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In animal husbandry, stress is often associated with poor health and welfare. Stress
occurs when a physiological control system detects a state of real or presumptive threat
to the animal’s homeostasis or a failure to control a fitness-critical variable. The definition
of stress has mostly relied on glucocorticoids measurement, even though glucocorticoids
represent one stress-response system, the hypothalamus-pituitary-adrenocortical axis,
which is not precise enough as it is also related to metabolic regulation and activated
in non-stressful situations (pleasure, excitement, and arousal). The mammal adrenal
can synthesize the androgenic steroid dehydroepiandrosterone (DHEA) and its sulfate
metabolite (DHEAS), which have been associated to the stress response in several
studies performed mostly in humans and laboratory animals. Although the functions of
these steroids are not fully understood, available data suggest their antagonistic effects
on glucocorticoids and, in humans, their secretion is affected by stress. This review
explores the scientific literature on DHEA and DHEAS release in domestic animals in
response to stressors of different nature (inflammatory, physical, or social) and duration,
and the extra-adrenal contribution to circulating DHEA. Then, the potential use of DHEA
in conjunction with cortisol to improve the definition of the stress phenotype in farmed
animals is discussed. Although the focus of this review is on farmed animals, examples
from other species are reported when available.

Keywords: biomarker, comparative endocrinology, DHEA (-S), domestic animal, HPA, reproductive tissues, stress

INTRODUCTION

The inability to predict and control the complexity of the environment where an animal lives
may result in behavioral, physiological, and immunological changes generating a stress. The
stress response is elicited when a real or supposed threat to homeostasis is perceived by the
animal, which responds by activating a wide array of mechanisms aiming at restoring homeostasis
(1-3). The stress response is an adaptive/physiological response and, indeed, short-term stress
responses are mostly positive (1). Conversely, a repeated or continuous activation of the stress
response systems for a long time interval can lead to health threatening consequences (1).

Frontiers in Veterinary Science | www.frontiersin.org 1

October 2020 | Volume 7 | Article 588835


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2020.588835
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2020.588835&domain=pdf&date_stamp=2020-10-26
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gianfranco.gabai@unipd.it
https://doi.org/10.3389/fvets.2020.588835
https://www.frontiersin.org/articles/10.3389/fvets.2020.588835/full

Gabai et al.

DHEA in Domestic Animals

An unambiguous definition of stress is problematic because
many factors can act as stressors and the behavioral and
physiological responses to identical environmental conditions
may differ among individual animals belonging to the same
population (2, 4). In the context of animal husbandry, stress has
often a negative connotation and it is associated with poor health
or hampered welfare (5, 6).

As the negative effects of stress are associated to chronic
or repeated elevation of glucocorticoid hormones in the
blood (1), the definition of stressful conditions relies mainly
on glucocorticoid measurement also in domestic animals.
Nevertheless, glucocorticoid release represents one system which
responds to a stressor, the Hypothalamus-Pituitary-Adrenal
(HPA) axis. Therefore, analyzing glucocorticoid levels alone gives
only a partial picture of animal welfare (6-8). In addition,
activation of the HPA axis does not strictly reflect what is termed
“stress,” as it is involved in metabolic regulation independent
of stressors and physiological arousal is not necessarily linked
to negative experiences (1, 6-8). For these reasons, it is
unworthy to use the glucocorticoid hormones as the sole stress
biomarkers, but they should be measured in conjunction with
other physiological and behavioral indicators; rather, why the
HPA axis has been activated and the potential physiological
consequences of this activation should be considered (1, 8).

The adrenal androgen precursor dehydroepiandrosterone
(DHEA) and its sulfate metabolite (DHEAS) are implicated
in the short- and long-term stress response, and studies on
humans and laboratory animals reported that these steroids
show effects that compensate for or oppose those of cortisol (9-
12). Therefore, DHEA and DHEAS could also be considered as
important players in the stress response and potential biomarkers
of stress in domestic animals. However, different animal species
can display specific features in the synthesis, regulation and
biological role of these steroids to satisfy their own physiological
requirements (13).

DHEA is present in the circulation of primate mammals in
large amounts (20-60nM), while lower amounts (around 1-
3 nM or less) of this steroid can be found in the blood of rodents
and domestic animals, such as rabbits, dogs, pigs, cattle, sheep,
and horses (13, 14). DHEA is synthesized in steroidogenic tissues
(adrenals, gonads, and placenta) and in the nervous system from
pregnenolone through the A® pathway, thanks to the activity
of the enzyme cytochrome P450c17 (CYP17A) (Figure 1). This
is a microsomal enzyme which has a dual function: it catalyzes
both the 17a-hydroxylation of A*- and A®-steroids necessary for
glucocorticoid production, and the 17,20-lyase reactions required
to produce Cl19-androgens (i.e., DHEA and androstenedione).
The 17,20-lyase activity of CYP17A is enhanced by the allosteric
regulator cytochrome b5 (CYBS5), thus facilitating the conversion
of 17a-hydroxypregnenolone to DHEA (15-17).

Most information about DHEA and DHEAS biology in
mammals have been obtained from studies performed in humans
and laboratory animals, but it is quite clear that differences
do exist between primates and rodents. The rat adrenal does
not express the CYP17A enzyme and, therefore, does not
produce androgen pre-cursors, and corticosterone is the major
glucocorticoid in this species (15, 16). The tissue expression

of sulfotransferase enzymes responsible for DHEAS production
is different between rodents and humans, and care should
be taken when translating findings obtained in rodents to
human physiology (18). Moreover, differences in the amino
acid sequences and function of CYP17A in pig, Guinea pig,
and cattle have been reported, which can explain differences
observed across species in adrenal androgen synthesis (16). In
humans, adrenal androgen secretion is responsive to ACTH
and stressors (10). In domestic mammals, adrenal secretion of
DHEA in response to ACTH is well-documented “in vitro” (19—
23). Nevertheless, published “in vivo” studies that have explored
DHEA and DHEAS release in response to the administration
of exogenous ACTH or stressors produced contradictory results
[cattle: (6, 24, 25); dog: (26, 27)].

This review explores the scientific literature on DHEA and
DHEAS release in domestic animals in response to stressors of
different nature (inflammatory, physical, or social) and duration,
and the extra-adrenal contribution to circulating DHEA. Then,
the potential use of DHEA in conjunction with cortisol to
improve the definition of the stress phenotype in farmed animals
is discussed. Data obtained from domestic animals are compared
to those obtained from rodents, humans and non-human
primates. Although the focus of this review is on farmed animals,
examples from other species are reported when available.

ADRENAL DHEA/DHEAS SYNTHESIS

The ability of the adrenals to synthesize DHEA varies among
species depending on the expression and activity of CYP17A, its
interaction with CYB5, and the expression of 3B-hydroxysteroid
dehydrogenase type 2 (HSD3B2), which competes with CYP17A
for substrates (Figure 1). On one end, the zona reticularis of the
primate adrenals has the unique enzyme profile that promotes
the efficient DHEA production through the A® pathway, and
the low expression of HSB3B2 favors flow of substrates toward
DHEA (10, 17, 28-30). On the other end, the CYP17A enzyme in
the rodent adrenal lacks the 17,20-lyase activity, thus explaining
the low DHEA secretion observed in these species (16, 31).
In particular in the guinea pig, it was observed that the
conversion of 17a-OH-pregnenolone to DHEA is inhibited,
while there is a functioning CYB5-responsive 17,20-lyase activity
that converts 17a-OH-progesterone to androstenedione (16). In
the rabbit (lagomorph), both adrenal 17-hydroxylase and 17,20-
lyase activities are lower than those observed in primates (32).
Besides primates and rodents, the adrenals of domestic
mammals display different enzyme patterns. The bovine has
a C17,20-lyase activity responsive to CYB5 that converts 17a-
OH-pregnenolone to DHEA but does not convert 17a-OH-
progesterone to androstenedione (16). In addition, the HSD3B2
activity in the bovine adrenal cells is very high and pregnenolone
is quickly converted to progesterone with little DHEA formation,
even though adrenal cells are exposed to ACTH (33). In the
pig the CYP17A has a C17,20-lyase activity responsive to CYB5
that converts 17a-OH-pregnenolone to DHEA and 17a-OH-
progesterone to androstenedione (16), and the pig adrenal tissue
contains an appreciable amount of DHEA (19). In dogs, the
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FIGURE 1 | DHEA is synthesized from pregnenolone through the A® pathway (red arrows) thanks the activity of the enzyme CYP17A1. DHEA synthesis occurs in two
steps, which are both mediated by CYP17A1, which compete for pregnenolone with HSD3B2, the initiator of the A* pathway necessary for mineralocorticoid and
glucocorticoid production. DHEA can be interconverted into DHEAS and metabolized in several extra-adrenal and extra-gonadal tissues to give rise to biologically
active metabolites such as androst-5-ene-38,178-diol and oxygenated metabolites (in gray). The ability of a steroidogenic tissue to synthesize DHEA depends on the
expression and activity of CYP17A, its interaction with CYB5, and the expression of HSD3B2, which competes with CYP17A for substrates. This figure describes the
general pathways involved in DHEA synthesis and metabolism, and pose some emphasis on the main enzymes involved. CYP11A1 is an inner mitochondrial
membrane enzyme, also known as cytochrome P450scc (side chain cleavage), which converts cholesterol to pregnenolone. CYP17A, also known as cytochrome
P450c17, is the key enzyme of the A® pathway that catalyzes the conversion of pregnenolone to DHEA in two steps: (a) 17a-hydroxylation of pregnenolone and
progesterone; (b) 17,20-lyase reactions required to break the C17-C20 bond of 17-OH-pregnenolone and 17-OH-progesterone and produce C19-androgens (i.e.,
DHEA and androstenedione). CYB5A, also known as cytochrome b5, is an allosteric enhancer of the 17,20-lyase activity of CYP17A. HSD3B2, also known as
3p-hydroxysteroid dehydrogenase, A*/A®-isomerase (36HSD) type 2, is the key enzyme of the A* pathway, which catalyzes the oxidation of the hydroxyl group on
carbon 3 of steroids to a keto group and, simultaneously, the isomerization of the double bond from the B ring (A® steroids) to the A ring (A* steroids). 17BHSD
(17B-hydroxysteroid dehydrogenase) converts androstenedione to testosterone, and DHEA to androst-5-ene-3,17p-diol. CYP19A1, also known as cytochrome
P450aro (aromatase), converts testosterone to 17B-estraidiol and androstenedione to estrone. SULT2A1 (DHEA sulfotransferase) converts DHEA in DHEAS. STS
(steroid sulfatase) is the primary enzyme involved in steroid desulfation. CYP7B is the main responsible for the generation of 7a-hydroxylated steroids in diverse

adrenal 17,20-lyase activity is significantly lower as compared
to primates (32). However, a decline in plasma DHEA was
observed in senior ovariectomized female dogs that probably
reflects adrenal DHEA synthesis (34).

In primates, DHEA circulates in the blood mainly in
its sulfated form (DHEAS) at micromolar levels. DHEAS
is particularly high in humans and chimpanzees (13), and
represents a circulating reservoir for DHEA. The conversion of
DHEA into DHEAS is primarily catalyzed by the sulfotransferase
type 2A1 (SULT2A1) enzyme (Figurel), although other
sulfotransferase enzymes such as SULT1E1 or members of the
SULT?2B family can catalyze DHEAS synthesis (18). As the zona
reticularis of the human and other primate adrenals abundantly

expresses SULT2A1 and lacks HSD3B2, it is responsible for the
huge DHEAS synthesis (18, 29, 35). Corticotrophin releasing
hormone (CRH) and ACTH stimulation enhances SULT2A1
gene expression, and DHEA binding to SULT2A1 protein inhibits
enzyme activity (18).

DHEAS is present in the plasma of rat, dog, and pig at
nanomolar levels, and it is undetectable (14) or very low (13, 24)
in the plasma of ruminants, guinea pig, and rabbit. Moreover,
in non-primate mammals the adrenals are not elective sites
of DHEA sulfonation. Among domestic mammals, the male
pig shows the higher circulating DHEAS concentrations (13).
However, SULT2A1 and SULT2BI are poorly expressed in the
boar adrenals in comparison with testes (36), and available data
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suggest that DHEA sulfonation occurs mainly in testicles and
epididymis (36-40). DHEAS is undetectable in plasma of non-
pregnant gilts (37) and in the adrenal of adult cycling sows
(19). Also the ovarian expression of SULT2A1 and SULT2BI in
the adult cycling female pig is extremely low (36), suggesting
that ovaries are poorly involved in steroid sulfonation in the
female pig. In the bovine, DHEAS synthesis takes place in the
adrenal gland, uterus and placenta, and the bovine placenta seems
more active than human placenta in operating steroid sulfonation
(41). Considering all the sex and species differences in DHEAS
synthesis and origin, researchers should be cautious in using
DHEAS as a stress biomarker in non-primate mammals.

EXTRA-ADRENAL DHEA/DHEAS
SYNTHESIS

Gonads

In humans, most of the circulating DHEA and virtually all
DHEAS is of adrenal origin, although a portion of circulating
DHEA is produced by the gonads in men and women
(30). In rodents and domestic mammals, gonads contribute
to circulating DHEA but the relative adrenal and gonadal
contribution is difficult to extrapolate, such as in the cow (24)
and the bitch (34, 42). Moreover, gonadal DHEA synthesis
may be regulated by factors independent from those involved
in the stress response, and this hypothesis should be carefully
considered when analyzing DHEA to study HPA axis activation,
as gonadal or placental DHEA production may bias the putative
adrenal response.

In the bovine ovary, estrogens are synthesized primarily
through the A® pathway (Figure 1), and DHEA is the substrate
for androstenedione production (43). DHEA and DHEAS
concentrations in the peripheral blood of cows do not vary
significantly around the time of induced ovulation, and show
considerable differences among individual animals (24). Plasma
DHEA fluctuations have been observed also in the ovarian
veins, which are characterized by inter-subjects variability and no
relationship with the day of the estrous cycle (43). Interestingly,
DHEA concentrations in the follicular fluid remain unaltered
around the LH surge, decrease abruptly 4h after the LH surge
and remain low until ovulation, suggesting an LH dependent
inhibition of ovarian DHEA and other androgen synthesis (44).
It is worth noting that, in the cow, the CYP17A gene expression is
stimulated by cyclic AMP in both the adrenal cortex and ovarian
follicle theca, but it is regulated in a tissue-specific fashion (45).

Also in the dog both the ovary and testis give a considerable
contribution to circulating DHEA (34, 42) and respond to GnRH
agonist administration by reducing DHEA synthesis (42). Indeed,
DHEA plasma concentrations are highest in proestrus than in
estrus and anestrus in this species (46).

Both DHEA and DHEAS are present in the circulation of
the Yucatan mini-pig, a natural breed indigenous of Mexico
and closely related to the European wild pig, and DHEAS
concentrations are higher in males than females (47). As reported
above, the adult male pig produces the highest androgen levels
among ungulates, which originates primarily from the testes

(38), and pregnenolone is metabolized to DHEA through the A®
pathway (48). As Leydig cells obtained from adult boar testes
respond to human chorionic gonadotropin by increasing DHEA
(48) and DHEAS secretion, their concentrations in the blood may
increase in response to sex arousal rather than stressors. In the
horse, the CYP17A enzyme expression is already detectable in the
Leydig cells of pre-pubertal males, and immune-stain intensity
increases with age, suggesting that DHAE synthesis occurs in the
stallion testis (49). However, an early study found that the 17,20-
lyase activity in the A® pathway converting 17OH-pregnenolone
to DHEA was less active than the 17,20-lyase activity in the
A* pathway (Figure 1), which converts 170H-progesterone to
androstenedione (50). The low DHEA concentrations observed
in the seminal plasma of stallions are in agreement with the
greater importance of the A* pathway for androgen production
in the equine testis (51) and lower contribution of the male
gonads to circulating DHEA.

Placenta

In all species studied so far, the placenta expresses steroidogenic
enzymes and it is capable to synthesizing and/or metabolizing
steroid hormones. However, important differences among
species are present in placental steroidogenesis (52).

The horse placenta expresses low levels of CYP17A (53), and
in this respect, it is similar to that of human and some non-
human primates (52). The horse fetus produces a considerable
amount of DHEA that is probably used by the allantochorion
to synthesize estrogens (53). However, a considerable amount of
DHEA escapes the placenta, as its concentrations in the maternal
circulation are quite high, displaying values around 3-6 nM in
early pregnancy, peaking to 50-60 nM in mid-pregnancy, and
then decreasing toward the end of pregnancy (54, 55). DHEAS
was detected in all mares between 7 and 9 weeks of gestation,
when its concentrations were around 27 nM. After the first 3
months of gestation, little or no DHEAS was detectable (56).

The placenta of the rat, pig, sheep, and cow express CYP17A
and it is capable of DHEA synthesis (52). The cow placenta
is an important source of DHEA, which utilizes mainly the
A> steroidogenic pathway to produce estrogen (57). In this
species, plasma DHEA increases in late pregnancy, probably
reflecting the volume and secretory activity of fetal and placental
tissues (57), and decreases after parturition (24, 58). However,
DHEA concentrations in the maternal plasma are very low in
comparison with the mare, and varies between <1nM in non-
pregnant and early pregnant animals, and 4 nM in late pregnant
subjects (58).

As DHEA concentrations can be affected by a significant
placental contribution, it is of the utmost importance to
consider the species and the reproductive status of a female
when measuring DHEA in the context of the stress response
assessment. This is particularly true when an “accumulation
matrix” such as hair is used (6). In cows, for example, the hair
DHEA content measured during early post-partum could be
affected by the placental DHEA production occurring in late
pregnancy (24, 58). This is an important point to investigate
before hair DHEA could be used as a stress biomarker, and we
are not aware of studies examining such a possibility.
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Nervous System

The capability of the nervous system to synthesize and metabolize
steroids is known since the early 1980s, when the observation
that DHEAS is present in the male rat brain in a quite
large amount led to the discovery of a steroid synthesizing
machinery within the nervous system. Brain DHEAS was
apparently independent from adrenal secretion, was not affected
by long-term ACTH or dexamethasone administration, and by
adrenalectomy plus orchiectomy. It was, therefore, proposed
that DHEAS is formed or accumulated within the rat brain
depending on local mechanisms unrelated to the peripheral
steroidogenic tissues (59). Indeed, the term “neurosteroids” was
proposed to describe the steroids that accumulates in the nervous
system independently from peripheral steroidogenic tissues and
can be synthesized “in situ; and this definition applies to
DHEA (60).

Although neuro-steroidogenesis seems quite conserved
among animal taxa [mammals: (60-66); birds: (67-69)], to
the best of our knowledge information about DHEA content
and steroidogenic enzyme distribution within the brain of
domestic animals is scarce. Little scientific work explored steroid
synthesis in the brain of domestic and farmed animals, and
most information about neurosteroid synthesis has derived
from rodent models. In our opinion, a deeper knowledge of
DHEA/DHEAS production and activity within the brain may be
important to better understand the adaptation of domesticated
animals to husbandry conditions.

In rats the highest levels of DHEA were observed in the
spinal cord compared to plasma, hippocampus, cerebral cortex,
cerebellum and sciatic nerve, and plasma DHEA levels were
not significantly correlated with central nervous system (CNS)
tissue levels (70). The pathway of DHEA synthesis in the rodent
brain is controversial, as the CYP17A enzyme expression is low
in the adult rats and alternative CYP17A-independent pathways
were suggested. The presence of hydroxysteroid sulfotransferase
activity in the rodent brain suggested that DHEA, which can
readily pass the blood-brain barrier, could be locally converted
to DHEAS (60, 61). In humans, DHEA and DHEAS can be
synthesized “de novo” in the CNS, but a significant proportion
of steroid metabolites may be also synthesized in the CNS from
steroid precursors or directly transported through the blood-
brain barrier from the periphery (71).

In several rat, bovine, and human brain model systems,
DHEA biosynthesis is mediated by an oxidative stress/Fe?*,
independent of the CYP17A enzyme. This mechanism is not fully
understood and it may be typical of pathologic conditions such as
ischemia, trauma, or neurodegeneration, which can generate an
oxidative environment and increase oxidative stress (72).

The presence of a neurosteroid sulfatase in the bovine brain
(73) suggests that DHEA crossing the blood-brain barrier could
be locally converted to DHEAS. Information about steroid
metabolizing capabilities of the dog brain is scarce. We are aware
that both Purkinje neurons and oligodendrocytes of the dog
cerebellar cortex contain steroidogenic enzymes (e.g., 3pHSD)
(74). Both DHEA and DHEAS were detected in the cerebrospinal
fluid (CSF) of dogs, concentrations of both compounds were

higher in males than in females, and DHEAS decreased with
increasing age (75).

FACTORS AFFECTING DHEA/DHEAS
CONCENTRATIONS IN THE BLOOD

Age is an important factor affecting DHEA and DHEAS secretion
in primates. A pre-pubertal increase in circulating DHEA and
DHEAS, defined as adrenarche, is observed in humans and
some great apes, but not in Old World monkeys; it was
hence suggested that adrenarche has evolved to promote brain
development (17, 76). In humans, circulating DHEA and DHEAS
increase gradually after adrenarche until the mid-twenties and
then decline with aging, the adrenals being the main source of
these steroids. Interestingly, DHEAS concentrations are higher
in males than age-matched females (17).

To the best of our knowledge, data about DHEA and DHEAS
concentrations in plasma of aged ungulates are lacking. However,
in an “in vitro” study it was observed a lower CYP17A expression
and a reduced both basal and ACTH-stimulated DHEA release in
aged (10-12 year old) bovine adrenal cells (77).

Plasma DHEA concentrations are affected by sex and age
also in the dog. In pre-pubertal dogs (<6 month-old), no
differences in circulating DHEA could be observed between
males and females. In dogs aged between 6 months and 2 years
plasma DHEA concentrations were higher in males than females
(34). Plasma DHEA increased in post-pubertal compared to
pre-pubertal male dogs, even though to a smaller extent than
in man. However, plasma DHEA concentrations were almost
undetectable in orchiectomized male dogs suggesting a testicular
rather than adrenal origin (32). In the study by Mongillo
et al. (34), plasma DHEA concentrations were numerically
lower in senior (over 8 vyears-old) male dogs. In females,
the age-related reduction in plasma DHEA was statistically
significant, confirming the observation of a previous study (46).
Interestingly, the contribution of the ovaries to circulating DHEA
seems limited, as no differences were observed between intact
and ovariectomized females (34). Although this is not within
the scope of this review, it is noteworthy that gonadectomy
may influence adrenal androgen synthesis, as suggested by
observations made in the male rhesus monkey, where adrenal
androgen secretion was greater in castrates than intact males (76).
This issue has not been investigated in domestic mammals so far,
and it would merit great attention, as it may imply the existence
of compensatory mechanisms that could have an impact on
animal adaptation.

In humans, DHEA displays diurnal patterns of secretion,
in some circumstances resembling those of testosterone and
cortisol (78). Similarly to cortisol, DHEA shows the highest
concentrations in the morning and the lowest in the evening
(10, 78), although DHEA’s diurnal rhythm is less marked and
lacks the surge observed in plasma cortisol after awakening
(10, 79). Differently from DHEA and cortisol, circulating DHEAS
does not display visible diurnal rhythm nor day-to-day variation
(10). In healthy subjects, DHEA release is episodic and apparently
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synchronous with cortisol release, while DHEAS release shows
less pronounced fluctuations (80, 81). Aging seems to have a
strong impact not only in DHEA concentrations, but also in
DHEA pattern of secretion, that tends to disappear in older
subjects (78). Although diurnal patterns of DHEA and DHEAS
may be affected by chronic stress, nutritional behaviors, physical
exercise, drugs and sleep deprivation or shift, psychiatric and
neurologic diseases, cancer and other complex pathologies,
conclusive observations about the effects of these factors are not
possible due to the lack of studies performed in humans (78), and
to the best of our knowledge, in animals.

We analyzed the episodic release of cortisol, DHEA and
DHEAS in six lactating, non-pregnant cows in their 3rd
month of lactation over a period of 8h between 10:00 and
18:00h (24). Secretion of both DHEA and DHEAS was
episodic, although mean plasma DHEA concentrations and
pulse amplitude were significantly higher than those of DHEAS.
Relationship between neither DHEA nor DHEAS and cortisol
were observed, suggesting that cortisol and DHEA/DHEAS
release are desynchronized. This study was not suitable to detect
any circadian pattern of DHEA and DHEAS release. We are
not aware of other studies investigating the daily patterns of
DHEA and DHEAS release in domestic animals. In our opinion,
the understanding of the DHEA role in the stress response
necessarily implies a deeper knowledge of its secretion patterns in
blood and saliva, which is increasingly used as biological matrix
to study short-term steroid hormone secretion (6, 78, 82).

DHEA/DHEAS RELEASE IN RESPONSE TO
ACTH AND STRESSORS

In humans, circulating DHEA increases in response to ACTH
(10, 30), and the sensitivity of DHEA secretion to ACTH is
similar to cortisol (30, 83). In addition, the magnitude of the
DHEA response to ACTH increases with age (84). In rodents,
DHEA release is stimulated by ACTH. Mature female rat adrenal
cells produce DHEA in response to ACTH and the response
was enhanced when a crude extract from rat pituitary gland was
added in culture. These observations suggested the existence of a
pituitary adrenal androgen stimulating factor (85). In male and
female rats, CRH and ACTH administration stimulates DHEA
increase in both plasma and brain (86). DHEA increased also
in plasma and adrenal tissue in Mongolian gerbils (Meriones
unguiculatus) in response to confinement stress (87).

Studies performed “in vitro” suggested that androgen
release by the bovine adrenal is increased by ACTH (20-
23) (Table1). In some of those studies (21-23), however,
androgen concentrations were measured by a commercial
adrenal androgen radioimmunoassay that employed an antibody
that reacts with all adrenal androgens (DHEA, DHEAS, and
androstenedione). Therefore, it is not easy to work out the
contribution of DHEA and DHEAS to the androgen pool
(20-23). Interestingly, ACTH differently affects steroidogenic
enzymes in the human and bovine adrenals. In particular,
3BHSD activity after induction with ACTH is higher in the
bovine than in human; as a consequence, bovine adrenal

cells convert pregnenolone to progesterone, which can be
converted to 17-hydroxyprogesterone, with minimal formation
of DHEA (33).

The release of DHEA in response to ACTH “in vivo” produced
contradictory results in some species. In dairy cows, Jurkovich
et al. (25) observed that DHEA was irresponsive to ACTH
treatment. Moreover, Marinelli et al. (24) observed that a single
dose of an ACTH agonist did not induce an acute increase
in both circulating DHEA and DHEAS. The same authors
(24) observed that mean DHEA plasma concentrations and
peak amplitude were higher in animals treated with the same
ACTH agonist every 12h for 6 days. In dogs, an increase
in circulating DHEAS was observed in neutered, but not in
intact, males 1h after the administration of an ACTH analog
(26). In this paper, DHEAS but not DHEA was measured, and
DHEAS secretion may respond slower to ACTH. Moreover,
gonadal DHEAS contribution may have masked the effect of
ACTH in intact males. Administration of exogenous ACTH
failed to alter DHEA levels also in birds (e.g., Cardinalis
cardinalis) (89).

These observations support the hypothesis that ACTH is
not a primary secretagogue for DHEA, and that other factors
may have a significant role in the regulation of DHEA and
DHEAS secretion (23, 24, 89). It is possible that adrenal
DHEA synthesis requires the presence of ACTH, but the
basal ACTH-dependent output could be either enhanced or
inhibited by other factors. As an example, ACTH activity in
bovine adrenocortical cells can be regulated by the interaction
with growth factors like IGF-1 (enhancing effect) and TGFf
(inhibiting effect), which can influence the expression of ACTH
receptor, CYP17A, 3BHSD, and steroidogenic acute regulatory
protein (StAR), the latter being the most affected (20). Moreover,
overexposure to saturated fatty acids increases DHEA production
by bovine fasciculate/reticularis cells in culture stimulated with
ACTH (88). Also prolactin, when administered in combination
with ACTH to a monolayer culture of bovine adrenal cells,
enhanced the ACTH-dependent DHEAS and DHEA, but not
androstenedione, secretion (91). Interestingly, the effects of
prolactin on adrenal steroidogenesis seems species dependent,
as prolactin administration can alter adrenal cortisol, but not
DHEA, secretion in the pig (19), while increased DHEA/DHEAS,
but not cortisol, were found in hyperprolactinemic women
(90), and prolactin administration to infant baboons specifically
increased adrenal androgen production (93).

The hypothesis that ACTH is not a primary secretagogue for
DHEA becomes even stronger when examining DHEA/DHEAS
release in response to different kinds of stress. In humans,
changes in DHEA and DHEAS concentrations associated
with several disease states and immunological factors, diet
and metabolic function, stress, CNS functions and psychiatric
disorders have been extensively reviewed (10, 78, 94, 95). The
general lesson learnt from the human is that acute and chronic
stressful situations or diseases can differently affect plasma
DHEA and DHEAS concentrations. A decrease in both steroids
can be observed in chronic inflammation, and cytokines such
as TNFa and IL6 may play a regulatory role (96). Similarly,
increased circulating DHEA and DHEAS levels can be observed
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TABLE 1 | Hormones and cytokines involved in the regulation of adrenal DHEA/DHEAS synthesis.

Factor Species Source End-point Effect(s) References
ACTH Human Review DHEA secretion Stimulation (10, 30)
Human In vivo Healthy male and Blood DHEA Stimulation (83)
female
Rat In vivo Acute administration Blood and brain DHEA Stimulation (86)
Rat In vitro Adrenal cells DHEA in culture medium Stimulation (85)
Bovine In vitro Adrenal cells Androgens(*) in culture Stimulation (21-23)
medium
Bovine In vitro Adrenal cells Steroidogenic enzyme Increase 3BHSD activity, increase (39)
activities adrenal DHEA utilization
Bovine In vitro Adrenal cells DHEA in culture medium Stimulation (77, 88)
Bovine In vivo Acute administration Blood DHEA Irresponsive (24, 25)
Bovine In vivo Chronic administration Blood DHEA Increased mean concentrations and (24)
pulse amplitude
Dog In vivo Acute administration Blood DHEAS Stimulation (26)
Bird (Cardinal)  In vivo Acute administration Blood DHEA Irresponsive (89
PRL Baboon In vivo Acute (90 min infusion) Blood DHEA and DHEAS Stimulation (90)
Bovine In vitro Adrenal cells DHEA and DHEAS in culture  Synergistic to ACTH—stimulation 91)
medium
Swine In vivo Chronic administration DHEA in adrenal tissue Irresponsive (19)
LIF Bovine In vitro Adrenal cells Androgens(*) in culture Inhibition (not stimulated cells) (22)
medium Inhibition (ACTH-stimulated cells)
L4 Bovine In vitro Adrenal cells Androgens(*) in culture Irresponsive (not stimulated cells) (21)
medium Inhibition (ACTH-stimulated cells)
IL6 Bovine In vitro Adrenal cells Androgens(*) in culture Inhibition (not stimulated cells) (23)
medium Inhibition (ACTH-stimulated cells)
Bovine Review Adrenal cells DHEA in culture medium Inhibition (not stimulated cells) 92)
Inhibition (ACTH-stimulated cells)
Human Review Adrenal cells DHEA in culture medium Stimulation 92)
TNFa Human Review Fetal adrenal cells DHEA in culture medium Modest inhibition 92)
Bovine Review Adrenal cells DHEA in culture medium Inhibition (not stimulated cells) 92)
Inhibition (ACTH-stimulated cells)
SFA Bovine In vitro Adrenal cells DHEA in culture medium Synergistic to ACTH—stimulation (88)

(*) Androgens: total androgens (DHEA, DHEAS, androstenedione) measured in the culture medium. ACTH, adrenocorticotropic hormone; IL4, Interleukin 4; IL6, Interleukin 6; LIF,
Leukemia Inhibitory Factor; PRL, prolactin; SFA, saturated Fatty Acids; TNFe, Tumor Necrosis Factor alpha; 38HSD, 38-hydroxysteroid dehydrogenase, A*/A®-isomerase enzyme.

in response to an acute psychosocial stressor (97). Chronic
exposure to prolonged psychosocial stress does not affect blood
DHEA concentrations, but it seems that DHEAS production in
response to a subsequent acute stress is blunted (98).

The stress response is a complex phenomenon. Several
neuronal circuits from different brain districts (hippocampus,
amygdala, and the pre-frontal cortex) are implicated in the
regulation of CRH and arginine vasopressin (AVP), which in
turn stimulate ACTH and glucocorticoid release. Glucocorticoids
regulate their own secretion by a feedback inhibition mechanism
(6). However, the stress response is not merely related to HPA
axis activation, and other factors help the animals to adapt
to stressors.

The Role of the Immune System

The nervous, endocrine, and immune systems cooperate
in elaborating the appropriate behavioral and physiological
responses to environmental challenges (99) and, among these,

the immune system plays a prominent role in regulating the
responses to acute and chronic stressors (5, 100).

It is well-known that cytokines interfere with steroidogenesis
in a systemic and complex manner. Studies performed mainly
in laboratory animals [extensively reviewed in (100)] indicate
that IL1 and other cytokines such as leukemia inhibitory factor
(LIF), IL6 and TNFa can influence ACTH, and glucocorticoid
hormones release by acting at the brain or pituitary levels
(92, 100). The sensitivity of the HPA axis to cytokines, IL1 in
particular, has been assessed in birds (chicken), rodents, sheep,
and primates, suggesting that this adaptive response is highly
conserved among animal taxa (100). In addition, cytokines can
influence development, function, and hormone production of the
adrenals, testes, and ovaries (101). In the context of this review,
the effects of several cytokines have been studied in bovine
adrenocortical cells in a series of “in vitro” experiments. In few
cases, they were compared with the effects observed in humans
and rodents (Table 1).
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The adrenals of rat, bovine, and humans express both IL6
and TNFa and their receptors, even though the topography
of their expression is not consistent among species (92). An
autocrine/paracrine regulation of the adrenal steroidogenesis can
be observed, although IL6 and TNFa induce different effects on
DHEA release in the human and bovine adrenals.

Interleukin-6 increases DHEA release from human, but
decreases DHEA secretion from bovine adrenal cells (92). The
effects of IL6 in the bovine adrenals are quite complex, as this
cytokine inhibits basal and ACTH-stimulated androgen release
from the zona reticularis in a dose and time dependent manner;
while increased basal and ACTH-stimulated androgen release
from mixed adrenocortical cells. In the zona reticularis, IL6
decreased the expression of StAR protein, cholesterol side chain
cleavage (CYP11A1) enzyme, CYP17A, HSD3B2, nuclear factor
steroidogenic factor 1 (SF-1), that stimulates steroidogenesis, and
enhanced the expression of DAX-1, a nuclear factor that inhibits
steroidogenesis (23).

Tumor Necrosis Factor-a does not affect DHEA secretion
from fetal human adrenocortical cells, but inhibits basal and
ACTH-stimulated DHEA release from adult bovine adrenal cell.
This difference in TNFa action on DHEA secretion observed
between human and bovine may be related to the stage of cell
differentiation (human fetal vs. bovine adult adrenocortical cells)
or a real species difference.

Interleukin-4 (IL4), IL4 receptor (IL4R), LIF and LIF receptor
(LIFR) are also expressed in the bovine adrenal cortex. Both
cytokines negatively affected ACTH-stimulated androgen release
in a dose and time dependent manner from bovine zona
reticularis cells. LIF also inhibited basal adrenal androgen release
(21, 22).

Immuno-Stressors in Domestic Animals “in
vivo”

In domestic animals, the scientific literature about DHEA release
in response to stressful situations is quite scarce. DHEA release
has been explored, perhaps not systematically, in response to
uterine infections, lameness, infectious diseases, transportation
and other potentially stressful situations.

In clinically healthy post-partum mares, DHEA
concentrations were higher in animals with lower degree of
uterine involution (102). Perhaps, the delay in uterine involution
was accompanied by a mild oxinflammatory condition (103, 104)
as revealed by slightly higher plasma serum amyloid A
(SAA) concentration and oxidative stress indicators. Blood
DHEA concentrations were higher also in cows with metritis,
and DHEA concentrations were even higher in cows with
endometritis and leukopenia. The latter displayed also lower
cortisol/DHEA ratio than healthy cows. Authors concluded
that DHEA and the cortisol/DHEA ratio could represent an
anti-inflammatory signal during prolonged inflammation and
a putative prognostic biomarker for evaluating disease severity
(105). It is worth noting that inflammatory events can have long
term effects on ovarian steroidogenesis in cattle. As an example,
in cows suffering of subclinical endometritis in early post-partum

DHEA concentrations were decreased in the follicular fluid of
the largest follicles around 2 months after calving (106).

In cows, lameness can have either infectious (e.g., foot rot,
digital dermatitis, and interdigital dermatitis) or non-infectious
(e.g., sole ulcers and white line disease) etiology (107), it is painful
for the animals and it is considered as a cause of chronic stress
(108). Few papers investigated the HPA response and DHEA
release in lame dairy cows (25, 109-111).

In one study (109), authors observed a decrease in serum
DHEA and higher cortisol/DHEA ratio in lame compared to
healthy cows. Lame animals were selected based on abnormal
posture and the presence of visible lesions on at least one
limb, but animals with different causes of lameness (sole
ulcers, footrot, sole bruising, and interdigital dermatitis) were
included. Therefore, it is likely that pain was the common
characteristic among lame animals, as they displayed sickness
behaviors, and spent less time eating and ruminating, and more
time performing self-grooming. Conversely, an increase in both
serum cortisol and DHEA was observed in lame cows due to
presence of sole ulcers only and displaying a higher neutrophil
percentage and a numerically lower lymphocyte percentage
suggestive of inflammatory chronic stress (110). Interestingly,
the cortisol/DHEA ratio was numerically higher in lame cows
also in this study. However, the same group did not observe
any differences in DHEA and cortisol, neither in cortisol/DHEA
ratio, between healthy animals and cows with sole hemorrhages
(111). Authors explained the lack of DHEA and cortisol response
by the multiple factors causing sole hemorrhages, as pain might
be the only common feature among cows suffering of this disease.
Also Jurkovich et al. (25) observed that DHEA concentrations
did not differ between lame and not lame cows. The main
limitation of this study resides in the way that groups were
formed. Animals were allocated into five groups, from non-lame
to severely lame cows, based on Locomotion scoring (112), and
without considering the different causes of lameness, such as sole
ulcer, toe necrosis, white line abscess, and inter digital phlegmon.

Those studies, although all of them examined DHEA release
in lame animals, are far from being conclusive, and are quite
difficult to compare. The etiology of lameness and experimental
designs were heterogeneous and, in the light of the potential
effects of the immune system on DHEA release, the inflammatory
conditions of the animals involved in the studies has been
poorly characterized. Few information about the duration of the
disease, pain and inflammatory conditions have been reported,
and animals with chronic and acute inflammation may have
been allocated within the same experimental groups. In three
out four papers, serum haptoglobin was measured to assess the
inflammatory status. Haptoglobin is a major acute phase protein
in the bovine, and in healthy cattle its serum concentration is
<0.02 mg/ml and it can increase to more than 2 mg/ml within 2
days of infection (113). It is worth noting that serum haptoglobin
in the three studies were always higher than 1 mg/ml, and quite
similar between lame and not-lame animals (25, 110, 111). In
one study (111), a difference in serum haptoglobin was found
between animals in category 1 (encompassing animals having
sole hemorrhage score of 1 and 2) and in category 3 (having a
maximum score of 4 or 5). In the same study, authors examined
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the expression of a panel of cytokines in peripheral lymphocytes,
but did not find any difference between mild and severe sole
hemorrhage. This study was characterized by a low number of
animals, which did not allow a proper categorization. Finally,
in one paper (110) different expression levels of ILla, ILIf,
and IL10 were found in peripheral lymphocytes between lame
and not-lame cows; conversely, Almeida et al. (109) did not
observe any difference in the expression of IL1p in peripheral
lymphocytes. In future studies, the presence of multiple etiologies
and the characterization of unknown chronic inflammation
due to lameness should be carefully considered, and a larger
number of homogeneous subjects should be enrolled. However,
these studies suggest that DHEA and cortisol measurements, in
combination with the observation of locomotion and sickness
behaviors, might help targeting animals needing pain relief and
facilitate the monitoring of lameness treatments.

Circulating DHEAS is higher in both male and female dogs
infected with Ehrlichia canis compared with healthy counterparts
(114). Conversely, plasma concentrations of DHEA are lower
in cats infected by feline leukemia virus (FeLV) or feline
immunodeficiency virus (FIV), and animals infected by both
retroviruses had significantly lower DHEA plasma values than
monoinfected cats (115). Unfortunately, in these experiments
authors did not measure circulating cytokines. Tejerizo et al.
(115) hypothesized an indirect cytokine-mediated effect on
steroidogenesis, as they reported that both FeLV and FIV
infections stimulate the release of several proinflammatory
cytokines, such as IL-1, IL-6 and TNFa, which may affect
adrenal and gonadal steroidogenesis (101). Authors suggested
that the regulation in steroid secretion observed in FeLV and FIV
infected cats resembles what can be observed in HIV infected
humans (116).

Plasma DHEA concentrations were higher in female dogs
with inflammatory mammary carcinomas (IMC) and non-IMC
compared with healthy subjects, and in IMC compared with non-
IMC dogs. Moreover, serum DHEA was highly correlated with
DHEA content in tumor tissue (117). These observations suggest
that tumor tissue can produce DHEA and other androgens, and
that the steroidogenic potential is higher in IMC. Interestingly,
the same research group observed an increase in concentrations
of IL8 in serum, and IL10 in serum and tumor tissue in dogs with
IMC compared with non-IMC animals (118). IL8, in particular, is
one of key inflammation regulatory proteins in neutrophils, and
it is involved in ovarian follicle development and steroidogenesis
(101). These observations support the hypothesis that cytokines,
IL8 in particular, affect DHEA (and generally androgen) synthesis
also in extra-adrenal steroidogenic tissues.

In foals affected by neonatal maladjustment syndrome (NMS,
characterized by neuronal failure resulting from hypoxia and
ischemia of the brain that occurs shortly before, during or after
parturition), plasma DHEA concentrations were higher at 24 and
48h of age, while in foals with other neonatal diseases plasma
DHEA concentrations were higher at 24 h only (119).

Physical Stressors
Modifications in blood DHEA concentrations have been
observed also in animals exposed to physical stressors, not

apparently linked to immune system modifications. However,
it is worth remembering that cytokine release is not confined
to inflammation, injury or infection, but their release can be
altered also during physical and psychological stress (100).
Therefore, an effect of cytokines on DHEA/DHEAS release
cannot be aprioristically excluded even in the case of physical
and psychological stressors. As an example, a relationship among
HPA axis activation, DHEA release and immune response can be
observed in bulls exposed to transportation stress, where cortisol
concentrations peaked and DHEA concentration reached nadir
after 4.5 h of transportation. At the same time, neutrophil count
increased and genes involved in neutrophil adhesion, chemotaxis
and activation, such as IL8, were upregulated (120).

Blood DHEA, but not DHEAS, increased in pre-pubertal
gilts underwent surgical procedures for hearth catheterization, in
particular following pre-medication, intubation, and induction of
anesthesia (27). Authors attributed to surgical stress the increase
in circulating DHEA; however, available information does not
allow any speculation about putative effect of the immune
system or other factors. Plasma DHEA levels were studied in a
porcine two-stage model of trauma and delayed sepsis, where
anesthetized, ventilated pigs were subjected to local hind-limb
trauma and hemorrhage, were resuscitated after 1 h and received
Escherichia coli LPS after 75h. DHEA concentrations increased
24h after trauma, but became lower than basal concentrations
1 h after LPS administration (121).

Stressors could affect DHEA secretion also by indirect
endocrine mechanisms. As an example, in dairy cows
overstocking for 2 weeks during the pre-partum period
significantly increased plasma DHEA concentrations, preceded
by an increase in plasma cortisol (122). It is possible that the
increase in glucocorticoids due to overstocking stimulated
the placental CYP17A enzyme (123, 124) leading to a more
efficient conversion of pregnenolone into DHEA. Conversely,
alterations in both DHEA and cortisol were not observed in
beef cows following abrupt weaning and subsequent housing,
despite modifications in the neutrophil number, interferon-y and
haptoglobin secretion suggested an acute stress response in cows
post-weaning (125). These observations support the hypothesis
that the duration of the stressor can be an important factor
affecting hormone interactions and, thus, DHEA concentrations.

A BIOLOGICAL ROLE FOR DHEA AND
DHEAS IN DOMESTIC MAMMALS?

Although an extensive review of the biological actions of
DHEA/DHEAS is beyond the scope of this paper, we would like
to offer few tips to stimulate the research on this field in species
different from the human and laboratory rodents.

One prominent function of DHAE and DHEAS is their role as
prohormones used by several non-endocrine peripheral tissues
for the synthesis of sex hormones (androgens and estrogens).
Transformation of DHEA into androgens and/or estrogens
occurs in peripheral target tissues and depends upon the levels of
expression of steroidogenic and metabolizing enzymes in those
tissues. This high secretion rate of sex steroids from adrenal
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DHEA is typical of human and non-human primates, and it is
different from other animal models (e.g., rats, mice, and guinea
pigs), where sex steroid secretion occurs mostly in the gonads
(126, 127).

Besides their role as prohormones, DHEA and DHEAS
are believed to possess a wide range of biological actions in
different biological systems. In humans, DHEA displays putative
pleiotropic effects: it modulates endothelial function, reduces
inflammation, improves insulin sensitivity, blood flow, cellular
immunity, body composition, bone metabolism, sexual function,
and physical strength, and provides neuroprotection, improves
cognitive function, and memory enhancement. These functions
have been extensively reviewed elsewhere (11, 128-131), and
much information has been obtained from studies about DHEA
supplementation in humans and laboratory animals (130).

DHEA/DHEAS have putative beneficial effects on heart
and vascular system (128), which seems at least in part
conserved among mammals. Indeed, effects of DHEA in the
regulation the vascular system have been observed in the pig,
where the intravenous infusion of DHEA causes coronary
(132), and mesenteric, renal and iliac vasoconstriction (133)
through the inhibition of a vasodilatory 3-adrenergic receptor-
mediated effect, possibly related to the release of nitric oxide
(132, 133). Moreover, DHEA can affect proliferation of bovine
aortic endothelial cells in a dose-dependent manner, through a
mechanism involving the synthesis of hydrogen peroxide (134).

DHEA may also have a role in the regulation of intermediary
metabolism  (anti-obesity and anti-diabetogenic actions)
(128), which has been observed in the Yucatan mini pig,
where the administration of DHEA resulted in an increased
energy expenditure and lipid utilization. In addition, DHEA
administration reduced fatty acid release in response to
epinephrine, but did not affect the outcome of glucose-tolerance
test (47). Anti-obesity properties of DHEA have been tested also
in the dog. The administration of DHEA in combination with
a low-fat/high-fiber (caloric restricted) diet in spontaneously
obese, euthyroid dogs resulted in a faster rate of weight loss
than in caloric restricted diet alone. In addition, DHEA showed
hypocholesterolemic activity, particularly affecting the LDL
cholesterol, and a decrease in serum thyroid hormones was
observed in dogs receiving DHEA (135).

DHEA has a role in the regulation of the several immune
system functions, which has been extensively reviewed in (9,
131). DHEA supplementation to laboratory rodents showed
positive effects on disease parameters and organism survival,
supporting the hypothesis of the anti-inflammatory effects of this
steroid. Indeed, DHEA may be involved in the downregulation
of the complement cascade; it can affect cytokine production,
downregulating inflammatory cytokines and upregulating the
anti-inflammatory IL-2 synthesis, thus opposing cortisol effects;
it can enhance lymphocyte proliferation, and increase T cell
and NK cell cytotoxicity (131). However, it is important to bear
in mind that many results derives from “in vitro” experiments
that may not reflect DHEA concentrations and physiological
relationships among tissues and chemical messengers “in vivo.”
For this reason, a clear picture of DHEA interactions with the
immune system is difficult to draw, as DHEA interacts with other

hormones and clear independent mechanisms of action have not
been described so far (131).

Positive effects of DHEA/DHEAS on the immune response
in domestic animals have been observed in few published
articles. The action of 1,25-dihydroxyvitamin D(3) and DHEA
administered alone or in combination was examined in pigs
immunized with human serum albumin. DHEA decreased the
IgM serum response and enhanced the I1gG2 and IgG serum
responses (136). In another study, DHEAS supplementation
increased the responsiveness of young pigs to antigenic challenge,
counteracted the negative effects of dexamethasone, resulting
beneficial for their immune function (137). Immunoprotective
and neuroprotective actions of DHEA were observed also in
aged dogs, where animals treated daily for 7 months with
DHEA had reduced DNA damage in the brain and peripheral
blood lymphocytes (138). In cats infected with the FIV, DHEAS
treatment reduced inflammatory gene transcripts (IL1p, TNFa,
CD3¢, and GFAP) in brain, increased CD4(+) T-cell levels and
prevented neurobehavioral deficits and neuronal loss (139).

Since the recognition of the steroid synthetizing capability
within the nervous system, a great deal of scientific literature
explored the putative actions of DHEA/DHEAS in the nervous
system, where these compounds can display a plethora of
biological activities and, for this reason, they were defined
as neuroactive neurosteroids. DHEA and DHEAS interact
with several major receptor systems in the brain (e.g., sigma,
glutamate, and GABA-A receptors), and it is hypothesized that
they are involved in many important brain functions, such as
neuronal plasticity and survival, neuroinflammation, cognition
and regulation of some behaviors. Moreover, many scientific
works suggested potential preventive and therapeutic actions
in different neuropsychiatric and neurodegenerative disorders
(60, 61, 63, 65, 66).

Studies in diverse avian and mammalian species suggest that
DHEA is important for behavior regulation. For example, DHEA
could be responsible for the expression of aggressive behavior
when gonadal testosterone synthesis is low, as it can be converted
into active sex steroids within the brain (62).

Based on observations performed in rodents, some
metabolites of DHEA (Figure 1) may carry out most of the
functions traditionally attributed to DHEA (11, 131), and the
capability of metabolizing DHEA was found also in peripheral
tissues of domestic species. Minced mammary tissues from
non-lactating/non-pregnant,  non-lactating/pregnant,  mid
and late-lactating dairy cows showed a certain steroidogenic
capability, as tissue incubation with [14C]-labeled DHEA
gave origin of several androgens, 5-androstene-3(,178-diol,
androstenedione, and testosterone among them (140). The
same androgens could be detected following the incubation
of DHEA with bovine liver slices (141). Moreover, the swine
liver can metabolize DHEA into several active compounds
(7a-OH-DHEA, 7B-OH-DHEA, and 7-oxo-DHEA) (142).
The same metabolites are produced in the liver, intestine
and brain of rats, mice, and humans (11). In general, 7-
oxygenated steroids are widespread in mammals, birds, and
fish (143). DHEA and 5-androstene-3f,17f3-diol suppress
inflammation similarly to hydrocortisone, but increase the
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levels of the THI cytokines (e.g., IL2, IL3, and IFNy),
and help maintaining the TH1/TH2 balance and immune
homeostasis. Therefore, these steroids up-regulate immune
resistance and protect the host from lethal infection by
RNA and DNA viruses, Gram positive and Gram negative
bacteria, parasitic infections, and stress mediated immune
suppression (9).

CONCLUSIONS

Despite the extensive scientific literature about DHEA and
DHEAS, their role has not fully elucidated, and a wide range
of activities has been attributed to these steroids. DHEA and
DHEAS synthesis and release are peculiar in primate mammals,
even though several regulatory factors seem quite conserved
among animal taxa. Nevertheless, similar does not mean equal,
and the biological properties observed in one animal taxa
cannot be straightforward translated to another. A systematic
comparative investigation on the biology of these steroids is
lacking. Often, scientific works exploring DHEA and/or DHEAS
release in domestic mammals did not carefully consider factors
that could affect this phenomenon, such as inflammatory
and reproductive status, and the time-interval (chronicity) of
exposure to stressors.

Studies in humans suggest that DHEA may better reflect the
response to acute stress, while DHEAS variations are associated
to only long-term perceived stress (10). However, actions of
DHEA in the animal stress response is presumably different from
that in humans, and data obtained in animals and reviewed in this
paper do not support the hypothesis that DHEAS is a good stress
indicators, at least in ungulates. In any case, a deeper knowledge
on patterns of secretion of DHEA in domestic animals would
provide necessary information for sounder conclusions on the
description of the stress phenotype.
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