD Serum | DHEA(S) in men
128 HC
(Sramkova et al., 2017) 20 MDD Plasma 1
30 HC
(Uh et al., 2017) 117 MDD Serum 1 in mild to
moderate
depression
| severe
depression
Women
(Barrett-Connor et al., 31 MDD Plasma |
1999) 93 HC
(Erdingler et al., 2004) 34 MDD Plasma -
40 HC
(Lopes et al., 2012) 38 MDD Serum 1
15 HC
B) Saliva
Author Participants Sample  Results

Men and women
(Goodyer et al., 1996) 82 MDD children Saliva 1
40 HC

44 MDD Saliva |
41 HC

39 drug-free Saliva -
MDD

41 controls

13 MDD Saliva t
13 HC

38 MDD Saliva —
43 HC

(Michael et al., 2000)

(Young et al., 2002)

(Assies et al., 2004)

(Jiang et al., 2017)

Legend: DHEA - Dehydroepiandrosterone; DHEA(S) Dehydroepiandrosterone
sulphate; MDD major depressive disorder; HC healthy control. Arrows represent
increased, decreased or no change of DHEA and/or DHEA(S) levels of depressive
symptoms in depressed patients compared to health/group control.
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Goodyer et al., 1996; Michael et al., 2000; Morsink et al., 2007; Sou-
za-Teodoro et al., 2016; Zhu et al., 2015) in depression; but increased
(Assies et al., 2004; Heuser et al., 1998) and no association have also
been reported (Hsiao, 2006b; Osran et al., 1993; Young et al., 2002). The
exact reason for controversial findings is unknown, but may be related to
gender, biological substrate where DHEA(S) was analysed (ser-
um/plasma or saliva) and inclusion of medicated patients. Studies
conducted only in women found that DHEA(S) was decreased in major
depressive disorder (Barrett-Connor et al., 1999; Lopes et al., 2012), but
not all (Erdincler et al., 2004). DHEA levels were increased when both
genders were analysed together in medicated patients, but decreased in
medicated depressed men when gender was separately analysed (Kurita
et al., 2012).

Indeed, meta-analysis studies confirm an inverse association be-
tween DHEA and/or DHEA(S) levels and depression (Zhu et al., 2015).
Ten studies with clinic diagnosed depressed patients were evaluated in
each meta-analysis, and five studies were included in both (Hu et al.,
2014; Zhu et al., 2015). Differences amongst ethnicity, sex and sample
size were not related to the heterogeneity of results in the association
between depressive symptoms and DHEA(S) levels according to the
meta-analysis. No significant bias related to detection method was
observed (Zhu et al., 2015). But Hu et al. (2014) found the inverse
relationship between depression and levels of DHEA(S) in studies ana-
lysing plasma and serum, but not in saliva.

Cross-sectional studies of a correlation between DHEA and DHEA(S) and
depressive symptoms

DHEA and/or DHEA(S) levels have also been investigated in larger
groups of individuals with depressive symptoms with more consistent
results. Most studies report a negative cross-sectional correlation be-
tween DHEA(S) and depressive symptoms (Morsink et al., 2007), (6
Hartaigh, 2012), (Souza-Teodoro et al., 2016) but no correlation also
exist (Veronese et al., 2015). Some studies have looked exclusively at
one gender only. They report negative correlation between DHEA
and/or DHEA(S) and depressive symptoms when investigated in men
only (T’Sjoen et al., 2005; (Wong et al., 2011) and in women only
(Barrett-Connor et al., 1999) (Barrett-Connor et al., 1999).

Longitudinal studies

Information from longitudinal studies emphasizes the relationship
between depression and DHEA and/or DHEA(S), by more consistently
demonstrating that these hormones could be a predictor of depression
development although controversies in relation to gender differences
exist (Table 2B) Yaffe et al. (1998). conducted a prospective (4 — 6 years)
study with elderly women in which there was not an association be-
tween DHEA(S) and depressive symptoms. Nevertheless, they analysed a
subset of women who did not have detectable levels of DHEA(S), and it
was shown that these women had higher depressive symptoms (Yaffe
et al., 1998). In a 4-year longitudinal study with men and women, there
was an association between low DHEA(S) levels and depression in
women, but not in men (Berr et al., 1996). The opposite was also
observed, i.e. reduced DHEA(S) levels were associated to further
development of depression (1-year follow-up) only in men, amongst
Japanese (Michikawa et al., 2013) and Taiwanese (Goldman and Glei,
2007) cohorts with both genders (3 years follow-up) Veronese et al.
(2015). showed an inverse association with depression in both men and
women (4.4 years follow-up), but the severity of depression was asso-
ciated to DHEA(S) levels only in men (Veronese et al., 2015). The largest
study to date of a community-dwelling of men and women shows DHEA
(S) is a predictor (4 years follow-up) of depression in both genders
(Souza-Teodoro et al., 2016).
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Table 2
Summary of A) cross-sectional and B) longitudinal cohort studies evaluating the
relationship between depressive symptoms and DHEA and/or DHEA(S) levels.
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Table 3
Summary of studies analysing the effects of clinical antidepressants upon DHEA
and/or DHEA(S) levels.

A) Cross-sectional

Author Participants Is DHEA(S)
anddepressive
symptoms inversely
correlated?
Men and women
(Morsink et al., 2855 Yes
2007)

(6 Hartaigh, 608 Yes
2012)

(Veronese et al., 789 elderly No
2015)

(Souza-Teodoro 3083 elderly  Yes
et al., 2016)

Men

(T"Sjoen et al., 236 elderly Yes
2005)

(Wong et al., 1147 elderly Yes
2011)

Women

(Barrett-Connor 699 Yes
et al., 1999)

(Haren, 2007) 244 Yes

B) Longitudinal

Author Participants Time of Follow-up Is DHEA(S) and
depressive
symptoms
inversely
correlated?

Men and women

(Berr et al., 1996) 622 4 years No, in men
Yes, in women

(Goldman and 841 3 years Yes, in men

Glei, 2007) No in women
(Michikawa et al., 554 1 year Yes, in men
2013) No, in women

(Veronese et al., 789 4.4 years Yes
2015)

(Souza-Teodoro 3083 elderly 4 years Yes
et al., 2016)

Men

(T’Sjoen et al., 236 elderly 3 years No
2005)

Women

(Yaffe et al., 394 4-6 years Yes
1998)

DHEA and depression - interventional studies

Does antidepressant treatment modulate DHEA(S) levels as part of their
therapeutic benefit?

The association between DHEA and MDD/depressive symptoms has
led to the speculation that antidepressants modulate DHEA and/or
DHEA(S) levels. Some studies have attempted to answer this question by
analysing the effect of antidepressants of different classes on DHEA and/
or DHEA(S) levels(Table 3). Overall, most studies show that treatment
with antidepressants of different classes decrease DHEA and/or DHEA
(S) levels (Morita et al., 2014), (Hsiao, 2006a), (Schule et al., 2009),
Paslakis et al., 2010, (Zhu et al., 2015). Some studies showing no asso-
ciation (Hough et al., 2017), Wijaya et al. (2018) or association
dependant upon the mechanism of action of drug used (Deuschle et al.,
2004) also exist. Most of these studies did not take antidepressant
response or remission into account.

The evidence that antidepressants modulate DHEA and/or DHEA(S)
particularly in those who decreased or remitted their depressive symp-
toms is controversial Paslakis et al., 2010. showed that only in patients
who remitted antidepressants decreased DHEA(S) levels. Whereas

Author Participants ~ Sample  Treatment Treatment Result
period
(weeks)

Men and women

(Deuschle 80 MDD Serum 5 Paroxetine -
et al., Amitriptyline l
2004)

(Hsiao, 34 MDD Plasma 12 Venlafaxine |
2006a)

(Schule 23 MDD Plasma 5 Mirtazapine 1
etal.,

2009)

(Paslakis 70 MDD Serum 4 Mirtazapine 15
et al., Venlafaxine |
2010)

(Morita 24 MDD Plasma 25 Several 15
et al., 24 HC
2014)

(Zhu 46 MDD Serum 8 Serotonin + 1
et al., 55 HC Citalopram
2015)

(Hough 36 MDD Serum 8 Several SSRI -
etal., 75 HC
2017)

(Wijaya 47 MDD Urine Not Several (SSRI, -
et al., 41 HC specified SNRI, NaSSA,

2018) DNRI,
agomelatine,
vortioxetine,
quetiapine)

DHEA - Dehydroepiandrosterone; DHEA(S) — Dehydroepiandrosterone sulfate;
SSRI - Selective serotonin reuptake inhibitor; SNRI — Serotonin-noradrenaline
reuptake inhibitor; MDD - major depressive disorder; HC — healthy controls.
Arrows represent increased, decreased or no change of DHEA and/or DHEA(S)
levels of depressive symptoms in depressed patients compared to health/group
control.

Hough et al., 2017 showed that patients remitted patients had higher
levels of DHEA(S) than non-remitted patients after 8-weeks of treatment
with open-label SSRI Hsiao et al.,, 2006a. reported DHEA levels
decreased in remitted patients, but did not have non-remitted patients to
compare. They also positively correlated with improvement of the
symptoms in remitted patients (Hsiao, 2006a).

It is possible that antidepressants of different mechanism of action
exert different effects on DHEA and/or DHEA(S) Wijaya et al. (2018).
did not find differences in DHEA(S) in response to antidepressant
treatment when patients received treatment with antidepressants of
different classes (Wijaya et al., 2018) Morita et al., 2014., on the other
hand, found decreased DHEA(S) levels after 8 weeks of antidepressant
use regardless of the class of antidepressants used (Morita et al., 2014).
(Deuschle et al., 2004) observed that the tricyclic antidepressant
amitriptyline decreased DHEA(S) levels, but not paroxetine. Whether
antidepressants necessarily need to decrease DHEA(S) levels to exert its
therapeutic benefit is still unknown. To our knowledge, there has been
no study that evaluated whether levels of DHEA and/or DHEA(S) in-
crease before the therapeutic benefit of antidepressants occur. More
studies are needed to clarify the role of DHEA and/or DHEA(S) in an-
tidepressant treatment.

Whether the alteration in DHEA(S) levels in response to antide-
pressant are a biological component in depression amelioration or if it is
related to a direct action on HPA remains to be clarified. In these regard,
hormone levels should also be further explored in terms of remission. A
disturbance in HPA system is the more consistent finding amongst
depressed patients, typically demonstrated by disturbances in cortisol
levels. Different responses related to HPA activity is observed in relation
to antidepressants (Nandam et al., 2020), and cortisol levels may predict
treatment outcome (Carvalho and Pariante, 2008; Jain et al., 2018).
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Thus, considering DHEA(S) levels at baseline could also be a trait to be
relevant to understand the response to treatment, i.e., patients with
depressed symptoms associated to low levels of DHEA(S) may present a
different response to antidepressants when compared to those with
normal or either elevated levels of the hormone.

Could DHEA be used as a treatment to depression?

The role of exogenous DHEA as a treatment for depressive symptoms
was investigated (Table 4).

A systematic review showed that DHEA treatment for depression and
depressive symptoms in people with other psychiatry pathologies and
medical conditions (Peixoto et al., 2014). Twenty-two studies met the
eligibility criteria, and the administration of DHEA led to an overall
improvement in depressive symptoms. Moreover, DHEA decreased
depressive symptoms on diseases such as schizophrenia, adrenal insuf-
ficiency, HIV, and anorexia. Results regarding patients with autoim-
mune diseases were not conclusive, and the amelioration of depressive
symptoms was not observed in patients with fibromyalgia. In a more
recent systematic review and meta-analysis evaluating randomised
clinical trials for depression in the absence of other medical illnesses
showed that DHEA used as a treatment indeed ameliorate depression
when compared to placebo (Peixoto et al., 2018).

Studies present a large variation in the concentration of DHEA used
for depressive symptoms. Evidence show that patients taking DHEA (30
- 90 mg/day, 4 weeks) had an improvement in their depressive symp-
toms (Wolkowitz et al., 1997). They also made a 2-step approach to a
patient who was treatment-resistant. Firstly, they administered 60
mg/day of DHEA for 4 months. Secondly, they raised the DHEA dose to
90 mg/day for 2 months. At the end of the 6-month treatment, both
memory performance and depression rating were improved, in a fashion
that this improvement was correlated to the augmented DHEA and
DHEA(S) levels. Similar findings were reproduced in a further study of
the same group, in which they expanded their samples and conducted a
double blinded, placebo-controlled trial of DHEA administration to pa-
tients with depression (Wolkowitz et al., 1999). It is possible that a
U-shape relationship of treatment-effect exist as animal studies show
DHEA only caused improvement in memory retention and neuronal
survival for the intermediate concentrations (Samardzic et al., 2017).0f
note, most patients were not medication-free which may have contrib-
uted to the results.

The positive effects of DHEA (90 mg/day for 3 weeks, following 450
mg/day for 3 weeks) as a monotherapy was evaluated in chronic
depressed. In this study, DHEA also led to an amelioration of depressive

Table 4
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symptoms (Bloch et al., 1999), accompanied of increases on DHEA and
DHEA(S) levels. A more robust result of this research group was further
published (Schmidt et al., 2005), in which they used the same treatment
design, and emphasized the benefits of using DHEA as a monotherapy
for the amelioration of depressive symptoms. Furthermore, in depressed
patients with the human immunodeficiency virus (HIV), DHEA (100 -
400 mg/day for 8 weeks) treatment also reduced the symptomatology of
depression (Rabkin et al., 2006).

DHEA and depression - Potential mechanisms

Classically, DHEA and DHEA(S) effects are related to its conversion
in specific tissues into androgens or oestrogens, as these hormones have
higher affinity to nuclear receptors than DHEA (Prough et al., 2016).
However, the evidence suggesting a protective role of the circulating
DHEA and/or DHEA(S) preventing development of depression, led to
investigations of possible mechanisms of action in this relationship,
including those exploring the synthesis and actions of DHEA levels in the
central nervous system. DHEA and/or DHEA(S) are being observed as
showing opposing effects to cortisol, presenting direct and indirect ac-
tions as a neuromodulator, and being involved with inflammatory
responses.

It is believed that DHEA and DHEA(S) and cortisol exert opposing
protective/toxic effects and, thus, the analysis of the ratio DHEA/
cortisol may be important for psychiatric disorders. DHEA is an ACTH-
regulated steroid that possesses anti-glucocorticoid properties (Kalimi
et al., 1994) partly by inhibiting the 11 Beta hydrosysteroid dehydro-
genase type 1 enzyme which converts the inactive cortisone to the active
cortisol (Tomlinson et al., 2004). Studies show that DHEA protects
hippocampal cells against neurotoxicity induced by cortisol (Kimonides
et al, 1999). A similar finding was observed in neurotoxicity
glutamate-induced, in which the protective DHEA role was suggested to
be related to an inhibition on nuclear levels of glucocorticoid receptors
(Cardounel et al., 1999). DHEA administration is also able to reverse the
increased glucocorticoid receptor expression induced by stress and
presented anti-stress activity once DHEA treatment inhibited the trans-
location of stress-activated protein kinase type 3 (Hu et al., 2000;
Kimonides et al., 1999).

Studies have shown that DHEA levels may acutely increase in
response to stress stimuli but returning to baseline levels after stress
recovery in healthy subjects (Lennartsson et al., 2012; Lenartsson,
2013). Such Increased levels of cortisol and low DHEA(S) contribute to
the maladaptive responses to stress in several biological systems - named
allostatic load - offer risks such as cardiovascular and psychiatric

Summary of intervention studies on effects of either exogenous DHEA for depressive symptoms.

Author Participants Treatment (dose) Study design Treatment period (weeks)  Depressive symptoms

Men and women

(Wolkowitz et al., 1997) 6 MDD DHEA Open-label 6 15
(up to 90 mg/day)

(Wolkowitz et al., 1999) 22 MDD DHEA RCT 4 l
(up to 90 mg/day)

(Bloch et al., 1999) 17 dysthymia DHEA Cross-over RCT 6 1
(up to 450 mg/day)

(Schmidt et al., 2005) 46 MDD DHEA Cross-over RCT 6 1
(up to 450 mg/day)

(Rabkin et al., 2006) 145 HIV patients with depression or dysthymia DHEA RCT 8 l
(up to 400 mg/day)

(Kritz-Silverstein et al., 2008) 115 healthy elderly DHEA RCT 52 —
(50 mg/day)

Women only

(Collomp et al., 2018) 10 athletes’ women DHEA RCT 4 -
(100 mg/day)

DHEA - Dehydroepiandrosterone; DHEA(S) — Dehydroepiandrosterone sulfate; HIV — Human immunodeficiency virus; RCT- randomised controlled trial, MDD- major
depressive disorder. Arrows represent increased, decreased or no change of DHEA and/or DHEA(S) levels of depressive symptoms in depressed patients compared to

healthy/groupcontrol.
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disorders (Maninger et al., 2009; McEwen and Gianaros; 2011). Adults
exposed to long-term stress or clinical burnout showed attenuated DHEA
(S) levels and a higher cortisol/DHEA(S) ratio, suggesting that under
chronic stress, steroidogenesis suffers a shunt favouring cortisol syn-
thesis and down-regulating DHEA and/or DHEA(S) (Kamin and Kertes,
2017).

DHEA /cortisol and cortisol/DHEA ratios in depression

It has been proposed that the counter effects between DHEA and/or
DHEA(S) and cortisol may be involved in the development of psychiatric
disorders, such as depression (Butcher et al., 2005; Gallagher and
Young, 2002), and this ratio might be a more consistent and relevant
tool than the levels of these hormones alone to evaluate depression. In
un-medicated patients with unipolar depression, neither cortisol nor
DHEA levels on their own were associated to depression, while corti-
sol/DHEA ratio was significantly greater amongst those depressed
(Young et al., 2002). In medicated depressed patients, higher corti-
sol/DHEA ratio was found in remitted patients compared to healthy
subjects (Michael et al, 2000). In depressed adolescents with
post-traumatic stress disorder (PTSD), DHEA(S)/cortisol was able to
predict therapy response (Eye Movement Desensitization and Reproc-
essing - EMDR) (Usta et al., 2018), and higher cortisol/DHEA ratio in
children and teenagers (8 to 16 years old) predicts persistent depression
up to 36 weeks, while the measure of the hormones alone could not
(Goodyer et al., 1998). In addition, cortisol/DHEA(S) ratio is a predictor
of up to 10 years of recurrence (Mocking et al., 2015). Others corrobo-
rate the finding that depression is associated to higher cortisol/DHEA
ratio (Kahl et al., 2006; Osran et al., 1993).

The differences between cortisol and DHEA are also observed in
other psychiatric conditions. Higher salivary levels of cortisol are asso-
ciated to enhanced anxiety, while elevated DHEA levels were associated
to lower anxiety (van Niekerk et al., 2001). Patients with Cushing’s
syndrome show decreased DHEA(S) levels (Yener et al., 2015). Acute
stress test is followed by an enhancement of cortisol levels (Kidd et al.,
2014) while Trier Social Stress Test led to diminished DHEA(S) levels on
participants with higher perceived stress at work (Lennartsson et al.,
2013). The Trier Social Stress Test also led to attenuated responses of
DHEA and DHEA(S) in depression comparison to healthy participants
(Jiang et al., 2017). It has been suggested that the ratio cortisol/DHEA
provides a better prediction of mortality or health, than the levels of
these molecules on their own (Kamin and Kertes, 2017; Phillips et al.,
2010; Sollberger and Ehlert, 2016).

The role of pharmacologic treatment in the regulation of these ste-
roids was also evaluated. Noradrenergic and specific serotonergic anti-
depressants reduced both cortisol and DHEA(S), suggesting that the
antidepressant led to a diminishment on hypothalamic-pituitary-adrenal
(HPA) function. Nevertheless, the treatment did not affect the cortisol/
DHEA(S) ratio. Interestingly, only the reduction on DHEA(S) levels was
associated to the diminishment of depressive symptoms (Schule et al.,
2009). Others observed that remission was associated to a reduction on
DHEAC(S) levels, and an enhancement on cortisol/DHEA(S) ratio (Pas-
lakis et al., 2010). In addition, the administration of L-tryptophan to
healthy subjects and depressed patients neither altered the levels of the
hormones alone nor the cortisol/DHEA ratio (Porter et al., 2003). In the
study case of Wolkowitz et al. (1997), in which DHEA was adminis-
trated, both DHEA/cortisol and DHEA(S)/cortisol ratios were negatively
correlated to depressive symptoms (Wolkowitz et al., 1997).

DHEA as a neuromodulator

Emerging evidences have been showing that DHEA(S) can activate
directly G-protein coupled receptors. For instance, DHEA(S) modulates
the expression of tight junctions of the blood brain barrier (Papado-
poulos and Scheiner-Bobis, 2017).

Relevant roles are associated to DHEA and/or DHEA(S) in the central
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nervous system and in psychiatric conditions. Studies showed that
DHEA and/or DHEA(S) improve synapse efficacy (Moriguchi et al.,
2013), enhance neuronal survival and differentiation (Bologa et al.,
1987; Roberts et al., 1987), have a neuroprotective role against oxida-
tive stress (Bastianetto et al., 1999), and display neurogenic and neu-
rotrophic activity (Moriguchi et al., 2013; Sakr et al., 2014). Moreover,
these hormones interact directly and indirectly with neuronal circuitry.

GABAergic and serotonergic systems

The gamma-aminobutyric acid (GABA) signalling is involved in the
development of psychiatric conditions such as anxiety, depression, and
stress-related responses through exerting neural inhibitory activity
(Kalueff and Nutt, 2007; Luscher et al., 2011), and GABA receptors have
their signalling affected by DHEA. For instance, animal models of
depression showed that DHEA treatment decreased depressive-like
behaviour in the immobility swim paradigm due to DHEA inhibitory
effect on GABAA receptors (Genud et al., 2009). DHEA(S) neuro-
protective role was demonstrated in an ischaemic model of mild to
medium oxygen-glucose deprivation. This protective effect was inhibi-
ted by either GABAA agonist pentobarbital or GABAA antagonist
picrotoxin (Kaasik et al., 2001), emphasizing a crosstalk in this signal-
ling. Recently, it was demonstrated that DHEA(S) inhibits GABAA effects
through stabilizing the receptor into a nonconductive state (Pierce et al.,
2022).

Another pathway by which DHEA can have neuromodulatory effects
involves the serotonergic signalling. The imbalance in the serotoninergic
system has been one of the most stablished pathways involved in psy-
chiatric conditions such as depression (Albert et al., 2012; Yohn et al.,
2017). DHEA and DHEA(S) diminish the inhibitory response of GABAA
receptors upon serotonin-rich neurons in the dorsal raphe nucleus
(Gartside et al., 2010). This effect indicates that DHEA may modulate
serotonergic transmission via its modulation of GABA receptors. Besides,
treatment with DHEA increases serotonin turnover in the nucleus
accumbens (Perez-Neri et al., 2008), and decreases the activity of
monoamine oxidase (Perez-Neri et al., 2009).

NMDA and sigma receptors

DHEA also has an involvement with neuronal survival and synaptic
efficiency and may impact depression via such modulation. DHEA pro-
tects against neurotoxicity induced by the activation of N-methyl-D-
aspartic acid (NMDA) receptors in cultured neurons from the hippo-
campus (Kimonides et al., 1998). DHEA(S) can also increase synaptic
efficiency by eliciting calcium ions and increasing long-term potentia-
tion (Chen et al., 2006). DHEA can also increase the firing-rate of NMDA
receptors (Bergeron et al., 1996).

Sigma receptors have been demonstrated to display an antidepres-
sant role, and their activation by DHEA and/or DHEA(S) is one the most
consistent role of these hormones as neurosteroids. In mice, studies show
that depressive behaviour has the involvement of sigma non-opioid
intracellular receptor 1, and the interaction with DHEA and/or DHEA
(S) ameliorates this condition (Urani et al., 2001). In an animal model of
depression using olfactory bulbectomized mice, chronic DHEA treat-
ment increases neurogenesis, reduces depressive behaviour through
activating sigma non-opioid intracellular receptor 1 (Moriguchi et al.,
2013), and ameliorates cognitive impairment (Moriguchi et al., 2011).

Immune system and inflammation

DHEA(S) may exert an additional neuroprotective role in depression
by decreasing inflammation - yet another pathway disturbed in patients
with depression (Setiawan et al., 2015). In astrocytes and microglia,
DHEA and/or DHEA(S) reduces the levels of tumour necrosis factor (Di
Santo et al., 1996; Kipper-Galperin et al., 1999). DHEA inhibits pro-
duction of interleukin (IL)—6 (Kipper-Galperin et al., 1999), while
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DHEA(S) treatment reduced the transcription of pro-inflammatory
markers such as tumour necrosis factor and IL-1B in animal models
(Maingat et al., 2013).

Discussion and conclusion

The role of DHEA and/or DHEA(S) in relation to depression has been
explored in the past decades, and in spite of the lack of consensus, there
seems to be an inverse association between the circulating levels of these
hormones and depression. Questions, however, remain to be clarified.
Studies have not explored the direction of this relationship, i.e.,
diminished levels of DHEA and/or DHEA(S) are a part of depression
development or are one of the consequences of the disease? Moreover,
meta-analysis evaluating cross-sectional studies indicates that further
steps could benefit from measuring these hormones in serum or plasma,
rather than in saliva, which offers more results variability.

DHEA and/or DHEA(S) were also found to be inversely associated to
depression in longitudinal studies, what may also suggest that this
relationship is causal. Corroborating this hypothesis, evidences showed
that patients receiving DHEA as a treatment for depression had an
amelioration of symptoms in the studies observed. Of notice, this finding
was not replicated by all the studies, but was confirmed in a meta-
analysis. Nevertheless, a standardization of this treatment (dose, time
of treatment) is not stablished.

Systemically, the relationship of these hormones with cortisol has
been shown as a relevant trait to a better understanding of the adrenal
function, and may reflect depression prognosis. The opposing effects/
ratio of these hormones have been explored, and some authors claim
that this ratio could play as a more robust indicator of depression than
any of these hormones alone. Moreover, novel evidences pointing to
both synthesis and direct actions of DHEA and/or DHEA(S) in the central
nervous emphasize the importance of continuous investigation
regarding the contribution of these hormones to depression develop-
ment. There is plenty of evidence showing that DHEA and/or DHEA(S)
may affect classic neurotransmitters relevant to the disease.

In sum, DHEA shows potential to ameliorate depressive symptoms.
Further studies should focus on understanding who would particularly
benefit from such treatment, for how long and in which concentration.

Declaration of Competing Interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Albert, P.R., Benkelfat, C., Descarries, L., 2012. The neurobiology of
depression-revisiting the serotonin hypothesis. I. Cellular and molecular
mechanisms. Philos. Trans. R Soc. Lond. B Biol. Sci. 367, 2378-2381.

Assies, J., Visserb, 1., Nicolsonc, N.A., Eggelted, T.A., Wekkinga, E.M., Huysera, J.,
Lieversee, R., Schenea, A.H., 2004. Elevated salivary dehydroepiandrosterone-
sulfate but normal cortisol levels in medicated depressed patients: preliminary
findings. Psychiatry Res. 128, 117-122.

Barrett-Connor, E., von Muhlen, D., Laughlin, G.A., Kripke, A., 1999. Endogenous levels
of dehydroepiandrosterone sulfate, but not other sex hormones, are associated with
depressed mood in older women: the Rancho Bernardo Study. J. Am. Geriatr Soc. 47,
685-691.

Bastianetto, S., Ramassamy, C., Poirier, J., Quirion, R., 1999. Dehydroepiandrosterone
(DHEA) protects hippocampal cells from oxidative stress-induced damage. Brain Res.
Mol. Brain Res. 66, 35-41.

Baulieu, E.-.E., Robel, P., 1998. Dehydroepiandrosterone (DHEA) and
dehydroepiandrosterone sulfate (DHEAS) as neuroactive neurosteroids. Proc. Natl.
Acad. Sci. 95, 4089-4091.

Baulieu, E.E., 1996. Dehydroepiandrosterone (DHEA): a fountain of youth? J. Clin.
Endocrinol. Metab 81, 3147-3151.

Bergeron, R., de Montigny, C., Debonnel, G., 1996. Potentiation of neuronal NMDA
response induced by dehydroepiandrosterone and its suppression by progesterone:
effects mediated via sigma receptors. J. Neurosci. 16, 1193-1202.

Berr, C., Lafont, S., Debuire, B., Dartigues, J.F., Baulieu, E.E., 1996. Relationships of
dehydroepiandrosterone sulfate in the elderly with functional, psychological, and

Journal of Affective Disorders Reports 8 (2022) 100340

mental status, and short-term mortality: a French community-based study. Proc.
Natl. Acad. Sci. U.S.A. 93, 13410-13415.

Bloch, M., Schmidt, P.J., Danaceau, M.A., Adams, L.F., Rubinow, D.R., 1999.
Dehydroepiandrosterone treatment of midlife dysthymia. Biol. Psychiatry 45,
1533-1541.

Bologa, L., Sharma, J., Roberts, E., 1987. Dehydroepiandrosterone and its sulfated
derivative reduce neuronal death and enhance astrocytic differentiation in brain cell
cultures. J. Neurosci. Res. 17, 225-234.

Brown, R.C., Cascio, C., Papadopoulos, V, 2000. Pathways of neurosteroid biosynthesis in
cell lines from human brain: regulation of dehydroepiandrosterone formation by
oxidative stress and beta-amyloid peptide. J. Neurochem. 74, 847-859.

Brown, R.C., Han, Z., Cascio, C., Papadopoulos, V, 2003. Oxidative stress-mediated
DHEA formation in Alzheimer’s disease pathology. Neurobiol. Aging 24, 57-65.

Butcher, S.K., Killampalli, V., Lascelles, D., Wang, K., Alpar, E.K., Lord, J.M., 2005.
Raised cortisol: DHEAS ratios in the elderly after injury: potential impact upon
neutrophil function and immunity. Aging Cell 4, 319-324.

Cardounel, A., Regelson, W., Kalimi, M., 1999. Dehydroepiandrosterone protects
hippocampal neurons against neurotoxin-induced cell death: mechanism of action.
Proc. Soc. Exp. Biol. Med. 222, 145-149.

Carvalho, L.A., Pariante, C.M., 2008. In vitro modulation of the glucocorticoid receptor
by antidepressants. Stress 11, 411-424.

Chen, L., Miyamoto, Y., Furuya, K., Dai, X.N., Mori, N., Sokabe, M., 2006. Chronic
DHEAS administration facilitates hippocampal long-term potentiation via an
amplification of Src-dependent NMDA receptor signaling. Neuropharmacology 51,
659-670.

Collomp, K., Gravisse, N., Vibarel-Rebot, N., Asselin, M., Do, M.C., Gagey, O., Le-Tiec, C.,
Dufay, S., Buisson, C., Audran, M, 2018. Neuroendocrine and inflammatory
responses to DHEA administration in young healthy women. Pharmacol. Biochem.
Behav. 175, 19-23.

Corpéchot, C., Robel, P., Axelson, M., Sjovall, J., Baulieu, E.E., 1981. Characterization
and measurement of dehydroepiandrosterone sulfate in rat brain. Proc. Natl. Acad.
Sci. U S A 78, 4704-4707.

Cutler Jr., G.B., Glenn, M., Bush, M., Hodgen, G.D., Graham, C.E., Loriaux, D.L, 1978.
Adrenarche: a survey of rodents, domestic animals, and primates. Endocrinology
103, 2112-2118.

Deuschle, M., Luppa, P., Gilles, M., Hamann, B., Heuser, 1., 2004. Antidepressant
treatment and dehydroepiandrosterone sulfate: different effects of amitriptyline and
paroxetine. Neuropsychobiology 50, 252-256.

Dhom, G., 1973. The prepuberal and puberal growth of the adrenal (adrenarche). Beitr.
Pathol. 150, 357-377.

Di Santo, E., Foddi, M.C., Ricciardi-Castagnoli, P., Mennini, T., Ghezzi, P., 1996. DHEAS
inhibits TNF production in monocytes, astrocytes and microglial cells.
Neuroimmunomodulation 3, 285-288.

Erdingler, D., Bugay, G., Ertan, T., Eker, E., 2004. Depression and sex hormones in
elderly women. Arch. Gerontol. Geriatr. 39, 239-244.

Gallagher, P., Young, A, 2002. Cortisol/DHEA ratios in depression.
Neuropsychopharmacology 26, 410.

Gartside, S.E., Griffith, N.C., Kaura, V., Ingram, C.D., 2010. The neurosteroid
dehydroepiandrosterone (DHEA) and its metabolites alter 5-HT neuronal activity via
modulation of GABAA receptors. J. Psychopharmacol. 24, 1717-1724.

Gell, J.S., Carr, B.R., Sasano, H., Atkins, B., Margraf, L., Mason, J.I., Rainey, W.E., 1998.
Adrenarche results from development of a 3beta-hydroxysteroid dehydrogenase-
deficient adrenal reticularis. J. Clin. Endocrinol. Metab. 83, 3695-3701.

Genud, R., Merenlender, A., Gispan-Herman, I., Maayan, R., Weizman, A., Yadid, G,
2009. DHEA lessens depressive-like behavior via GABA-ergic modulation of the
mesolimbic system. Neuropsychopharmacology 34, 577-584.

Goldman, N., Glei, D.A., 2007. Sex differences in the relationship between DHEAS and
health. Exp. Gerontol. 42, 979-987.

Goodyer, .M., Herbert, J., Altham, P.M, 1998. Adrenal steroid secretion and major
depression in 8- to 16-year-olds, III. Influence of cortisol/DHEA ratio at presentation
on subsequent rates of disappointing life events and persistent major depression.
Psychol. Med. 28, 265-273.

Goodyer, .M., Herbert, J., Altham, P.M., Pearson, J., Secher, S.M., Shiers, H.M., 1996.
Adrenal secretion during major depression in 8- to 16-year-olds, I. Altered diurnal
rhythms in salivary cortisol and dehydroepiandrosterone (DHEA) at presentation.
Psychol. Med. 26, 245-256.

Hakkola, J., Pasanen, M., Purkunen, R., Saarikoski, S., Pelkonen, O., Maenpaa, J.,
Rane, A., Raunio, H., 1994. Expression of xenobiotic-metabolizing cytochrome P450
forms in human adult and fetal liver. Biochem. Pharmacol. 48, 59-64.

Hammer, F., Subtil, S., Lux, P., Maser-Gluth, C., Stewart, P.M., Allolio, B., Arlt, W, 2005.
No evidence for hepatic conversion of dehydroepiandrosterone (DHEA) sulfate to
DHEA: in vivo and in vitro studies. J. Clin. Endocrinol Metab 90, 3600-3605.

Haring, R., Wallaschofski, H., Teumer, A., Kroemer, H., Taylor, A.E., Shackleton, C.H.,
Nauck, M., Volker, U., Homuth, G., Arlt, W, 2013. A SULT2A1 genetic variant
identified by GWAS as associated with low serum DHEAS does not impact on the
actual DHEA/DHEAS ratio. J. Mol. Endocrinol. 50, 73-77.

Hartaigh, B., Loerbroks, A., Thomas, G.N., Engeland, C.G., Hollands, M.A., Fischer, J.E.,
Bosch, J.A., 2012. Age-dependent and -independent associations between
depression, anxiety, DHEAS, and cortisol: from the MIPH Industrial Cohort Studies
(MICS). Psychoneuroendocrinology 37, 929-936.

Heuser, 1., Deuschle, M., Luppa, P., Schweiger, U., Standhardt, H., Weber, B., 1998.
Increased diurnal plasma concentrations of dehydroepiandrosterone in depressed
patients. J. Clin. Endocrinol. Metab. 83, 3130-3133.

Hojo, Y., Hattori, T., Enami, T., Furukawa, A., Suzuki, K., Ishii, H., Mukai, H.,
Morrison, J.H., Janssen, W.G.M., Kominami, S., et al., 2004. Adult male rat


http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0001
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0001
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0001
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0002
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0002
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0002
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0002
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0003
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0003
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0003
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0003
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0004
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0004
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0004
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0005
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0005
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0005
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0006
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0006
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0007
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0007
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0007
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0008
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0008
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0008
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0008
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0009
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0009
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0009
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0010
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0010
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0010
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0011
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0011
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0011
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0012
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0012
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0013
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0013
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0013
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0014
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0014
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0014
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0015
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0015
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0016
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0016
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0016
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0016
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0017
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0017
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0017
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0017
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0018
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0018
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0018
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0020
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0020
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0020
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0021
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0021
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0021
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0022
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0022
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0023
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0023
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0023
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0024
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0024
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0025
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0025
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0026
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0026
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0026
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0027
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0027
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0027
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0028
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0028
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0028
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0029
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0029
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0030
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0030
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0030
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0030
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0031
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0031
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0031
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0031
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0032
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0032
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0032
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0033
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0033
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0033
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0035
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0035
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0035
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0035
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0084
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0084
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0084
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0084
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0036
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0036
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0036
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0037
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0037

L.H. Souza-Teodoro et al.

hippocampus synthesizes estradiol from pregnenolone by cytochromes P45017« and
P450 aromatase localized in neurons. Proc. Natl. Acad. Sci. U S A 101, 865-870.

Hough, C.M., Lindqvist, D., Epel, E.S., Denis, M.S., Reus, V.1, Bersani, F.S., Rosser, R.,
Mabhan, L., Burke, H.M., Wolkowitz, O.M., et al., 2017. Higher serum DHEA
concentrations before and after SSRI treatment are associated with remission of
major depression. Psychoneuroendocrinology 77, 122-130.

Hsiao, C.C., 2006a. Difference in pre- and post-treatment plasma DHEA levels were
significantly and positively correlated with difference in pre- and post-treatment
Hamilton depression scores following successful therapy for major depression.
Psychoneuroendocrinology 31, 839-846.

Hsiao, C.C., 2006b. Positive correlation between anxiety severity and plasma levels of
dehydroepiandrosterone sulfate in medication-free patients experiencing a major
episode of depression. Psychiatry Clin. Neurosci. 60, 746-750.

Hu, Q., Zhang, S.Y., Liu, F., Zhang, Y.L., Zhu, D.M., Zang, Y.Y., 2014. Clinical significance
of decreased protein expression of dehydroepiandrosterone sulfate in the
development of depression: a meta-analysis. J. Affect. Disord. 174, 416-423.

Hu, Y., Cardounel, A., Gursoy, E., Anderson, P., Kalimi, M., 2000. Anti-stress effects of
dehydroepiandrosterone: protection of rats against repeated immobilization stress-
induced weight loss, glucocorticoid receptor production, and lipid peroxidation.
Biochem. Pharmacol. 59, 753-762.

Jain, F.A., Connolly, C.G., Reus, V.I., Meyerhoff, D.J., Yang, T.T., Mellon, S.H.,
Mackin, S., Hough, C.M., Morford, A., Epel, E.S., et al., 2018. Cortisol predicts
antidepressant treatment outcome, memory improvement, and brain response to
negative emotions: the importance of aging. bioRxiv, 450213.

Jiang, X., Zhong, W., An, H., Fu, M., Chen, Y., Zhang, Z., Xiao, Z, 2017. Attenuated DHEA
and DHEA-S response to acute psychosocial stress in individuals with depressive
disorders. J. Affect. Disord. 215, 118-124.

Joinson, C., Kounali, D., Lewis, G, 2017. Family socioeconomic position in early life and
onset of depressive symptoms and depression: a prospective cohort study. Soc.
Psychiatry Psychiatr Epidemiol. 52, 95-103.

Kaasik, A., Kalda, A., Jaako, K., Zharkovsky, A., 2001. Dehydroepiandrosterone sulphate
prevents oxygen-glucose deprivation-induced injury in cerebellar granule cell
culture. Neuroscience 102 (2), 427-432.

Kahl, K.G., Bens, S., Ziegler, K., Rudolf, S., Dibbelt, L., Kordon, A., Schweiger, U., 2006.
Cortisol, the cortisol-dehydroepiandrosterone ratio, and pro-inflammatory cytokines
in patients with current major depressive disorder comorbid with borderline
personality disorder. Biol. Psychiatry 59, 667-671.

Kalimi, M., Shafagoj, Y., Loria, R., Padgett, D., Regelson, W., 1994. Anti-glucocorticoid
effects of dehydroepiandrosterone (DHEA). Mol. Cell Biochem. 131, 99-104.

Kalueff, A.V., Nutt, D.J., 2007. Role of GABA in anxiety and depression. Depress Anxiety
24, 495-517.

Kamin, H.S., Kertes, D.A., 2017. Cortisol and DHEA in development and
psychopathology. Horm. Behav. 89, 69-85.

Kidd, T., Carvalho, L.A., Steptoe, A., 2014. The relationship between cortisol responses to
laboratory stress and cortisol profiles in daily life. Biol. Psychol. 99, 34-40.

Kimonides, V.G., Khatibi, N.H., Svendsen, C.N., Sofroniew, M.V., Herbert, J., 1998.
Dehydroepiandrosterone (DHEA) and DHEA-sulfate (DHEAS) protect hippocampal
neurons against excitatory amino acid-induced neurotoxicity. Proc. Natl. Acad. Sci.
U.S.A. 95, 1852-1857.

Kimonides, V.G., Spillantini, M.G., Sofroniew, M.V., Fawcett, J.W., Herbert, J., 1999.
Dehydroepiandrosterone antagonizes the neurotoxic effects of corticosterone and
translocation of stress-activated protein kinase 3 in hippocampal primary cultures.
Neuroscience 89, 429-436.

Kipper-Galperin, M., Galilly, R., Danenberg, H.D., Brenner, T., 1999.
Dehydroepiandrosterone selectively inhibits production of tumor necrosis factor
alpha and interleukin-6 [correction of interlukin-6] in astrocytes. Int. J. Dev.
Neurosci. 17, 765-775.

Kohchi, C., Ukena, K., Tsutsui, K., 1998. Age- and region-specific expressions of the
messenger RNAs encoding for steroidogenic enzymes p450scc, P450c17 and 3beta-
HSD in the postnatal rat brain. Brain Res. 801, 233-238.

Kritz-Silverstein, D., von Muhlen, D., Laughlin, G.A., Bettencourt, R., 2008. Effects of
dehydroepiandrosterone supplementation on cognitive function and quality of life:
the DHEA and Well-Ness (DAWN) Trial. J. Am. Geriatr Soc. 56, 1292-1298.

Kullak-Ublick, G.A., Fisch, T., Oswald, M., Hagenbuch, B., Meier, P.J., Beuers, U.,
Paumgartner, G., 1998. Dehydroepiandrosterone sulfate (DHEAS): identification of a
carrier protein in human liver and brain. FEBS Lett 424, 173-176.

Kurita, H., Maeshima, H., Kida, S., Matsuzaka, H., Shimano, T., Nakano, Y., Baba, H.,
Suzuki, T., Arai, H., 2012. Serum dehydroepiandrosterone (DHEA) and DHEA-sulfate
(S) levels in medicated patients with major depressive disorder compared with
controls. J. Affect. Disord. 146, 205-212.

Labrie, F., Belanger, A., Cusan, L., Gomez, J.L., Candas, B., 1997. Marked decline in
serum concentrations of adrenal C19 sex steroid precursors and conjugated androgen
metabolites during aging. J. Clin. Endocrinol. Metab. 82, 2396-2402.

Lacroix, C., Fiet, J., Benais, J.P., Gueux, B., Bonete, R., Villette, J.M., Gourmel, B.,
Dreux, C., 1987. Simultaneous radioimmunoassay of progesterone, androst-4-
enedione, pregnenolone, dehydroepiandrosterone and 17-hydroxyprogesterone in
specific regions of human brain. J. Steroid Biochem. 28, 317-325.

Lennartsson, A.K., Kushnir, M.M., Bergquist, J., Jonsdottir, I.H., 2012. DHEA and DHEA-
S response to acute psychosocial stress in healthy men and women. Biol. Psychol. 90
(2), 143-149.

Lennartsson, A.K., Theorell, T., Kushnir, M.M., Bergquist, J., Jonsdottir, I.H., 2013.
Perceived stress at work is associated with attenuated DHEA-S response during acute
psychosocial stress. Psychoneuroendocrinology 38, 1650-1657.

Lévesque, E., Huang, S.P., Audet-Walsh, E., Lacombe, L., Bao, B.Y., Fradet, Y.,
Laverdiere, 1., Rouleau, M., Huang, C.Y., Yu, C.C,, et al., 2013. Molecular markers in

Journal of Affective Disorders Reports 8 (2022) 100340

key steroidogenic pathways, circulating steroid levels, and prostate cancer
progression. Clin. Cancer Res. 19, 699-709.

Loomba-Albrecht, L.A., Styne, D.M., 2019. Hormonal Control of Puberty. Encyclopedia
of Endocrine Diseases (Second Edition). Academic Press, Oxford, pp. 137-143. L.
Huhtaniemi, and L. Martini.

Lopes, R.P., Grassi-Oliveira, R., de Almeida, L.R., Stein, L.M., Luz, C., Teixeira, A.L.,
Bauer, M.E., 2012. Neuroimmunoendocrine interactions in patients with recurrent
major depression, increased early life stress and long-standing posttraumatic stress
disorder symptoms. Neuroimmunomodulation 19, 33-42.

Luscher, B., Shen, Q., Sahir, N., 2011. The GABAergic deficit hypothesis of major
depressive disorder. Mol. Psychiatry 16, 383-406.

Maingat, F.G., Polyak, M.J., Paul, A.M., Vivithanaporn, P., Noorbakhsh, F., Ahboucha, S.,
Baker, G.B., Pearson, K., Power, C., 2013. Neurosteroid-mediated regulation of brain
innate immunity in HIV/AIDS: DHEA-S suppresses neurovirulence. FASEB J. 27,
725-737.

Manca, P., Caria, M.A., Blasi, J., Martin-Satue, M., Mameli, O., 2012. Cytochrome P450
17alpha-hydroxylase/C(17,20)-lyase immunoreactivity and molecular expression in
the cerebellar nuclei of adult male rats. J. Chem. Neuroanat. 45, 18-25.

Maninger, N., Wolkowitz, O.M., Reus, V.1, Epel, E.S., Mellon, S.H., 2009.
Neurobiological and neuropsychiatric effects of dehydroepiandrosterone (DHEA)
and DHEA sulfate (DHEAS). Front. Neuroendocrinol. 30 (1), 65-91.

Markopoulou, K., Papadopoulos, A., Juruena, M.F., Poon, L., Pariante, C.M., Cleare, A.J.,
2009. The ratio of cortisol/DHEA in treatment resistant depression.
Psychoneuroendocrinology 34, 19-26.

McEwen, B.S., Gianaros, P.J., 2011. Stress- and allostasis-induced brain plasticity. Ann.
Rev. Med. 62, 431-445.

Mesiano, S., Jaffe, R.B., 1997. Developmental and functional biology of the primate fetal
adrenal cortex. Endocr. Rev. 18, 378-403.

Michael, A., Jenaway, A., Paykel, E.S., Herbert, J., 2000. Altered salivary
dehydroepiandrosterone levels in major depression in adults. Biol. Psychiatry 48,
989-995.

Michikawa, T., Nishiwaki, Y., Nakano, M., Iwasawa, S., Yamada, M., Asakura, K.,
Yoshioka, N., Kuwahara, E., Takebayashi, T., 2013. Higher serum
dehydroepiandrosterone sulfate levels are protectively associated with depressive
symptoms in men, but not in women: a community-based cohort study of older
Japanese. Am. J. Geriatric Psychiatry 21, 1154-1163.

Miller, K.K.M., Cai, J., Ripp, S.L., Pierce, W.M., Rushmore, T.H., Prough, R.A., 2004.
Stereo- and regioselectivity account for the diversity of dehydroepiandrosterone
(DHEA) metabolites produced by liver microsomal cytochromes P450P450. Drug
Metabol. Disposition 32, 305-313.

Mocking, R.J., Pellikaan, C.M., Lok, A., Assies, J., Ruhe, H.G., Koeter, M.W., Visser, L.,
Bockting, C.L., OIff, M., Schene, A.H., 2015. DHEAS and cortisol/DHEAS-ratio in
recurrent depression: state, or trait predicting 10-year recurrence?
Psychoneuroendocrinology 59, 91-101.

Moriguchi, S., Shinoda, Y., Yamamoto, Y., Sasaki, Y., Miyajima, K., Tagashira, H.,
Fukunaga, K., 2013. Stimulation of the sigma-1 receptor by DHEA enchances
synaptic efficacy and neurogenesis in the hippocampal dentate gyrus of olfactory
bulbectomized mice. PLoS ONE 8.

Moriguchi, S., Yamamoto, Y., Ikuno, T., Fukunaga, K., 2011. Sigma-1 receptor
stimulation by dehydroepiandrosterone ameliorates cognitive impairment through
activation of CaM kinase II, protein kinase C and extracellular signal-regulated
kinase in olfactory bulbectomized mice. J. Neurochem. 117, 879-891.

Morita, T., Senzaki, K., Ishihara, R., Umeda, K., Iwata, N., Nagai, T., Hida, H.,
Nabeshima, T., Yukawa, K., Ozaki, N., Noda, Y., 2014. Plasma
dehydroepiandrosterone sulfate levels in patients with major depressive disorder
correlate with remission during treatment with antidepressants. Hum.
Psychopharmacol. 29, 280-286.

Morsink, L.F., Vogelzangs, N., Nicklas, B.J., Beekman, A.T., Satterfield, S., Rubin, S.M.,
Yaffe, K., Simonsick, E., Newman, A.B., Kritchevsky, S.B., et al., 2007. Associations
between sex steroid hormone levels and depressive symptoms in elderly men and
women: results from the Health ABC study. Psychoneuroendocrinology 32, 874-883.

Naelitz, B.D., Sharifi, N., 2020. Through the looking-glass: reevaluating DHEA
metabolism through HSD3B1 genetics. Trends Endocrinol. Metab. 31, 680-690.

Nandam, L.S., Brazel, M., Zhou, M., Jhaveri, D.J., 2020. Cortisol and major depressive
disorder-translating findings from humans to animal models and back. Front.
Psychiatry 10.

Osran, H., Reist, C., Chen, C.C., Lifrak, E.T., Chicz-DeMet, A., Parker, L.N., 1993. Adrenal
androgens and cortisol in major depression. Am. J. Psychiatry 150, 806-809.

Papadopoulos, D., Scheiner-Bobis, G., 2017. Dehydroepiandrosterone sulfate augments
blood-brain barrier and tight junction protein expression in brain endothelial cells.
Biochim. Biophys. Acta Mol Cell Res 8 (8).

Paslakis, G., Luppa, P., Gilles, M., Kopf, D., Hamann-Weber, B., Lederbogen, F.,
Deuschle, M., 2010. Venlafaxine and mirtazapine treatment lowers serum
concentrations of dehydroepiandrosterone-sulfate in depressed patients remitting
during the course of treatment. J. Psychiatr Res. 44, 556-560.

Peixoto, C., Grande, A.J., Mallmann, M., Nardi, A.E., Cardoso, A., Veras, A.B., 2018.
Dehydroepiandrosterone (DHEA) for depression: a systematic review and meta-
analysis. CNS Neurol. Disord. Drug Targets 17, 1871527317666180817153914.

Perez-Neri, I., Montes, S., Ojeda-Lopez, C., Ramirez-Bermudez, J., Rios, C., 2008.
Modulation of neurotransmitter systems by dehydroepiandrosterone and
dehydroepiandrosterone sulfate: mechanism of action and relevance to psychiatric
disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 32, 1118-1130.

Perez-Neri, 1., Montes, S., Rios, C., 2009. Inhibitory effect of dehydroepiandrosterone on
brain monoamine oxidase activity: in vivo and in vitro studies. Life Sci. 85, 652-656.

Phillips, A.C., Batty, G.D., Gale, C.R., Lord, J.M., Arlt, W., Carroll, D., 2011. Major
depressive disorder, generalised anxiety disorder, and their comorbidity:


http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0037
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0037
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0038
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0038
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0038
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0038
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0039
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0039
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0039
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0039
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0040
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0040
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0040
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0041
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0041
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0041
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0042
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0042
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0042
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0042
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0043
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0043
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0043
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0043
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0044
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0044
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0044
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0045
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0045
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0045
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0046
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0046
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0046
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0047
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0047
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0047
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0047
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0048
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0048
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0049
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0049
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0050
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0050
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0051
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0051
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0052
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0052
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0052
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0052
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0053
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0053
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0053
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0053
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0054
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0054
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0054
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0054
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0055
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0055
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0055
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0056
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0056
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0056
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0057
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0057
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0057
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0058
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0058
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0058
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0058
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0059
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0059
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0059
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0060
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0060
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0060
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0060
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0061
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0061
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0061
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0062
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0062
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0062
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0063
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0063
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0063
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0063
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0064
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0064
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0064
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0065
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0065
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0065
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0065
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0066
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0066
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0067
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0067
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0067
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0067
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0068
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0068
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0068
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0069
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0069
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0069
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0070
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0070
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0070
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0072
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0072
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0073
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0073
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0074
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0074
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0074
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0075
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0075
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0075
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0075
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0075
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0076
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0076
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0076
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0076
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0077
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0077
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0077
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0077
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0078
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0078
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0078
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0078
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0079
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0079
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0079
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0079
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0080
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0080
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0080
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0080
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0080
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0081
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0081
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0081
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0081
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0082
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0082
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0083
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0083
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0083
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0086
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0086
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0087
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0087
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0087
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0088
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0088
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0088
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0088
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0089
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0089
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0089
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0090
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0090
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0090
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0090
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0091
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0091
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0092
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0092

L.H. Souza-Teodoro et al.

associations with cortisol in the Vietnam Experience Study.
Psychoneuroendocrinology 36, 682-690.

Phillips, A.C., Carroll, D., Gale, C.R., Lord, J.M., Arlt, W., Batty, G.D., 2010. Cortisol,
DHEA sulphate, their ratio, and all-cause and cause-specific mortality in the Vietnam
Experience Study. Eur. J. Endocrinol. 163, 285-292.

Pierce, S.R., Germann, A.L., Steinbach, J.H., AKk, G., 2022. The Sulfated Steroids
Pregnenolone Sulfate and Dehydroepiandrosterone Sulfate Inhibit the a1p3y2L
GABAA Receptor by Stabilizing a Novel Nonconducting State. Mol. Pharmacol. 101
(2), 68-77.

Porter, R.J., Gallagher, P., Watson, S., Smith, M.S., Young, A.H., 2003. Elevated prolactin
responses to L-tryptophan infusion in medication-free depressed patients.
Psychopharmacology (Berl) 169, 77-83.

Prough, R.A,, Clark, B.J., and Klinge, C.M. (2016). Novel mechanisms for DHEA action.
56, R139.

Quinn, T.A., Ratnayake, U., Dickinson, H., Castillo-Melendez, M., Walker, D.W., 2016.
The feto-placental unit, and potential roles of dehydroepiandrosterone (DHEA) in
prenatal and postnatal brain development: a re-examination using the spiny mouse.
J. Steroid Biochem. Mol. Biol. 160, 204-213.

Rabkin, J.G., McElhiney, M.C., Rabkin, R., McGrath, P.J., Ferrando, S.J., 2006. Placebo-
controlled trial of dehydroepiandrosterone (DHEA) for treatment of nonmajor
depression in patients with HIV/AIDS. Am. J. Psychiatry 163, 59-66.

Racchi, M., Balduzzi, C., Corsini, E., 2003. Dehydroepiandrosterone (DHEA) and the
aging brain: flipping a coin in the "fountain of youth". CNS Drug Rev. 9, 21-40.
Reed, M.J., Purohit, A., Woo, L.W., Newman, S.P., Potter, B.V., 2005. Steroid sulfatase:

molecular biology, regulation, and inhibition. Endocr. Rev. 26, 171-202.

Rendina, D.N., Ryff, C.D., and Coe, C.L. Precipitous Dehydroepiandrosterone Declines
Reflect Decreased Physical Vitality and Function J. Gerontol. A Biol Sci Med Sci.
2017 Jun;72(6):747-53. Epub 2016 Jul 28 doi:10.1093/gerona/glw135.

Robel, P., Synguelakis, M., Halberg, F., Baulieu, E.E., 1986. [Persistence of the circadian
rhythm of dehydroepiandrosterone in the brain, but not in the plasma, of castrated
and adrenalectomized rats]. C R Acad. Sci. III 303, 235-238.

Roberts, E., Bologa, L., Flood, J.F., Smith, G.E., 1987. Effects of dehydroepiandrosterone
and its sulfate on brain tissue in culture and on memory in mice. Brain Res. 406,
357-362.

Ruth, K.S., Campbell, P.J., Chew, S., Lim, E.M., Hadlow, N., Stuckey, B.G., Brown, S.J.,
Feenstra, B., Joseph, J., Surdulescu, G.L., et al., 2016. Genome-wide association
study with 1000 genomes imputation identifies signals for nine sex hormone-related
phenotypes. Eur. J. Hum. Genet. 24, 284-290.

Sakr, H.F., Khalil, K.I., Hussein, A.M., Zaki, M.S., Eid, R.A., Alkhateeb, M, 2014. Effect of
dehydroepiandrosterone (DHEA) on memory and brain derived neurotrophic factor
(BDNF) in a rat model of vascular dementia. J. Physiol. Pharmacol. 65, 41-53.

Schmidt, P.J., Daly, R.C., Bloch, M., Smith, M.J., Danaceau, M.A., St Clair, L.S.,
Murphy, J.H., Haq, N., Rubinow, D.R., 2005. Dehydroepiandrosterone monotherapy
in midlife-onset major and minor depression. Arch. Gen. Psychiatry 62, 154-162.

Schule, C., Baghai, T.C., Eser, D., Schwarz, M., Bondy, B., Rupprecht, R., 2009. Effects of
mirtazapine on dehydroepiandrosterone-sulfate and cortisol plasma concentrations
in depressed patients. J. Psychiatr. Res. 43, 538-545.

Setiawan, E., Wilson, A.A., Mizrahi, R., Rusjan, P.M., Miler, L., Rajkowska, G.,
Suridjan, I., Kennedy, J.L., Rekkas, P.V., Houle, S., et al., 2015. Role of translocator
protein density, a marker of neuroinflammation, in the brain during major
depressive episodes. JAMA Psychiatry 72, 268-275.

Smit, P., van Schaik, R.H., van der Werf, M., van den Beld, A.W., Koper, J.W.,
Lindemans, J., Pols, H.A., Brinkmann, A.O., de Jong, F.H., Lamberts, S.W., 2005.
A common polymorphism in the CYP3A7 gene is associated with a nearly 50%
reduction in serum dehydroepiandrosterone sulfate levels. J. Clin. Endocrinol.
Metab. 90, 5313-5316.

Sollberger, S., Ehlert, U., 2016. How to use and interpret hormone ratios.
Psychoneuroendocrinology 63, 385-397.

Soucy, P., Luu-The, V., 2000. Conversion of pregnenolone to DHEA by human 17alpha-
hydroxylase/17, 20-lyase (P450c17). Evidence that DHEA is produced from the
released intermediate, 17alpha-hydroxypregnenolone. Eur. J. Biochem. 267 (11),
3243-3247.

Souza-Teodoro, L.H., de Oliveira, C., Walters, K., Carvalho, L.A., 2016. Higher serum
dehydroepiandrosterone sulfate protects against the onset of depression in the
elderly: findings from the English longitudinal study of aging (ELSA).
Psychoneuroendocrinology 64, 40-46.

Samardzic, J., Hencic, B., Jancic, J., Jadzic, D., Djuric, M., Obradovic, D., Strac, D.S.,
2017. Neurosteroid dehydroepiandrosterone improves active avoidance retrieval
and induces antidepressant-like behavior in rats. Neurosci. Lett. 660, 17-21.

Sramkovd, M., Duskova, M., Hill, M., Bi¢ikova, M., Ripov4, D., Mohr, P., Starka, L., 2017.
The role of steroids in the prediction of affective disorders in adult men. Steroids
121, 47-53.

Journal of Affective Disorders Reports 8 (2022) 100340

Starka, L., Duskova, M., Hill, M., 2015. Dehydroepiandrosterone: a neuroactive steroid.
J. Steroid Biochem. Mol. Biol. 145, 254-260.

Stevens, J.C., Hines, R.N., Gu, C., Koukouritaki, S.B., Manro, J.R., Tandler, P.J., Zaya, M.
J., 2003. Developmental expression of the major human hepatic CYP3A enzymes.
J. Pharm. Exper. Therapeutics 307, 573-582.

T’Sjoen, G.G., De Vos, S., Goemaere, S., Van Pottelbergh, 1., Dierick, M., Van
Heeringen, C., Kaufman, J.M., 2005. Sex steroid level, androgen receptor
polymorphism, and depressive symptoms in healthy elderly men. J. Am. Geriatr. Soc
53, 636-642.

Tivesten, A., Vandenput, L., Carlzon, D., Nilsson, M., Karlsson, M.K., Ljunggren, O.,
Barrett-Connor, E., Mellstrom, D., Ohlsson, C., 2014. Dehydroepiandrosterone and
its sulfate predict the 5-year risk of coronary heart disease events in elderly men.
J. Am. Coll. Cardiol. 64, 1801-1810.

Tomlinson, J.W. Walker E.A., Bujalska L.J., Draper N., Lavery, G.G., Cooper, M.S.,
Hewison, M., Stewart, P.M. 2004 11p-Hydroxysteroid Dehydrogenase Type 1: a
Tissue-Specific Regulator of Glucocorticoid Response Endocrine Reviews, 25,
831-866.

Uh, D., Jeong, H.G., Choi, K.Y., Oh, S.Y,, Lee, S., Kim, S.H., Joe, S.H, 2017.
Dehydroepiandrosterone sulfate level varies nonlinearly with symptom severity in
major depressive disorder. Clin. Psychopharmacol. Neurosci. 15, 163-169.

Ukena, K., Usui, M., Kohchi, C., Tsutsui, K., 1998. Cytochrome P450 side-chain cleavage
enzyme in the cerebellar Purkinje neuron and its neonatal change in rats.
Endocrinology 139, 137-147.

Urani, A., Roman, F.J., Phan, V.L., Su, T.P., Maurice, T, 2001. The antidepressant-like
effect induced by sigma(1)-receptor agonists and neuroactive steroids in mice
submitted to the forced swimming test. J. Pharmacol. Exp. Ther. 298, 1269-1279.

Usta, M.B., Gumus, Y.Y., Say, G.N., Bozkurt, A., Sahin, B., Karabekiroglu, K., 2018. Basal
blood DHEA-S/cortisol levels predicts EMDR treatment response in adolescents with
PTSD. Nord J. Psychiatry 72, 164-172.

van Niekerk, J.K., Huppert, F.A., Herbert, J., 2001. Salivary cortisol and DHEA:
association with measures of cognition and well-being in normal older men, and
effects of three months of DHEA supplementation. Psychoneuroendocrinology 26,
591-612.

Veronese, N., De Rui, M., Bolzetta, F., Zambon, S., Corti, M.C., Baggio, G., Toffanello, E.
D., Crepaldi, G., Perissinotto, E., Manzato, E., et al., 2015. Serum
dehydroepiandrosterone sulfate and incident depression in the elderly: the Pro.V.A.
study. Am. J. Geriatr Psychiatry 23, 863-871.

WHO (2017). Depression and Other Common Mental Disorders: global Health Estimates.
World Health Organisation.

Wijaya, C.S., Lee, J.J.Z., Husain, S.F., Ho, C.S.H., McIntyre, R.S., Tam, W.W., Ho, R.C.M.,
2018. Differentiating medicated patients suffering from major depressive disorder
from healthy controls by spot urine measurement of monoamines and steroid
hormones. Int. J. Environ. Res. Public Health 15.

Wolkowitz, O.M., Reus, V.I., Keebler, A., Nelson, N., Friedland, M., Brizendine, L.,
Roberts, E., 1999. Double-blind treatment of major depression with
dehydroepiandrosterone. Am. J. Psychiatry 156, 646-649.

Wolkowitz, O.M., Reus, V.I., Roberts, E., Manfredi, F., Chan, T., Raum, W.J.,
Ormiston, S., Johnson, R., Canick, J., Brizendine, L., Weingartner, H., 1997.
Dehydroepiandrosterone (DHEA) treatment of depression. Biol. Psychiatry 41,
311-318.

Wong, S.Y., Leung, J.C., Kwok, T., Ohlsson, C., Vandenput, L., Leung, P.C., Woo, J., 2011.
Low DHEAS levels are associated with depressive symptoms in elderly Chinese men:
results from a large study. Asian J. Androl. 13, 898-902.

Yaffe, K., Ettinger, B., Pressman, A., Seeley, D., Whooley, M., Schaefer, C., Cummings, S.,
1998. Neuropsychiatric function and dehydroepiandrosterone sulfate in elderly
women: a prospective study. Biol. Psychiatry 43, 694-700.

Yener, S., Yilmaz, H., Demir, T., Secil, M., Comlekci, A., 2015. DHEAS for the prediction
of subclinical Cushing’s syndrome: perplexing or advantageous? Endocrine 48,
669-676.

Yohn, C.N., Gergues, M.M., Samuels, B.A., 2017. The role of 5-HT receptors in
depression. Mol Brain 10, 017-0306.

Young, A.H., Gallagher, P., Porter, R.J., 2002. Elevation of the cortisol-
dehydroepiandrosterone ratio in drug-free depressed patients. Am. J. Psychiatry
159, 1237-1239.

Zhai, G., Teumer, A., Stolk, L., Perry, J.R., Vandenput, L., Coviello, A.D., Koster, A.,
Bell, J.T., Bhasin, S., Eriksson, J., et al., 2011. Eight common genetic variants
associated with serum DHEAS levels suggest a key role in ageing mechanisms. PLoS
Genet. 7, €1002025.

Zhu, G., Yin, Y., Xiao, C.L., Mao, R.J., Shi, B.H., Jie, Y., Wang, Z.W., 2015. Serum DHEAS
levels are associated with the development of depression. Psychiatry Res. 229,
447-453.


http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0092
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0092
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0093
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0093
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0093
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0094
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0094
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0094
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0094
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0095
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0095
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0095
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0097
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0097
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0097
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0097
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0098
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0098
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0098
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0099
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0099
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0100
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0100
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0102
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0102
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0102
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0103
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0103
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0103
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0104
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0104
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0104
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0104
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0105
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0105
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0105
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0106
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0106
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0106
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0108
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0108
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0108
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0109
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0109
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0109
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0109
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0110
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0110
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0110
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0110
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0110
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0111
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0111
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0112
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0112
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0112
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0112
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0113
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0113
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0113
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0113
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0114
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0114
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0114
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0115
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0115
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0115
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0116
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0116
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0117
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0117
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0117
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0118
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0118
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0118
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0118
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0119
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0119
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0119
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0119
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0121
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0121
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0121
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0122
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0122
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0122
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0123
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0123
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0123
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0124
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0124
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0124
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0125
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0125
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0125
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0125
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0126
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0126
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0126
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0126
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0128
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0128
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0128
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0128
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0129
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0129
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0129
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0130
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0130
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0130
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0130
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0131
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0131
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0131
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0132
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0132
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0132
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0133
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0133
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0133
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0134
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0134
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0135
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0135
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0135
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0136
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0136
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0136
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0136
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0137
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0137
http://refhub.elsevier.com/S2666-9153(22)00033-6/sbref0137

	Could dehydroepiandrosterone (DHEA) be a novel target for depression?
	Introduction
	Methods
	DHEA biology
	DHEA synthesis
	DHEA to DHEA(S) conversion
	Genetic regulation of DHEA and DHEA(S) levels
	DHEA and DHEA(S) in the central nervous system

	DHEA and depression – observational studies
	Depression
	DHEA and DHEA(S) levels in depression
	Cross-sectional studies of DHEA and DHEA(S) in major depressive disorder
	Cross-sectional studies of a correlation between DHEA and DHEA(S) and depressive symptoms
	Longitudinal studies

	DHEA and depression – interventional studies
	Does antidepressant treatment modulate DHEA(S) levels as part of their therapeutic benefit?
	Could DHEA be used as a treatment to depression?
	DHEA and depression - Potential mechanisms
	DHEA/cortisol and cortisol/DHEA ratios in depression
	DHEA as a neuromodulator
	GABAergic and serotonergic systems
	NMDA and sigma receptors
	Immune system and inflammation

	Discussion and conclusion
	Declaration of Competing Interests
	References


