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Summary — In mammalian species, the fetal adrenal gland plays a key role during late ges-
tation since fetal glucocorticoids are involved in the maturation of the fetus and in the adapta-
tion of the neonate to extra-uterine life. Moreover, in domestic ruminants as well as in the pig,
the onset of parturition is triggered by an increased level of fetal plasma glucocorticoids. This
prepartum rise of fetal glucocorticoids, which conveys growth and differentiation of adreno-
cortical cells, is not only under pituitary control but also involves local regulations. We review
the actual knowledge of the modalities of fetal adrenal development in the sheep and its regu-
lation by the adrenocorticotropic hormone (ACTH) and other factors.

ovine fetal adrenal / maturation / regulation

Résumé — Développement de la glande surrénale feetale ovine et sa régulation. Chez les
mammiferes, les glandes surrénales du feetus jouent un réle essentiel en fin de gestation étant
donné que les glucocorticoides feetaux sont impliqués dans la maturation du feetus et dans
I’adaptation du nouveau-né a la vie extra-utérine. En outre, chez les ruminants domestiques de
méme que chez le porc, I’augmentation des glucocorticoides feetaux en fin de gestation déclenche
la parturition. Cette augmentation prépartum des glucocorticoides feetaux, qui traduit la crois-
sance et la différenciation des cellules corticosurrénaliennes feetales, n’est pas seulement sous
contrble hypophysaire mais implique également des régulations locales. Nous nous proposons
de faire le point des connaissances actuelles sur les modalités du développement de la surrénale
feetale ovine et sa régulation par I’ACTH et d’autres facteurs.

surrénale feetale ovine / développement / régulation
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INTRODUCTION

In mammalian species, the fetal adrenal gland
plays a key role during the last third of gesta-
tion since glucocorticoids are involved in the
maturation of many fetal organ systems (Lig-
gins, 1976, 1994). Moreover, in domestic
ruminants as well as in the pig, the onset of
parturition is triggered by an increased level of
fetal plasma glucocorticoids (Nathanielsz,
1978; Challis and Lye, 1986). In the sheep,
this increase occurs from about 120 days of
gestation (G120) onwards and results from
an enhanced activity of the fetal adrenal cor-
tex (Alexander et al, 1968; Brown et al, 1978).
This enhanced activity is in turn due to both an
increase in trophic stimulation of the gland
by the adrenocorticotropic hormone (ACTH)
and to an important development of the abil-
ity of fetal adrenal cells to produce steroids
(for review, see Durand, 1987). This latter
development is mainly related to modifica-
tions involving both ACTH-sensitive adeny-
late cyclase system and some steps of the
steroidogenic pathway (for review, see
Durand, 1992). However, the mechanisms
involved in the growth and differentiation of
the fetal adrenal cortex are not fully eluci-
dated. In this report, the growth and matura-
tion processes involved in the development
of the fetal adrenal cortex and their regula-
tion by ACTH and other factors will be
reviewed.

STRUCTURE AND GROWTH
OF THE ADRENAL CORTEX

In adult mammalian species, the adrenal gland
is divided into two regions of different ori-
gins. The inner part of the adrenal gland is of
ectodermic origin and produces various pep-
tides and catecholamines. The external region,
or adrenal cortex, is of mesodermic origin and
includes three parts: the zona glomerulosa,
the zona fasciculata and the zona reticularis.
These produce mineralocorticoids, glucocor-

ticoids and adrenal androgens, respectively
(Long, 1975).

In the ovine fetus (length of gestation:
145-150 days), the adrenal gland can be iden-
tified as early as G28 (Wintour et al, 1975)
but its zonation becomes apparent at G60
(Webb, 1980). The outer zone seems to be
the equivalent of the adult zona glomerulosa,
whereas the inner zone corresponds to the
zona fasciculata (Robinson et al, 1979; Webb,
1980). Zona reticularis only becomes appar-
ent in the 1-month-old lamb. However, even
in the adult sheep, androgen production is
low.

Fetal adrenal glands grow in a biphasic
manner. During the first growth (ie, period
of rapid growth), between G60 and G120,
zona glomerulosa develops; however, already
at G60, zona glomerulosa cells seem able to
produce corticosteroids. The second growth
period, which occurs just before birth, corre-
sponds essentially to the development and
maturation of the zona fasciculata (Webb,
1980; Boshier and Holloway, 1989). During
this period, the adrenal weight doubles and
reaches 300 mg (Durand et al, 1978).

Mechanisms responsible for this adrenal
growth are not fully elucidated. However,
when the fetus is hypophysectomized during
the last month of gestation, there is no weight
increase of the adrenals. Conversely, ACTH
infusion to 115-day-old fetuses leads to an
anticipated growth of the adrenal cortical zone
(Liggins et al, 1973; Durand et al, 1980).
Recent experiments have also shown that
chronic administration of ACTH to hypophy-
sectomized fetal sheep leads to normal term
labor, preventing the effect of hypophysec-
tomy (Jacobs et al, 1994). These results show
the essential role of ACTH in ovine fetal
adrenal growth and maturation. Physiologi-
cally, however, the second period of fetal
adrenal growth cannot be directly related to a
significant increase in the levels of immunore-
active ACTH present in the fetal blood (see
later). Factors other than ACTH might also
be involved in the growth of the sheep fetal
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adrenal gland. Thus, the fibroblast growth
factor (FGF) (Gospodarowicz et al, 1977),
and to a lesser extent angiotensin II (A-II)
(Hornsby and Gill, 1977), exert a mitogenic
effect on adult adrenocortical cells in vitro.
Moreover, various pro-opiomelanocortine
(POMC)-derived peptides were shown to
stimulate DNA synthesis in adult rat adreno-
cortical cells in culture and to increase the
adrenal mitotic index in vivo (Estivariz et al,
1982). However, the action of these factors
remains unknown in fetal adrenal cells. In the
ovine fetus, the epidermal growth factor
(EGF) injection stimulates the growth of var-
ious endocrine glands such as the adrenal,
without increasing corticosteroid output (Sun-
dell et al, 1975). More recent experiments
have shown that insulin and particularly
insulin-like growth factor 1 (IGF-I) are able
to induce proliferation of fetal ovine adreno-
cortical cells cultured in a chemically defined

Fig 1. Plasma corticosteroid
concentrations (@-----@) in
ovine fetuses and number of
adrenocorticotropic hormone
(ACTH) receptors (O—-0)
per two adrenals of the same

Bound ACTH,_,, n moles/two adrenals

medium (Naaman et al, 1989). In addition, it
is now clear that many fetal tissues, includ-
ing the adrenal cortex, are able to produce
growth factors. Indeed, sheep fetal adrenal
cortices synthesize transforming growth factor
B 1 (TGFp1), IGF-I and IGF-1I (mRNAs and
peptides) (Han et al, 1992; Naaman-Répérant
et al, 1996). Taken together, these results sug-
gest that fetal adrenal growth could be con-
trolled by a set of factors of endocrine and/or
paracrine origin which can vary according to
the stage of development.

FETAL PLASMA LEVELS
OF CORTICOSTEROIDS

In the ovine fetus, the levels of plasma corti-
costeroids remain stable between G100 and
G125 (5-10 ng/mL). They then increase pro-
gressively up to G140 to enhance dramati-
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cally just before birth when they can reach
100 ng/mL (see fig 1). In the newborn lamb,
they decrease within a few days to levels sim-
ilar to those found in the adult (around 4
ng/mL) (Alexander et al, 1968; Brown et al,
1978; Magyar et al, 1980). From G100 on,
fetal ovine plasma contains aldosterone, cor-
ticosterone, cortisol, 11-deoxycortisol and 11-
deoxycorticosterone (Wintour et al, 1975;
Thomas et al, 1976; Brown et al, 1978).
Before G120, however, plasma corticosteroids
are essentially from maternal origin, since
plasma levels of corticosterone and cortisol
are similar in normal and adrenalectomized
fetuses (Hennessy et al, 1982). It is only from
G120 onwards that the fetus starts producing
cortisol (Wintour et al, 1980). Corticosterone
and cortisol represent 90% of plasma corti-
costeroids (Jones et al, 1977). In vitro, fetal
adrenal cells (G113) produce mainly 11-
deoxycorticosterone and corticosterone and
lower amounts of 17 o-hydroxylated steroids,
11-deoxycortisol and cortisol (Cathiard et al,
1985). The cortisol/corticosterone ratio varies
throughout gestation (Thomas et al, 1976;
Brown et al, 1978). Many in vivo studies have
shown that the pre-term increase in corticos-
teroids is mainly due to an enhanced secre-
tion of cortisol. Durand et al (1981a) have
also shown, in vitro, a progressive increase
of cortisol/corticosterone during late gesta-
tion in the incubation medium of dissociated
fetal adrenal cells. These results indicate a
late development of 170-hydroxylase activity
(P450-C17) (Thomas et al, 1976; Brown et
al, 1978; Wintour et al, 1995).

SECRETION AND EFFECT OF ACTH
IN THE OVINE FETUS

The presence of ACTH can be detected as
soon as G40 and G60, respectively, in the
anterior and intermediary lobes of the ovine
fetal pituitary (Mulvogue et al, 1986). At G90,
two morphologically distinct types of corti-
cotropic cells, a fetal and an adult type, can be
observed (Antolovich et al, 1989). As gesta-

tion proceeds, the fetal type cells decrease in
number to disappear in the adult animal,
whereas the adult type cells increase from
G130 on to become predominant around
G140.

Immunoreactive ACTH plasma levels
seem constant between G100 and G140 and
increase only in the last days preceding par-
turition, just after the increase of cortisol (Rees
et al, 1975; Challis et al, 1977, Jones et al,
1977; Durand et al, 1980; Wintour et al,
1980). Such results are to be considered care-
fully because ACTH levels vary throughout
the day and are influenced by the stress of the
animal. Moreover, ACTH is secreted episod-
ically in the fetus (Nathanielsz et al, 1977,
Jones, 1979), and ACTH plasma levels may
not be representative if only a single blood
sample is taken daily. Furthermore,
immunoreactive ACTH does not correspond
to bioactive ACTH. In fact, there is an impor-
tant increase (four- to eight-fold) of the bio-
logical activity/radioimmunological activity
(BA) ratio of ACTH secreted in vitro by ovine
pituitary cells between G63 and 1 week post-
partum (Brieu and Durand, 1987). This obser-
vation is most probably due to the existence of
various molecular weight forms of ACTH
(see later) in addition to the presence of other
POMC-derived peptides in the pituitary (and
plasma) (for review, see Eipper and Mains,
1980).

Maternal and fetal sheep pituitaries con-
tain melanocyte-stimulating hormone (-
MSH), corticotropin-like intermediate pep-
tide (CLIP), B-MSH, lipotropic hormone
(B-LPH), B-endorphin, ACTH1-39 (biologi-
cally active) as well as high molecular weight
forms of ACTH (Silman et al, 1979; Jones
and Reebuck, 1980). The ratio of these high
molecular weight forms/ACTH]1-39 is higher
in the fetal than in the adult pituitary (Silman
et al, 1979), and ACTH1-39 becomes pre-
dominent during the last 2 weeks of gestation
(Jones and Reebuck, 1980; Carr et al, 1995).
Interestingly, the concentration of ACTH pre-
cursors is not changed throughout the last



Development of the ovine fetal adrenal gland 85

third of gestation, whereas ACTH1-39
increases significantly towards term (Carr et
al, 1995). Similarly, the proportion of high
molecular weight forms of ACTH are lower in
the incubation medium of neonatal than fetal
pituitary cells (Brieu and Durand, 1989).
Therefore, immunoreactive ACTH plasma
levels are not representative of the ‘adreno-
corticotropic activity’ present in fetal blood.
These variations in biologically active plasma
ACTH are as important as quantitative varia-
tions of ACTH in regulating fetal adrenal
activity.

Mechanisms controlling ACTH synthesis
and regulation during fetal life remain to be
fully elucidated. In fact, in vivo studies involv-
ing both mother and fetus cannot exclude
maternal influence. However, when ovine
corticotropin-releasing hormone (0CRH) 1-
41 or arginine vasopressin (AVP) is injected
in utero into catheterized fetuses from G110 to
G142, the fetal ovine pituitary responds to
this stimulation by increasing its secretion of
ACTHI1-39 and precursors (Hargrave and
Rose, 1986; Carr et al, 1995). Moreover, at
G120, AVP and oCRH produce synergistic
increases in ACTHI-39 and precursors
whereas the response is only additive at other
ages (Carr et al, 1995). In vitro experiments
show that already at G63, ovine pituitary cells
respond to oCRH1-41 and to AVP and that
these responses decrease regularly during the
last month of gestation (Durand et al, 1986).
This latter result could be explained by a
desensitization of fetal pituitary cells to
oCRHI1-41 and AVP in which outputs are ele-
vated at that period (Brieu et al, 1989) and/or
by the increase of plasma levels of corticos-
teroids observed at this period.

In addition, oCRH1-41 or AVP-stimu-
lated fetal pituitary cells produce more low
molecular forms of ACTH than control cells.
When 120-day-old ovine fetal pituitary cells
are stimulated for 4 days by AVP, the pro-
portion of low molecular weight forms of
ACTH is enhanced, leading to an increased
biological activity/radioimmunological activ-

ity ratio of secreted ACTH (Brieu and Durand,
1987). Therefore, the fetal hypothalamus
seems to be involved in the changes in ACTH
bioactivity secreted by fetal pituitary cells at
late gestation. Recent in vivo experiments
have demonstrated the importance of fetal
hypothalamus in these regulations. Indeed,
bilateral destruction of the ovine fetal par-
aventricular nuclei leads to decreased o0CRH
amounts in the external region of the median
eminence and thereby prevents prepartum
increase of ACTH (McDonald and
Nathanielsz, 1991). Between G63 and G138,
hypothalamic contents in AVP and CRH
increase as well as their biological activity
responsible for ACTH output (Brieu et al,
1989). In addition, the ratio of AVP/CRH
hypothalamic contents is around 5 between
G63 and G123 and decreases towards late
gestation to reach 1, just before parturition
(Brieu et al, 1989). Finally, AVP neurons are
dlready detected in the paraventricular and
supraoptic nuclei as soon as G42, whereas
CRH is only detected from G90 on (Levidio-
tis et al, 1987). The co-localization of CRH
and AVP in the same neurons could not be
observed as in the adult sheep. These data
suggest that AVP might play an essential role
in regulating ACTH output in the ovine fetus,
particularly before G120. However, factors
other than AVP and CRH, especially corti-
costeroids, also exert an effect on ACTH
secretion.

FEEDBACK REGULATIONS BETWEEN
CORTICOSTEROIDS AND ACTH

In the adult animal, circulating corticosteroids
inhibit pituitary ACTH output by acting at
both hypothalamic and pituitary levels. At the
very end of gestation, however, there are high
levels of both plasma cortisol and ACTH in
the ovine fetus (Rees et al, 1975; Jones et al,
1977; Durand et al, 1980). This observation
raises the question of the sensitivity or even
the existence of corticosteroid feedback dur-
ing fetal life. In vivo, increasing ‘physiolog-
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1980; Wood and Rudolph, 1983) or blocking
corticosteroid production (Durand et al,
1981c¢) have shown that around G120, the
negative feedback mechanism of cortisol on
ACTH production is functional in the ovine
fetus. In vitro, cortisol and corticosterone used
at either 1079 or 10-7 M inhibit fetal ovine
corticotropic cell response to oCRH1-41
between G63 and G144. The efficiency of
these steroids is higher at G63 than later on
(Durand et al, 1986).

The presence of glucocorticoid receptors
was shown both in cytosolic preparations and
in intact hypothalamic and pituitary cells from
ovine fetuses between G100 and birth (Yang
et al, 1990). Interestingly, in both tissues, the
number of glucocorticoid receptors was higher
at G100 than later on, likely contributing to the
greater sensitivity of hypothalamic and pitu-
itary cells to glucocorticoid feedback at this
period.

In addition, the levels of corticosteroid-
binding globulin (CBG) modulate the
bioavailability of cortisol for hypothalamic
and pituitary cells. Indeed, basal and CRH-
induced ACTH secretion by cultured pituitary
cells is inhibited by cortisol and this inhibition
is decreased in the presence of CBG. In fact,
the prepartum increase of cortisol is associ-
ated with an increase in CBG (Ballard et al,
1982). Berdusco et al (1995) confirmed that
the lower availability of glucocorticoids at
this period was partly due to an increase in
both CBG and its capacity to bind corticoids.

Moreover, an increase in the metaboliza-
tion of corticosteroids at the end of gestation
was also proposed. Indeed, the pituitary
expression (mRNAs and activity) of 118-
hydroxysteroid dehydrogenase 1 (118-HSD1),
a microsomal enzyme responsible for the
interconversion of glucocorticoids and their
inactive metabolites, increases dramatically
in the pars tuberalis of ovine fetuses at late
gestation and after parturition (Yang et al,
1995). This suggests that 113-HSD1 could
contribute to lower the efficiency of cortisol

negative feedback on ACTH secretion dur-
ing late gestation.

Finally, it was suggested that the ‘massive’
increase of cortisol just before parturition
might reflect a positive feedback of cortisol on
the fetal hypothalamo-pituitary-adrenal axis
(Nathanielsz et al, 1972; Jones et al, 1978b).
Between G133 and G144, cortisol and corti-
costerone at 10-9 M do not inhibit, but
enhance AVP-induced ACTH output by pitu-
itary cells in vitro (Durand et al, 1986). In
addition, cortisol increases the biological
activity/radioimmunological activity ratio of
ACTH secreted by 120-day-old fetal pituitary
cells (Brieu and Durand, 1987). Moreover, a
6 day cortisol infusion to 115-day-old fetuses
induces the development of ‘adult type’ cor-
ticotrophs which become predominent com-
pared to ‘fetal type’ corticotrophs (Antolovich
etal, 1991).

FETAL ADRENAL MATURATION:
ROLE OF ACTH

Many studies have shown that ovine fetal
adrenal sensitivity to ACTH varies greatly
throughout gestation. Ovine fetal adrenal
slices or isolated cells secrete in vitro impor-
tant amounts of cortisol and corticosterone
in response to ACTH around G60. This
adrenal sensitivity to ACTH disappears
around G100 to reappear progressively dur-
ing the last month of gestation and culminate
at birth. A similar pattern of adrenal sensi-
tivity is also observed in vivo when increas-
ing endogenous ACTH levels by inducing
stresses (through hypoxemia or hemorrage)
during the last month of gestation (reviews
by Durand et al, 1982b; Saez et al, 1984;
Durand, 1987; Challis and Brooks, 1989).
The reasons why fetuses are much more
responsive to ACTH around G60 than G100
are not fully elucidated.

We have previously seen that ACTH is
able to induce fetal adrenal growth (see ear-
lier), even at a stage when the sensitivity of the
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Fig 2. The adrenocorticotropic hormone (ACTH)-sensitive adenylate cyclase system, consisting of a gua-
nine stimulatory subunit (G) and a guanine inhibitory subunit (G;) activated by their corresponding recep-
tors, Rg and R;, respectively. As indicated in their denomination, G, will stimulate (+) adenylate cyclase
activity and consecutively increase cyclic adenosine monophosphate (cAMP) production whereas G; will
inhibit (-) it. oy, B and y constitute the G, subunits which can be stimulated by either guanosine triphos-
phate (GTP) or analogs such as Gpp(NH)p or cholera toxin (from Féger and Féger, 1993, after modifica-

tion).

adrenal to ACTH is low. In fact, in 100-day-
old fetuses, ACTH infusion induces prema-
ture delivery, and resulting cortisol levels are
similar to those observed in normal newborn
lambs (Liggins, 1968; Jones et al, 1978a;
Cabalum et al, 1982). This fetal adrenal mat-
uration by ACTH implies modifications both
in the ACTH-sensitive adenylate cyclase sys-
tem and in some steps along the steroidogenic
pathway.

The ACTH sensitive adenylate cyclase
system

ACTH binds noncovalently to a specific
membrane receptor (R), activating the adeny-
late cyclase (AC) via G proteins (G,) (for
review see Saez et al, 1989). This interaction
results in an increased production of cyclic
adenosine monophosphate (cAMP), which in
turn activates cAMP-dependent kinases

(PKA), subsequently inducing an enhance-
ment of steroidogenesis (fig 2).

The ACTH receptor is part of the recep-
tor family presenting seven transmembrane
domains (Cone and Mountjoy, 1993). ACTH
is able to regulate the expression of its own
receptor in the adult sheep adrenal (Picard-
Hagen et al, 1996).

In ovine fetal adrenal membrane prepara-
tions, the number of ACTH-binding sites sta-
ble between G120 and G140 increases three-
fold between G140 and birth (see fig 1), when
adrenal sensitivity to ACTH is highest
(Durand, 1979). At G120, ACTH alone is not
able to increase either AC activity of mem-
brane preparations (Durand et al, 1981b) or
cAMP production by isolated cells (Durand et
al, 1981a,c). However, this activity can be
stimulated by ACTH in the presence of guano-
sine triphosphate (GTP), or analogs such as
Gpp(NH)p. Conversely, at G140, although
there is no increase in the number of ACTH
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receptors per cell compared to G120, ACTH
alone is able to stimulate AC activity (Durand
et al, 1985a). Taken together, these results
suggest that the insensitivity of AC to ACTH
stimulation before G140 is due to a lack of
GTP and to a lower activity of o (a G sub-
units) (Durand et al, 1985a). The increased
response to ACTH observed between G140
and birth would mainly result from an
increased number of ACTH receptors since,
during this period, the response to Gpp(NH)p
alone remains unchanged (Durand et al, 1984).
However, results obtained with isolated
adrenal cells show that post-cAMP modifi-
cations are also involved in the prepartum
maturation of the fetal adrenal gland.

The steroidogenic pathway

The increased capability of ovine fetal adrenal
cells to produce corticosteroids before birth
seems mainly related to alterations occurring
early in the steroidogenic pathway leading to
increased production of pregnenolone (Durand
et al, 1984, 1985b). The lower fetal preg-
nenolone production can be partially related to
the fact that intramitochondrial concentra-
tions of free and esterified cholesterol are,
respectively, two- and 22-fold lower in fetuses
than in newborn lambs. Moreover, 3-hydroxy-
3-methylglutaryl-Coenzyme A reductase
(BHMG-CoA) activity (the limiting step in
de novo synthesis of cholesterol) in the fetus
is half that of the newborn lamb (Naaman-
Répérant et al, 1992). However, low levels
of cholesterol, although contributing to the
lower fetal pregnenolone production, are prob-
ably not the principal factor limiting steroido-
genesis in these animals. In fact, steroido-
genic enzymes involved in corticosteroid
synthesis seem to be essentially responsible
for the increased steroidogenic capacity of
fetal adrenals at late gestation. During the last
month of intra-uterine life, there is an increase
in P450 side-chain cleavage (P450scc), 3[3-
hydroxysteroid dehydrogenase isomerase (33-
HSD) and P450-C17 activities, and to a lesser

extent of 21- and 11B-hydroxylase (P450-
C11) activities (Durand et al, 1982b; Naa-
man-Répérant et al, 1992). Similarly, the
amounts of P450scc, P450-C17 and P450-
C21 encoding mRNAs increase at late gesta-
tion (Tangalakis et al, 1989).

ACTH-induced cAMP production exerts
both short-term (or acute) and long-term (or
chronic) effects on adrenal steroidogenesis.
Short-term effects occur within minutes fol-
lowing ACTH binding to its receptor and con-
cern cholesterol mobilization and transport
to P450scc. Long-term effects occur within a
few hours and concern the expression of some
steroidogenic enzyme encoding genes.

In vivo ACTH infusion to the fetus around
G110 results in an increased pregnenolone
production by isolated cells in response to
ACTH, similar to the one observed in new-
born lambs (Durand et al, 1982a). Moreover,
ACTH infusion was shown to stimulate the
expression of P450scc and P450-C17 encod-
ing mRNAs. This effect of ACTH required
at least 6—12 h to occur and could be reversed
by stopping ACTH treatment (Tangalakis et
al, 1990, 1992). However, since ACTH is not
able to increase P450scc activity and protein
amount in vitro (our unpublished observa-
tions), although increasing the corresponding
mRNAs, factors other than ACTH should also
be involved in the development of fetal
adrenal steroidogenesis.

THE ROLE OF OTHER FACTORS ON
FETAL ADRENAL STEROIDOGENE-
SIS

Several factors have been identified for mod-
ulating fetal adrenal steroidogenesis such as
prostaglandin E, (PGE,), POMC-derived pep-
tides, naloxone, EGF and growth hormone
(GH). However, the precise role of these fac-
tors remains to be explained and most of the
observations made in vivo could not be repro-
duced in vitro (review by Durand, 1987).
More recent in vitro experiments have shown
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that adrenal steroidogenesis can be regulated
not only by hormones such as ACTH, A-II
and glucocorticoids, but also by other pep-
tides such as growth factors like IGF-1 and
TGFf1 (for review, see Feige and Baird,
1991). All these factors exert endocrine and/or
auto/paracrine effects which modulate fetal
adrenal growth and differentiation.

Positive effects
Role of fetal glucocorticoids

The existence of glucocorticoid receptors in
the adrenal supports the hypothetical
auto/paracrine role of glucocorticoids in this
gland (Loose et al, 1980).

It has been shown that in both fetal and
adult ovine adrenal cells in culture, low con-
centrations of glucocorticoids (ED5y = 10-8
M for dexamethasone) increase cAMP and
corticosteroid productions in response to
ACTH, whereas aminogluthetimide, a
P450scc inhibitor, decreases cAMP produc-
tions (Darbeida and Durand, 1987; Darbeida
et al, 1987).

Glucocorticoids exert a specific effect on
the number of ACTH receptors without mod-
ifying G subunits (Darbeida and Durand,
1990). This increased number of ACTH recep-
tors by glucocorticoids is related to an
enhanced transcription of the corresponding
mRNAs (Picard-Hagen et al, 1996). The
increased number of ACTH receptors in
response to ACTH could therefore be partly
mediated by glucocorticoids. Glucocorticoids
also enhance pregnenolone production by cul-
tured adrenal cells (Picard-Hagen et al, 1995),
thus increasing the pool of intramitochondrial
cholesterol as well as mitochondrial ability
to synthesize pregnenolone. However, glu-
cocorticoids have no effect on steroidogenic
enzymes since they do not increase corticos-
terone production by adrenal cells incubated
with pregnenolone in excess. Taken together,
these results suggest that glucocorticoids are

involved in the maturation of the fetal ovine
adrenal gland. Considering the auto-amplify-
ing effect of glucocorticoids on their own syn-
thesis, they could probably contribute to
explain the drastic increase of fetal plasma
glucocorticoid levels observed just before par-
turition.

Effect of IGF-1

The effect of IGF-I on fetal development is
exerted both on cell proliferation and differ-
entiation (for review, see Sara and Hall, 1990).
Its effect is mediated through IGF receptors of
type 1 which are responsible for
‘somatomedin-like actions’. IGF-I was shown
to stimulate growth and differentiation of
ovine fetal adrenal cells in culture, in the pres-
ence or absence of ACTH (Naaman et al,
1989). Nanomolar concentrations of insulin
or IGF-I increase ACTH-induced cAMP pro-
duction by 120-day-old fetal adrenal cells and
to a lesser extent, cholera toxin-induced cAMP
production. Knowing that in bovine adrenal
cells, IGF-I increases mainly the number of
ACTH receptors (Penhoat et al, 1989), and
to a lesser extent G, subunits (Bégeot et al,
1991), insulin and IGF-I are most probably
involved in the maintenance and/or the devel-
opment of the adrenal AC system. IGF-I is
also able to increase 8BromoAMP-induced
corticosteroids production by fetal adrenal
cells in culture, probably by enhancing choles-
terol availability to P450scc (Naaman et al,
1989). The synergistic effect of IGF-I and
ACTH observed on corticosteroid production
by cultured fetal adrenal cells suggests that
IGF-I could be involved in the regulation of
some steps of adrenal maturation which are
ACTH-independent. Moreover, plasma IGF-
I concentrations are low in the ovine fetus up
to G50; they then increase towards term when
they become three-fold higher (Alexander et
al, 1968; Gluckman and Butler, 1983; Handw-
erger et al, 1983). IGF-I could therefore be
involved in the maintenance of specific func-
tions of fetal adrenal cells in vivo, thus par-
ticipating in increasing the steroidogenic
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potency of these cells before birth. However,
IGF-II expression is much higher in fetal
adrenals than IGF-I expression (Han et al,
1992). In addition, in the fetal ovine adrenal
gland, IGF-I and IGF-II (mRNAs and pro-
teins) have been co-localized with 33-HSD
(Han et al, 1992). Moreover, IGF-II expres-
sion is strongly diminished by ACTH or cor-
tisol treatment in utero, suggesting that the
prepartum increase of cortisol could be
responsible for the decrease of IGF-II just
before birth (Li et al, 1993). Therefore, like
IGF-I, IGF-II might also participate as an
auto/paracrine factor of fetal adrenocortical
development. Taken together, these results
support the hypothesis that IGF-I and IGF-II
modulate fetal adrenal differentiation.

Negative effects
Role of A-I1

A-II is an octapeptide derived from
angiotensinogen. Renin-angiotensin systems
were found in various tissues such as in the
adrenal gland (Pinet et al, 1992). Two types of
receptors have been identified in various
species (Bottari et al, 1993). In sheep, they
are located in both the zona glomerulosa and
fasciculata of adrenal glands (Viard et al,
1990). In ovine adrenal cells, A-II has no acute
effect on steroidogenesis (Viard et al, 1990),
unlike in bovine and human adrenal cells
(Laird et al, 1991) where it increases cortisol
production. A-II exerts a chronic effect on
bovine (Rainey et al, 1991a), ovine adult (Bird
et al, 1992) and fetal (Rainey et al, 1991b)
adrenal cells. A-II is able to inhibit ACTH-
induced expression of P450-C17 and 33-HSD
(both on protein and mRNA levels). More-
over, in ovine fetal adrenal cells, A-II inhibits
up to 70% ACTH-induced cortisol produc-
tion (Rainey et al, 1991b).

Effect of TGF 51

Recently, TGFP1 has been extensively stud-
ied and shown to be a potent inhibitor of

adrenocortical differentiated functions
whereas ACTH acts positively on these func-
tions. Recent results have shown the existence
of three types of TGFBI1 receptors of 65, 85
and 200-300 kDa, corresponding, respec-
tively, to types I, I and III in ovine, bovine
and human adrenal cells (Lebrethon et al,
1994). TGFB1 is highly expressed in the ovine
fetal adrenal gland and could thereby be a
physiological factor regulating negatively fetal
adrenal function.

In vitro, TGFI is able to inhibit cortisol
production by ovine adult (Rainey et al, 1988)
and fetal (Rainey et al, 1991b) adrenal cells.
TGFBI exerts an effect on the ACTH-sensi-
tive AC system at more than one level by
decreasing both the number of ACTH recep-
tors (Rainey et al, 1989) and the production of
cAMP in response to cholera toxin and
forskolin (Rainey et al, 1988). The inhibitory
effect of TGFP1 also occurs on steroidogenic
activities. In the ovine adrenal gland, TGFp1
inhibits mainly the expression and activity of
P450-C17 (Rainey et al, 1988, 1991a; Perrin
et al, 1990), and to a lesser extent 33-HSD
(Naville et al, 1991a,b). In adult adrenal cells
in culture, TGFB1 inhibits cholesterol avail-
ability for steroidogenesis, as was previously
observed for bovine adrenocortical cells
(Hotta and Baird, 1986). In fetal and neonatal
adrenocortical cells in culture (but not in
adults), TGFP1 inhibits P450scc activity and
the relative amounts of the three correspond-
ing proteins (P450scc, adrenodoxin and adren-
odoxin reductase) (Naaman-Répérant et al,
1996). ACTH is not able to reverse this inhi-
bition either in fetuses or in newborns even
after a 6 day treatment (our unpublished
results). In addition, both concentrations of
TGFB1 encoding mRNAs and of immunore-
active TGFp1-like proteins are higher in fetal
than in neonatal adrenal glands (Naaman-
Répérant et al, 1996). The amounts of TGFf1
encoding mRNAs and corresponding proteins
in 120-day-old fetal adrenal cells decrease
during the first 2 days of culture. This decrease
occurs simultaneously with the ‘spontanecous
increase’ of P450scc activity in the same cells
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Fig 3. Regulation of the steroidogenic activity of the
fetal ovine adrenal gland. + positive effect; - neg-
ative effect. A II : angiotensin II; ACTH : adreno-
corticotropic hormone; CRH-AVP: corticotropin-
releasing hormone-arginine vasopressin; IGF-I and
IL: insulin-like growth factors I and II; TGFB1:
transforming growth factor B1.

during the first 2 days of culture. Therefore,
and considering TGFB1 inhibition on adrenal
maturation and steroidogenesis in vitro, it is
tempting to speculate that TGFB1 also plays
an important role in vivo.

CONCLUSION

During gestation, there is a multifactorial reg-
ulation of the adrenal which involves both the
hypothalamo-pituitary corticotrope axis and
local regulations which modulate the action of
ACTH. At late gestation, fetal adrenal matu-
ration leads to an increased production of cor-
tisol. During this period, there is a positive
regulation loop between the effect of ACTH
on the fetal adrenal and the action of gluco-
corticoids on the secretion of bioactive ACTH.
Fetal glucocorticoids have not only an effect
on the hypothalamo-pituitary axis, but exert
also a local auto/paracrine effect on their own
synthesis. These local regulations are modu-

lated both by A-II (Rainey et al, 1991b) and
growth factors such as IGF-I, IGF-II (Han et
al, 1992; Li et al, 1993) and TGFB1 (Naa-
man-Répérant et al, 1996) which are present
both in the blood and in the fetal adrenal. A-
I and TGFf1 exert a negative effect on
adrenal steroidogenesis whereas IGF-I stim-
ulates it. We therefore hypothetize that TGF31
would prevent an early increase in fetal cor-
ticosteroids leading to premature parturition,
whereas IGF-I participates in the enhance-
ment of fetal adrenal activity leading to the
prepartum increase in cortisol. These regula-
tions have been summarized in figure 3.

Finally, several factors appear able to reg-
ulate fetal adrenal steroidogenesis. Additional
experiments are now needed to determine the
relationships existing between these various
factors that are responsible for the develop-
ment of fetal adrenal steroidogenic ability
during the last third of gestation. It is also
important to study the regulation of these fac-
tors during this same period.
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