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Perspectives

The Unique Endocrine Milieu of The Fetus
Delbert A. Fisher
Department of Pediatrics, University of California, Los Angeles School of Medicine, Harbor-UCLA Medical Center,
Torrance, California 90509

Since the pioneering studies of Jost and colleagues four decades
ago, there has been impressive progress in our understanding of
the intrauterine endocrine milieu (1). Fetal endocrine physiology
differs in many important ways from the endocrinology of post-
natal life. It is characterized by a series of unique fetal endocrine
organs, by a number of hormones or metabolites uniquely
prominent in the fetal compartment, by the adaptation of several
fetal endocrine systems to special intrauterine functions, and by
mechanisms to neutralize the biological actions of several potent
hormones critical for normal postnatal development (Table I).
The following discussion is intended to provide a brief perspective
of this unique environment.

Fetal endocrine adaptations
In several instances, fetal endocrine systems or hormones have
been transiently diverted to subserve singular gestational or de-
velopmental roles.

Fetal adrenal and estrogen production. The best-known
and -characterized fetal endocrine gland is the fetal adrenal,
adapted in utero to function in collaboration with the placenta
to produce estrogens. This system, the so-called fetoplacental
unit, has been reviewed in several recent publications (1-6).

The fetal adrenal cortex is composed of two distinct anatomic
zones, an inner "fetal" zone and an outer "definitive" zone. The
fetal zone is deficient in A5,3l-01 dehydrogenase/A4,5,3-keto-
steroid isomerase and has a high steroid sulfokinase activity (3-
5). Thus, the conversion of pregnenolone to progesterone is lim-
ited and the major secretory product of the fetal adrenal is de-
hydroepiandrosterone sulfate (DHAS),' an essentially inactive
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1. Abbreviations used in this paper: AVT, pituitary arginine vasotocin;
CAT, catecholamines; CLIP, corticotropin-like intermediate peptide;
CRF, corticotropin-releasing factor, CT, calcitonin; 1,25D, 1,25-dihy-
droxyvitamin D; DHAS, dehydroepiandrosterone sulfate; EGF, epider-
mal growth factor, FGF, fibroblast growth factor, FSH, follicle-stimulating
hormone; GH, growth hormone; GnRH, gonadotropin-releasing hor-
mone; GRF, growth hormone-releasing factor, hCC, human chorionic
corticotropin; hCG, human chorionic gonadotropin; hCS, human cho-
rionic somatomammotropin; hCT, human chorionic thyrotropin; LH,
luteinizing hormone; MIF, testicular mullerian inhibiting factor,
NE, norepinephrine; NGF, nerve growth factor, OT, oxytocin; OVT,

hormone precursor. DHASis transported to the liver for 16-
hydroxylation and/or to the placenta, where it is hydrolyzed by
a steroid sulfatase and utilized as substrate for placental estrogen
biosynthesis. DHASserves as substrate for placental estrone and
estradiol production; 160H-DHAS is the major substrate for
placental estriol synthesis (1-6). Estriol is a hormone unique to
pregnancy; it is not secreted by the ovary of nonpregnant women.

There is evidence that placental chorionic gonadotropin
(hCG) is an important stimulus to fetal adrenal function early
in pregnancy; fetal pituitary adrenocorticotropin (ACTH) is es-
sential for maintenance of fetal zone function by midgestation
(4, 5, 7). Other pro-opiomelanocortin (POMC)-derived pep-
tides-alpha-melanocyte-stimulating hormone (a-MSH), cor-
ticotropin-like intermediate peptide (CLIP), and f,-endorphin-
seem to have only limited roles (4, 5). Preliminary evidence
suggests a possible role for epidermal growth factor (EGF) and
fibroblast growth factor (FGF) both at the adrenal gland and
pituitary levels (5, 8).

The human placenta at term secretes 10-25 mg/d of estradiol
and 40-50 mg/d of estriol (3-6); estrogen production in non-
pregnant women is less than 1 mg/d. Most of the estrogen is
secreted into the maternal circulation, but fetal concentrations
and levels in amniotic fluid are quite high. To date, the signifi-
cance of the enormous amounts of estrogen produced during
pregnancy remains largely obscure both in the mother and fetus.
Estriol is a relatively weak estrogen in many biological systems,
but is active and may have a role in maintenance of uteropla-
cental blood flow (5). It is of interest that estrogen production
and circulating estrogen levels (especially estriol) may be mark-
edly reduced in pregnancies in which the fetus (including pla-
centa) has x-linked steroid sulfatase deficiency, and the placenta
is unable to convert DHASto free DHAfor estrogen biosynthesis;
the fetus in such instances seems otherwise normal (3).

Fetal adrenal and parturition. The fetal adrenal plays a sig-
nificant role in the timing of parturition in some mammalian
species (7, 9-12). The events of parturition have been best char-
acterized in sheep, in which species a marked prenatal fetal cor-
tisol surge, dependent on the fetal pituitary, initiates a cascade
of endocrine events (including decreased placental progesterone
production, increased placental estrogen secretion, and increased
production of prostaglandins) which eventuate in parturition (4,
5, 9-13). Fetal hypophysectomy prevents this sequence of events
and delays parturition; however, the mechanism of the activation
of the fetal adrenal remains unclear, ACTHdoes not increase
in fetal blood prior to or during the rise in cortisol. The search

OT-AVT-like peptide; PGEand PGF, prostaglandins E and F; PNMT,
phenylethanolamine N-methyl transferase; POMC,pro-opiomelanocor-
tin; PRL, prolactin; rT3, reverse triiodothyronine; SRIF, somatotropin
release inhibiting factor, STH, second trophic hormone; T3, triiodoth-
yronine; T4, thyroxine; TRH, thyrotropin-releasing hormone; TSH, thy-
roid-stimulating hormone; VP, vasopressin.
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Table I. Features of the Fetal Endocrine Environment

Unique fetal endocrine adaptations
Fetal adrenal

Estrogen production
Parturition
Fetal maturation

Fetal testes
Sex differentiation

Neurohypophyseal system
Fetal water metabolism
Fetal stress
Parturition?

Parathyroid-calcitonin system
Placental calcium transport
Bone mineral anabolism?

Unique fetal endocrine systems
Paraaortic chromaffin system
Fetal intermediate pituitary
Placental progesterone system
Ectopic polypeptide hormones
Extrahypothalamic neuropeptides

Neutralization of hormone actions in the fetus
Production of inactive metabolites
Receptor/postreceptor immaturity

for a second trophic hormone (STH) for the fetal zone con-
tinues. Hormones considered include ACTH1I38, ACTH1I24,
ACTHI.13, ACTHI-38, ,B-endorphin, prolactin, estrogens, a-
MSH, CLIP, EGF, and FGF (4, 5, 13). However, the putative
STH remains elusive.

In human and primate species a role for fetal cortisol as a
trigger for parturition is less clear. Fetal cortisol levels do not
increase markedly, progesterone concentrations do not consis-
tently fall, and changes in estrogen levels are variable (4, 5, 10).
However, there is a rise in fetal plasma DHASin primates prior
to spontaneous delivery, and maternal administration of dexa-
methasone in this species significantly delays parturition (4, 5).
In humans, anencephaly or fetal adrenal hypoplasia also prolong
gestation (13). There is an increase in cord plasma cortisol during
the last 3-5 wk in human neonates (13-15), and this increase
is more marked in infants delivered vaginally or by cesarean
section of women in labor (14, 15). Whether these changes rep-
resent a cause or effect of labor remains to be determined (13).

Much current work is focused on the mechanisms of acti-
vation of prostaglandin production. Prostaglandin E (PGE) syn-
thesis in human amnion can be stimulated by a fetal urinary
EGF-like activity, by platelet-activating factor, and by cate-
cholamines; in decidua, PGE synthesis is increased by cate-
cholamines and by estrogen (11). Modulators of calcium regulate
PGEproduction in both systems, and calcium seems to be re-
quired for PGEstimulation by fl-adrenergc agonists (1 1). Local
amnion and decidual production of estrogen and progesterone
(which inhibits prostaglandin production) also may be involved
in regulation of prostaglandin production from amnion or de-
cidua as well as prostaglandin production from endometrium
(11). Conversion of PGE to prostaglandin F (PGF) seems to
occur in chorionic tissue.

Fetal cortisol as a maturational hormone. Cortisol serves as
an important maturational stimulus to prepare the fetus for ex-
trauterine survival. The fetal cortisol surge serves to (a) augment

surfactant synthesis in lung tissue (14-17), (b) increase insulin,
fl-adrenergic, and EGFreceptors in fetal lung tissue (18-20), (c)
increase adrenal medullary phenylethanolamine N-methyl
transferase activity (to augment epinephrine biosynthesis from
norepinephrine) (5, 16), (d) increase hepatic iodothyronine beta
(outer) ring monodeiodinase (to augment thyroxine [T4] con-
version to triiodothyronine [T31) (21), (e) decrease sensitivity of
the ductus arteriosus to prostaglandin (to facilitate ductal closure)
(22), (f) mature secretory function of the rat fetal pancreas (23),
(g) induce maturation of numerous small bowel enzymes and
transport processes (24, 25), and (h) induce maturation of a
variety of hepatic enzymes (5, 16). In some instances these events
involve stimulation by cortisol of synthesis of the specific protein
or enzymes; in other instances (e.g., the increased sensitivity of
the ductus arteriosus to prostaglandin) the mechanism of the
cortisol effect remains obscure.

Fetal testes and sexual differentiation. The fetal gonads have
little or no metabolic role during fetal life. Instead the fetal testes,
under the influence of the placenta, serve at a critical period of
embryogenesis to induce male sexual differentiation (26, 27).
Human chorionic gonadotropin (hCG), a luteinizing hormone
(LH-like placental hormone, stimulates fetal testicular androgen
production between 8 and 16-18 wk gestation. The testicular
androgen, in turn, stimulates development of the embryonic
wolffian duct system and the external genitalia to effect male
differentiation.

In addition, the fetal testes produce an inhibitor of mullerian
duct differentiation, mullerian-inhibiting factor or MWF(28-30).
This substance, the existence of which was first proposed by
Jost, appears to be a glycoprotein with a monomer molecular
weight of 72,000 and multimer molecular weights ranging from
145,00 to 235,000 (27-30). The structure has not yet been char-
acterized and information regarding its mechanism of action is
limited. It has been shown that mullerian duct regression, in
vitro, requires a 24-36-h exposure to MIF, and that MIF acts
extracellularly by causing dephosphorylation of a membrane
protein (31); its intracellular effect appears to be inhibited by
cyclic AMP(cAMP) (32).

Fetal ovarian hormone secretion plays little or no role in
sexual differentiation; in a female fetus or an agonadal fetus, the
wolffian ducts regress in the absence of testicular androgen, and
normal female development of the mullerian ducts and external
genitalia occurs (26, 27).

Neurohypophysis andfetal water metabolism. The fetal neu-
rohypophysis is well developed by 10-12 wk of gestation and
contains measurable concentrations of both vasopressin (VP)
and oxytocin (OT) (33). In addition, arginine vasotocin (AVT),
the parent neurohypophyseal hormone in submammalian ver-
tebrates, has been identified in the fetal pituitary and pineal
glands as well as in adult pineal of several mammalian species,
including humans (34-36). AVT is present in the pituitary gland
only during fetal life, disappearing in the neonatal period; this
has been cited as an example of ontogeny recapitulating phy-
logeny (34). In adult mammals AVT instilled into the cerebro-
spinal fluid inhibits anterior pituitary gonadotropin and ACTH
release, stimulates prolactin release, and induces sleep; however,
its physiologic importance in these regards remains unclear (35).
No role for AVT in the fetal pineal gland has been proposed.

Data regarding fetal VP secretion have been derived largely
from the sheep model (33). In this species baseline fetal plasma
VP concentrations are similar to maternal levels after midges-
tation. During the last trimester of gestation fetal hypothalamic-
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pituitary responsiveness to both volume and osmolar stimuli for
VP secretion are well developed, and an antidiuretic effect of
VP on the fetal kidney is well established (33, 37, 38). Baseline
plasma levels of AVT in fetal sheep during the last trimester
approximate values for VP and OT (36). Presumably this AVT
is derived from the posterior pituitary. However, the stimuli for
AVT secretion in the fetus remain to be defined.

It is clear that both VPand AVTcan inhibit fetal to maternal
water transfer across the placenta in response to an acute ma-
ternal osmolar load (39). In addition, both VPand AVT inhibit
fetal lung fluid production as well as fetal renal free water clear-
ance (40-42). VPalso may have an effect on water transport via
the amniotic membranes (43). Thus, available evidence suggests
that both hormones act in the fetal environment to conserve
water for the fetus, inhibiting flow across the placenta and loss
into amniotic fluid via the lungs as well as the kidneys. Whether
AVT exerts its effects via VP receptors or separate fetal AVT
receptors is not clear.

Neurohypophysis and stress. In the fetus, VP also appears
to function as a stress hormone. Perhaps the major potential
stress for the fetus is hypoxia, and recent evidence indicates that
the VP response to hypoxia is greatly augmented relative to the
maternal response and relative to the fetal VP responses to os-
molar stimuli (44-46). Elevated plasma VP concentrations also
have been observed in human cord blood in association with
intrauterine bradycardia and meconium passage (47), and cor-
relations with other parameters suggestive of hypoxia, including
low pH and acidosis, have been reported (45). There is evidence
that the vasopressor action of VP may be important in the
maintenance of fetal circulatory homeostasis during hemorrhage
and a similar role is possible for hypoxia (48). Fetal hypoxia also
is a major stimulus for catecholamine release (49, 50). However,
we have little information regarding interaction between VPand
catecholamines during fetal hypoxia. In addition, fetal hypoxia
and AVT are known to stimulate anterior pituitary function
(35, 50, 51). A role for VP as a corticotropin-releasing factor
(CRF) is well established in the adult, but the significance of
VP or AVT as a CRFin the fetus has not been explored.

Neurohypophysis and parturition. Basal plasma OTconcen-
trations in the fetal sheep are low, approximating baseline VP
and AVT levels throughout gestation (52, 53). Maternal plasma
OT levels also remain low until the second stage of labor at
which time concentrations increase 20-30-fold (33, 53). Cervical
and/or vaginal distension have been postulated as the stimuli
for maternal OTrelease during late stage 2 labor. Fetal plasma
OT levels are increased only immediately prior to delivery; stress
in the final moments of labor or early neonatal life may be re-
sponsible (53). The patterns of maternal and fetal plasma OT
levels during human pregnancy and delivery are similar to the
patterns in sheep (54, 55). Thus, there is no convincing evidence
for a role of maternal OTin initiating parturition and little ev-
idence that fetal OTplays a significant role in labor. A role for
OT in postpartum hemostasis has been proposed (53), and a
milk ejection role for OT in postpartum lactation is well doc-
umented (56, 57).

The plasma of pregnant women also contains an immuno-
reactive OT-AVT-like material (OVT), which behaves on high
pressure liquid chromatography similarly but not identically to
OT (58, 59). This novel putative peptide is present in low con-
centrations in plasma of men and nonpregnant women, and
levels in both increase in response to estrogen administration
(58). Baseline OVTlevels exceed the concentrations of VPand

AVTduring pregnancy and OVThas been identified in newborn
cord blood (59, 60). The high levels in pregnancy presumably
are estrogen stimulated. OVTprobably accounts for the high
concentrations of immunoreactive OTpreviously measured in
pregnant womenby several earlier investigators (58, 59).

Fetal parathyroid, calcitonin, and calcium homeostasis. The
fetal parathyroid glands and the thyroid parafollicular "C cells,"
the calcitonin-secreting cells, are identifiable at the end of the
first trimester, and both endocrine systems are functional during
the second and third trimesters. Most of our information re-
garding fetal calcium homeostasis has been obtained from studies
of the fetal sheep and monkey models and measurements in
human preterm and term infants (61, 62). In all these species
during pregnancy, high concentrations of fetal calcium (averaging
11-12 mg/dl in the last trimester) are maintained by active pla-
cental transport from maternal blood (61). Parathyroid hormone
(PTH) levels in human cord blood during the last trimester are
relatively low and calcitonin (CT) concentrations are high (61,
62). 25-Hydroxyvitamin D and 1,25-dihydroxyvitamin D
[1,25(OH)2D] (1,25D) are transported across the placenta, and
free vitamin Dconcentrations in the fetal circulation are similar
to maternal values (61-63). It is postulated that the high pre-
vailing levels of total and ionized calcium maintained in fetal
blood by active maternal to fetal transport tend to suppress fetal
PTH and stimulate CT secretion (61, 62).

Recent studies in the fetal sheep model show that fetal thy-
roparathyroidectomy results in a rapid decrease in fetal plasma
calcium concentration and a loss of the placental calcium gra-
dient (64). Fetal nephrectomy also reduces fetal calcium con-
centrations and the hypocalcemia can be prevented by admin-
istration of 1,25D (64, 65). These data support the hypothesis
that the action of PTH in the fetus involves stimulation of renal
production of 1,25D which acts to promote maternal-fetal
transport of calcium by the placenta. There is no doubt that the
fetal kidney can synthesize 1,25D, and the placenta contains
specific 1,25D receptors as well as a vitamin D-dependent cal-
cium-binding protein (63, 64). Moreover, infusion of antibody
to 1,25D into the sheep fetus results in a loss of the placental
calcium gradient (64).

However, several observations are confounding. In the thy-
roparathyroidectomy experiments 1,25D in fetal plasma did not
change and PTHinfusion did not correct the fetal hypocalcemia
(64). In addition, in the fetal nephrectomy study fetal plasma
phosphorus increased significantly (65). The significance of these
observations remains unclear, but a direct role for PTH in pla-
cental calcium transport has been postulated (64), and a role
for 1,25D or perhaps 24,25(OH)2D in fetal bone mineral accre-
tion is possible (66).

High blood levels of CT are maintained in the fetus, perhaps
because of the chronic stimulation of fetal hypercalcemia; CT
is responsive to calcium in the sheep and primate fetus and in
the newborn infant (61, 62). In that a prominent effect of CT is
to inhibit bone resorption, the high fetal serum calcium con-
centrations coupled with high circulating CT would promote
bone mineral anabolism (67). CT has been called a vestigial
hormone because of its limited role in postnatal calcium regu-
lation (67). It may have an important role in the fetus.

Unique fetal endocrine systems
There are several endocrine systems unique to fetal life. Among
the first of these to be recognized was the paraaortic chromaffin
system.
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Paraaortic chromaffin system. In the human fetus the sym-
pathetic nerve trunks and the paired adrenal medullary masses
are well developed by 10-12 wk of gestation. In addition, there
are numerous extramedullary paraganglia (derived from preaor-
tic condensations of sympathetic neurons and chromaffin cells)
scattered throughout the abdominal and pelvic sympathetic
plexuses (68). Most of the chromaffin tissue in the fetus is rep-
resented by these extramedullary paraganglia which may reach
a maximum size of 2-3 mmin diameter by 28-30 wk of ges-
tation. The largest of these paraganglia, the organs of Zucker-
kandl, near the origin of the inferior mesenteric arteries, enlarge
to 10-15 mmin length at term. After birth the paraganglia grad-
ually atrophy, disappearing completely by 2-3 yr of age.

Catecholamines (CAT) are present in the paraaortic chro-
maffin tissue by 10-15 wk of gestation and concentrations in-
crease to term (69). The predominant CAT is norepinephrine
(NE), presumably because of low activity of phenylethanolamine
N-methyl transferase (PNMT) in paraaortic chromaffin tissue.
PNMT, which catalyzes the methylation of NEto epinephrine,
appears to be activated by the high concentrations of cortisol in
the adrenal medulla; in contrast to the adrenal medulla, cortisol
levels are low in extramedullary chromaffin tissue (5, 16). In
fetal sheep the chromaffin cells of the adrenal medulla can re-
spond directly to asphyxia with NE secretion long before
splanchnic innervation develops (49), and it is likely that the
noninnervated paraaortic tissue responds similarly. Thus the
ovine fetus responds to stress with augmented and predominant
NE secretion (70, 71). The augmented CAT response to birth
in the human neonate presumably also depends, at least in part,
on paraganglial CATsecretion (72-75).

Both chromaffin cells and sympathetic nerve cells are derived
from common neuroectodermal stem cells and both are re-
sponsive to nerve growth factor (NGF) (76, 77). Sympathetic
nervous system ontogenesis is known to be NGFdependent,
and recent evidence indicates that injections of NGFantiserum
into neonatal rats leads to degeneration of immature chromaffin
cells as well as primitive sympathetic cells and pheochromoblasts
(77). Whether NGFand other growth factors are involved in
the transient lifespan and function of the paraganglia in the hu-
man fetus and neonate remains to be clarified.

Fetal intermediate pituitary. In the human and sheep fetus
an intermediate lobe of the pituitary is prominent in addition
to the anterior and posterior lobes (51, 78, 79). Intermediate
lobe cells begin to disappear near term and are virtually absent
in the adult human pituitary although the intermediate lobe in
the adult of lower species is anatomically and functionally dis-
tinctive (51, 78). This may be another example of ontogeny
recapitulating phylogeny. The major secretory products of the
intermediate lobe are a-MSH and fl-endorphin derived from
cleavage of the POMCmolecule. POMCin the anterior lobe is
cleaved predominantly to ACTHand fl-lipotropin.

In rhesus monkeys and humans, the fetal pituitary, in con-
trast to the adult gland, has been shown to contain high con-
centrations of a-MSH and CLIP (80, 81); and a-MSH concen-
trations in the human fetus decrease progressively with increasing
fetal age (82). Moreover, the circulating levels of both fl-endor-
phin and f-lipotropin are high in the fetal lamb, and the basal
ratio of f-endorphin to ,B-lipotropin levels is greater than that
during hypoxic stimulation of the anterior pituitary, suggesting
a fetal intermediate lobe origin of basal ,B-endorphin levels in
the fetus (51). A role for a-MSH and CLIP in fetal adrenal ac-

tivation has been proposed, as well as a role for a-MSH in fetal
growth (5, 7, 51, 83, 84).

Placental production of progesterone. During normal preg-
nancy there is a marked and progressive increase in progesterone
production. The maternal corpus luteum is the major source of
the increased plasma progesterone concentrations during the
first 5-6 wk; after 12 wk the placenta is the major source (3, 4).
The principal substrate for placental progesterone synthesis is
circulating maternal low density lipoprotein (LDL) cholesterol;
the placenta does not have the capacity to synthesize cholesterol
from acetate. Placental progesterone production occurs inde-
pendently of the maternal pituitary or adrenal glands, and fetal
death in utero has little acute effect on maternal progesterone
levels (3). Placental gonadotropin (hCG) may have a role in
autoregulation of progesterone synthesis (5, 85).

The production of progesterone approximates 250 mgdaily
during the third trimester, a value some 10-fold greater than
that during the midluteal phase of the normal menstrual cycle,
and 90% of this is secreted into the maternal circulation (3-5).
This progesterone serves a role in maintaining the uterine mus-
culature in a state of quiescence; there also is evidence for a role
in inhibiting maternal cell-mediated immune responses to foreign
(fetal) antigens (5). In spite of the predominant secretion of pro-
gesterone into the maternal circulation, fetal blood progesterone
levels are some sevenfold higher than maternal values (5). The
significance of this progesterone to the fetus is not clear.

Ectopic production ofpituitary-like hormones. The placenta
has long been known to be an important source of several poly-
peptide hormones unique to pregnancy (5, 85-87). The most
important are hCGand human chorionic somatomammotropin
(or placenta lactogen) (hCS). hCGis a glycoprotein of 36,000-
40,000 mol wt with structural, biological, and immunological
similarities to the pituitary gonadotropins and thyrotropin; hCG
also has weak thyrotropic hormonelike activity (5, 85). hCS is
a 191-amino acid protein having 96% homology with human
pituitary growth hormone (GH) (5, 86). It has 3%or less of the
growth-promoting bioactivity of GHand equivalent prolactinlike
effects. hCG is secreted predominantly during the first half of
gestation and hCS during the latter half. The predominant roles
of hCGseem to be the maintenance of the corpus luteum, stim-
ulation of the fetal testes, stimulation of the fetal adrenal cortex,
and stimulation of placental progesterone production (5, 85).
hCS, like GH, has anti-insulin action and has been proposed to
exert an anti-insulin effect on maternal carbohydrate and lipid
metabolism (5, 86). This effect would tend to increase maternal
glucose and amino acid levels and augment maternal to fetal
substrate flow.

Recombinant DNA studies of the glycoprotein hormone
family have shown a single gene for the a-subunit expressed in
the placenta for hCGand in the pituitary for production of LH,
follicle-stimulating hormone (FSH), and thyroid-stimulating
hormone (TSH) (88). Also, there is a single gene for the (3-LH
subunit whereas there are seven hCG(-subunit genes or pseu-
dogenes. These and the #-LH gene have very similar structures,
and it seems that fl-hCG arose from fl-LH and that the ,B-hCG
gene family is early on the process of evolution of pseudogenes
(88). The prolactin (PRL), GH, and hCS genes also are closely
related (89-91). PRL is presumed to be the ancestral gene; GH
evolved nearly 400 million years ago and hCS within the last 10
million years (89). The GHgene cluster includes five similar
gene loci, two for GHand three for hCS; these have 95%mRNA
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homology and are presumed to have arisen by repeated dupli-
cations over time (90, 91). Only two of the hCS sequences are
expressed in the placenta producing identical hCS molecules
(90, 91).

The human placenta synthesizes a chorionic corticotropin
(hCC); in addition, fl-endorphin, a-MSH, and I#- and a-lipotro-
pin have been isolated from placental tissue (7, 51, 92-95). Thus
the placenta, like the pituitary gland appears to synthesize a
POMC. The placenta may contribute to the slightly increased
maternal levels of ACTHin late gestation and to the resistance
to ACTHsuppression with glucocorticoid at this time, because
placental ACTHis not suppressed by glucocorticoid (7). There
is some evidence in pregnant monkeys that maternal adrenal
function may be regulated in part by the placenta (96).

There also is evidence that the placenta produces a chorionic
thyrotropin (hCT) (97-99). Maternal plasma levels of hCT are
very low in normal pregnancy and appear to be of little physi-
ologic significance (99). Most of the thyrotropic activity in pla-
cental tissue and in maternal plasma during pregnancy seems
attributable to the inherent TSHbioactivity of hCG(99).

Fetal tissues also are capable of producing an hCG-like ma-
terial. Studies of kidney, liver, and testes from 16-20-wk human
fetuses incubated in vitro have demonstrated production of im-
munoreactive and bioactive hCG(5, 100-102). Kidney tissue
demonstrated nearly half the hCGproduction (per milligram of
protein) of placental extracts; liver activity was much lower.

ACTH-like immunoreactivity has been demonstrated in a
wide variety of adult tissues and has been shown in relatively
high concentrations in neonatal rat pancreas and kidney (103).
Presumably this is derived from a POMCparent molecule, but
this has not yet been demonstrated.

Ext rahypothalamic neuropeptide production. Hypothalamic
neuropeptides have been demonstrated in a wide variety of adult
tissues (104-107). In the fetal environment, such neuropeptides
are predominantly localized to placental and gut tissues. The
human placenta contains/produces gonadotropin-releasing hor-
mone (GnRH), thyrotropin-releasing hormone (TRH), somato-
tropin release inhibiting factor (SRIF or somatostatin), corti-
cotropin-releasing factor (CRF), and growth hormone-releasing
factor (GRF) (51, 108-112).

Chorionic GnRHis the best studied of the placental neu-
ropeptides. Although the peptide has not yet been purified and
structurally characterized, high pressure liquid chromatography
studies have shown that chorionic GnRHis similar or identical
to synthetic hypothalamic GnRH(108). It is produced in the
cytotrophoblast and can bind to receptors in the syncytiotro-
phoblast (108, 113). It is interesting that the placental GnRH
receptor has lower affinity and less selectivity for GnRHana-
logues than the pituitary receptor (1 13). Because synthetic GnRH
increases in vitro production of hCG, progesterone, estrone, es-
tradiol, and estriol from placental explants, endogenous cho-
rionic GnRHhas been postulated to have a paracrine role in
the regulation of placental hCGand steroid hormone produc-
tion (108).

The placental TRH immunoreactivity has not been com-
pletely characterized nor has its site of production (108). Im-
munoreactive chorionic SRIF, like GnRH, has been localized
to the cytotrophoblast. The observations that the SRIF contain-
ing cells in the placenta disappear as pregnancy progresses and
that hCS production increases progressively during the latter
half of gestation led to the speculation that chorionic SRIF may

exert a paracrine action on production of hCS by the syncytio-
trophoblast (108). No data for or against this hypothesis are
available presently.

Immunoreactive CRFhas been identified in placental ex-
tracts and in third trimester pregnancy plasma (11 1). It was not
detected in plasma of pregnant womenduring the first or second
trimesters and disappeared postpartum. The physiochemical
similarity of CRFin placenta and plasma and the timing of the
appearance of CRFin pregnancy plasma suggested a placental
source for the circulating peptide and a possible role of placental
CRFin the regulation of maternal pituitary ACTHsecretion
late in gestation (1 11).

Immunoreactive and biologically active GRFhas been iden-
tified in rat placenta (112). Two forms of GRFactivity were
identified by high pressure liquid chromatography, one eluting
identically to synthetic GRFand one similarly to the methionine
sulfoxide analogue.

Particularly high concentrations of TRH, SRIF and CRF-
like immunoreactivity have been observed in neonatal rat pan-
creas and gastrointestinal tract tissues at a time when similar
hypothalamic concentrations of immunoreactivity are low (1 14-
117). These neuropeptides have immunoreactive and chro-
matographic properties similar to those of the synthetic hypo-
thalamic peptides (114-117). In the case of TRH, encephalec-
tomy did not alter the relatively high circulating TRHlevels in
the neonatal rat whereas significant reductions were produced
by pancreatectomy (114). Similar preliminary observations have
been reported for CRFin the neonatal rat (I 16). TRHproduction
from monolayer cultures of fetal rat pancreatic cells has been
studied and found to be stimulated by serotonin and inhibited
by carbachol; catecholamines, gammaaminobutyric acid or his-
tamine had no effect (117). Specific neurotransmitter control
was postulated.

Both TRHand SRIF levels are elevated in blood of the hu-
man neonate (1 15, 118, 119) and significant concentrations of
a TRH-like neuropeptide have been demonstrated in human
neonatal pancreas (120). Thus, an endocrine role for these neu-
ropeptides has been postulated in the fetal and neonatal periods.

There is a general tendency to hypersecretion of fetal pituitary
hormones in the sheep during the last half of gestation, and high
cord blood levels of pituitary hormones have been well docu-
mented in aborted fetuses and premature human infants; these
include GH, TSH, ACTH, f3-endorphin, ,B-lipotropin, LH, and
FSH(51, 118, 121, 122). Maturation of hypothalamic-pituitary
control is complex and the mechanism of fetal pituitary hyper-
function is not yet clear; immaturity of higher nervous system
inhibitory input has been postulated for GH(121, 122), and
immature negative feedback control clearly plays a role for TSH
and the gonadotropins (1 18, 122) and perhaps for ACTH(122).
However, a role for extrahypothalamic neuropeptides has not
been excluded.

Neutralization of hormone action in the fetus
Production of inactive metabolites. As indicated earlier, fetal
cortisol functions as an important maturational hormone late
in pregnancy. A role for cortisol in the fetus earlier in gestation
has not been established. The placenta is permeable to steroid
hormones but contains an isomerase that converts most of the
cortisol to inactive cortisone (4, 15). Additionally, although many
adult tissues are capable of converting cortisone to cortisol, fetal
tissues seem devoid of this capacity during most of fetal life (4,
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15). Thus, most of the cortisol that crosses the placenta or is
produced by the fetus is inactivated to cortisone by the placenta
or by fetal tissues. Teleologically, this would help preserve the
anabolic and growth-promoting milieu of the fetus and minimize
premature maturational and parturitional effects of cortisol.

Thyroid hormones also appear to have limited actions during
fetal life. The athyroid human fetus is born normally grown and
usually without detectable stigmata of thyroid hormone depri-
vation (123-125). Treatment with thyroid hormone early after
birth leads to normal physical and mental growth and maturation
(126, 128). Fetal thyroid hormone metabolism is characterized
by conversion of T4 to inactive reverse triiodothyronine (rT3)
and by limited receptor/postreceptor responsiveness to thyroid
hormone. The placenta contains an iodothyronine inner ring
monodeiodinase which converts any maternal T4 to rT3 (129).
In addition, fetal liver and kidney, in contrast to adult liver and
kidney, manifest little or no iodothyronine outer ring monode-
iodinase activity so that there is little or no conversion of T4 to
active T3 (21, 125, 130-132). As a consequence, serum T3 levels
in the fetus remain very low until the last few weeks of gestation
(1 18, 125, 130). Selected fetal tissues (brain, brown adipose tissue)
have active iodothyronine outer ring monodeiodinase, but the
significance is not yet clear (132).

Receptor or postreceptor immaturity. Recent data also suggest
that fetal tissues are largely unresponsive to thyroid hormones.
Fetal ovine liver, kidney, and brain thermogenesis (oxygen con-
sumption, Na/K ATPase activity, and mitochondrial alpha-
glycerophosphate dehydrogenase activity) are unresponsive to
exogenous T3 during the third trimester (133). Moreover, thyroid
hormone responsive protein species appear to demonstrate thy-
roid hormone responsiveness only during the perinatal period;
beta-adrenergic receptor binding in heart and lung of the ovine
fetus is unresponsive to T3 in the late third trimester but T3
responsive in the neonatal period (134). Rat pituitary GHcon-
centrations are thyroid hormone responsive only during the first
weeks of extrauterine life (135). Mouse submandibular gland
EGFand NGFlevels become thyroid hormone responsive only
during the second week of life (136, 137) as do urine and kidney
EGFconcentrations (137) and hepatic EGF receptor binding
(138). Mouse skin EGFlevels and skin EGFreceptors are thyroid
responsive during the first neonatal week (139, 140). The mech-
anism of this delayed thyroid hormone responsiveness is not yet
clear, but delayed maturation of postreceptor responsiveness
seems likely. Recent data indicate that thyroid hormone receptor
binding sites in nuclear extracts of fetal-neonatal rat tissues ap-

pear early in fetal life, much before the effects of thyroid hormone
become manifest (141).

The effect of the high circulating concentrations of GHin
the fetus also is minimal. Available evidence suggests that fetal
somatic growth is not GHdependent; the GH-deficient fetus
has little or no growth retardation (121, 122). In this instance
there is a delayed maturation of GHreceptors. In animals, in-
cluding the sheep, hepatic GHreceptor binding appears only
during the neonatal period (121, 122, 142). A deficiency of pro-
lactin (PRL) receptors also may be a major factor in the appar-
ently limited PRL bioactivity in the fetus near term; available
receptor studies are limited (121, 122).

There is less information regarding fetal hormone respon-
siveness in other systems. Beta-adrenergic receptor binding in
heart and lung of the sheep fetus are relatively low near term,
and as indicated earlier, increase in the neonatal period in re-
sponse to thyroid hormones (134). Moreover, premature lambs
have an augmented plasma catecholamine surge at birth relative
to term lambs and have a relatively obtunded increase in plasma
free fatty acid levels, suggesting reduced catecholamine respon-
siveness (143). The extraordinarily high levels of progesterone
and estrogens in fetal blood also seem to have limited effects in
the fetus. Estrogen receptors are present in low concentration
in fetal guinea pig kidney, lung, and uterus at midgestation and
increase progressively to term (144). Uterine estrogen receptors
in the rat appear to be synthesized during the first 10 d of life
(145). There is limited information regarding maturation of
postreceptor responses.

Summary
Table II summarizes in tabular form the major features of the
fetal endocrine milieu discussed in the foregoing pages. The
mammalian fetus develops in an environment where respiration,
alimentation, and excretory functions are provided by the pla-
centa. Fetal tissue metabolism is oriented largely to anabolism;
body temperature is modulated by maternal metabolism, and
fetal tissue thermogenesis is maintained at a basal level. Tissue
and organ growth appear to be regulated by growth factors which
probably function by autocrine or paracrine mechanisms during
most of gestation (72, 146-148). In this milieu conventional
endocrine control systems are largely redundant, and other
transient systems more appropriate to the intrauterine environ-
ment have evolved. Wehave developed some insights into these
systems, but much more information is necessary before we can
truly understand this fascinating environment.

Table IL Summary of Fetal Endocrine Systems

Extrahypothalamic
Unique fetal hormones neuropeptides Prominent fetal hormone species Neutralized hormone effects

Placenta Other sources Placenta Gut Various sources Inactive metabolites Immature receptor systems

hCG AVT TRH TRH Calcitonin Cortisone T3
hCS MIF SRIF SRIF Norepinephrine rT3 Growth hormone
hCT hCG CRF CRF a-MSH Prolactin
hCC hCC? GnRH fl-Endorphin Estrogens?
Estriol GRF DHAS

Estradiol
Estrone
Progesterone
OVT

Abbreviations are as given in footnote I and throughout text.
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