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Abstract

As an important endocrine organ of the human, the adrenal cortex is respon-
sible for the synthesis of various steroids. It is important to maintain preg-
nancy, promote fetal growth and nervous system development. Moreover, it
is also important for the growth and development of the fetus after birth.
Abnormal functional development of the adrenal cortex will induce the ab-
normal synthesis of steroid hormones and trigger the occurrence of related
diseases. In this review, we discuss the morphological and functional devel-
opment of fetal adrenal cortex and its regulatory factors in humans and ro-
dents.
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1. Introduction

It is known that the adrenal glands include outer cortex and inner medulla,
which come from different embryonic development layers respectively. Medulla
cells come from nerve ectoderm and cortex comes from mesoderm tissue, which
has different physiological functions. As an important endocrine organ of the
human body, the adrenal gland is responsible for the synthesis of various steroid
hormones. It is of great significance to maintain pregnancy and promote fetal
growth and nervous system development. Moreover, it is also important for the
growth and development of the fetus after birth. Therefore, the normal devel-
opment of the adrenal gland during the fetal period is the key to determine the
maturation and destiny of the fetus [1] [2] [3] [4]. Abnormal development of the
adrenal cortex can lead to metabolic disorders of electrolytes and carbohydrates,

leading to circulatory failure, hypoglycemic coma and death.
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2. The Development of Adrenal Glands
2.1. The Development of Adrenal Cortical Morphology

The adrenal glands are a pair of organs located adjacent to the superior pole of
each kidney. The left adrenal gland is half-moon and the right adrenal gland is
triangular. The adrenal cortex is thicker and is located in the outer layer of the
adrenal cortex, which accounts for about 80% of the adrenal gland. It can be di-
vided into three parts: the zona glomerulosa (zG), the zona fasciculata (zF) and
the zona reticularis (zR). Cortical hormones secreted by the adrenal cortex are
classified into three categories, namely, salt corticosteroids, glucocorticoids and
sex hormones [5]. All kinds of cortical hormones are secreted by epithelial cells
of different layers of adrenal cortex: and the globular band cells secrete saline
corticosteroids, which are mainly aldosterone; the middle zona fasciculata pro-
duce glucocorticoids, which are mainly cortisol; and the innermost zona reticu-
laris contains a network of cells that synthesize sex steroid hormones such as
dehydroandrosterone and estradiol, also secrete a small amount of glucocorti-
coids [6] [7].

2.1.1. Human

The landmark study of human adrenal cortex development began in the 1960s
[8]. The urinary genital ridge and the body cavity between the epithelial mem-
brane epithelium is gathered themselves together at about the fourth week of
gestation, and then the proliferation, migration, formed in the kidney area in the
cells, called adrenal blastema, which is the first to recognize the adrenal gland.
By the eighth week of gestation, the adrenal rudiment has been formed, with the
fetal zone and the definitive zone [9]. At around the ninth week of gestation, the
adrenal blastemais are completely enclosed by the adrenal capsule, which are
composed of specialized mesenchymal cells migrating from the area of Bow-
man’s capsule. At the same time, an extensive network of sinusoidal capillaries
develops between the cords of the fetal zone. This vasculature predominates in
the central portion of the fetal zone and persists throughout fetal life. Conse-
quently, the adrenal cortex is one of the most highly vascularized organs in the
primate fetus. Abundant vascularization is likely required to facilitate access of
hormonal products to the circulation. The adrenal cortex is further differen-
tiated, and the fetal zone is dominant in the 16th - 20th weeks of gestation. It is
composed of a large number of eosinophilic cells and is typical of the morphol-
ogy of steroid secretory cells. The outside of the fetal zone is the definitive zone,
which is composed of a narrow band of small tightly packed basophilic cells that
exhibit structural characteristics typical of cells in a proliferative state. With the
development of pregnancy, the lipid droplets in the permanent cells gradually
increased and began to have the characteristics of steroid secretory cells, with the
characteristics of adult adrenocortical globules at 30 weeks [10] [11]. In the
midgestation, the transition zone may have the capacity to synthesize cortisol

and thus be analogous to cells of the zona fasciculata of the adult adrenal [1]. By
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the 30th week of gestation, the transitional zone began to take on the appearance
of the zona fasciculata [8]. After birth, the fetal band begins to atrophy and de-
generates into the reticularis zona, While the fetal cell apoptosis, the definitive
zone and the transitional zone proliferate and thicken, however, until the age of
10 to 20, the adrenal cortex is gradually mature and has the characteristics of
mature adrenal cells.

To sum up, the morphological development of adrenal gland can be divided
into five main stages [8]: 1) 3 - 4 weeks of gestation, condensation of the celomic
epithelium; 2) 4 - 6 weeks of gestation, the proliferation and migration of coe-
lomic epithelium; 3) Between 8 - 10 weeks of gestation, the fetal adrenal cortical
cells differentiated into the fetal zone and the definitive zone; 4) In the first 3
months after birth, the fetal band degeneration disappeared; 5) From 10 to 20
years old, the adult adrenal band is established and mature. It can be seen that

the development of adrenal glands begins in the embryo and continues into
adulthood.

2.1.2. Rodent

The development of adrenal cortical cells in rodents is different from that of
human beings, but the basic development process and genes that play an impor-
tant role in development are basically consistent [12]. The development of the
adrenal cortex of rodents also begins with the migration of the epithelial cells of
the urinary reproductive ridge, which occurs in the 9th day of embryo forma-
tion. In embryo 10.5 days, adrenal cortical cell differentiation [13]. Mouse em-
bryos 12 - 14 days, rat embryos 15 days, neural crest cells begin to migrate into
the fetal band, establish adrenal medullary [14] [15] [16]. There is a gender dif-
ference in fetal band degeneration in mice, male degeneration occurs in adoles-
cence, and females occur in pre-pregnancy [12].

There is a slight difference between adrenal growth in rats and mice. In the
late 1950s, Roos [17] suggested that the rat’s adrenal glands had appeared in 18
days, and histology is similar to adult adrenal glands. This phenomenon has
been reported in other laboratories as well [16]. Also not found in the develop-
ment of adrenal gland of rats with fetus, and the results suggest that exist in the
rat adrenal gland and zoning, called Undifferentiated belt (Undifferentiated
Zone), the belt does not express steroid enzyme, preliminary considered by the
differentiation of the centrality of migration, and maintain the adrenal cortex
function, may be the stem cells [18]. It has been reported that the undifferen-
tiated zone cells and surrounding cells are stem cells/derived cells of the rat
adrenal cortex, maintaining the functional zoning of the adrenal cortex. There is
the Sonic hedgehog (Shh), an important factor in embryonic development and
adult stem cell maintenance, exists in zU of the rat adrenal gland and the Shh

containing cells seem to migrate bidirectionally [19].

2.2. The Functional Development of the Adrenal Gland

The adrenal cortex produces a series of steroid hormones (as shown in Figure 1)
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Figure 1. Adrenal steroid hormone synthesis in the human [20]: zona, ZF, zona fascicu-
lata, ZR: mesh belt, Adx: adrenocortical iron oxide reduction protein, AdR: adrenocortic-
al iron oxide reduction reductase, protein FOR: P450 oxidoreductase, ST: sulfuryl trans-
ferase.

[20], any changes in the expression of these steroidal synthase will lead to ab-
normal synthesis of adrenal steroid and related diseases [20] [21]. Dehydroe-
piandrosterone (DHEA) and cortisol are the main steroids produced by the
adrenal glands of early pregnancy [1]. Cholesterol is a precursor of the synthesis
of steroid hormone, cholesterol is absorbed by the body, the first is the synthesis
of steroid hormones in acute regulatory proteins (steroidogenic acute regulation
protein, StAR) to the mitochondrial membrane, Cholesterol P450 side chain
cleavage enzyme (cytochrome P450, P450scc) is converted to progesterone.
Pregnenolone is 17a-hydroxylase (17a-hydroxylase/17,20-lyase, P450c17) hy-
droxyl into 17a-hydroxy pregnenolone (17a-OH-pregnenolone, 17a0OH Preg),
by 3-hydroxy beta steroid dehydrogenase (3 beta-hydroxysteroid dehydrogenase,
3 beta HSD) into 17 alpha hydroxy progesterone, is 17,20-lyase cracking, come
in further formation of dehydroepiandrosterone sulfate (DHEAS). Or, proge-
sterone is metabolized by 3 beta-hsd, and then 17 alpha-hydroxylated progeste-
rone. In the end, 17 alpha-hydroxyprogesterone was metabolized by
21-hydroxygenase (steroid 21-hydroxylase, P450c21), 11 beta-hydroxylase (ste-
roid 11 beta-hydroxylase, P450c11). It can be seen that the related enzymes in-
volved in the synthesis of adrenal steroid hormones include: StAR, P450scc,
P450c17, 3 beta-HSD, P450c21 and P450c11. For rats, because the adrenal glands
do not express P450c17, the progesterone can be converted to progesterone di-
rectly from 3 beta-hsd to progesterone, which is catalyzed by P450c21 and
P450c11 to produce corticosterone. In both humans and animals, P450scc and
StAR are both speed limit enzymes, regulating the speed of steroid synthesis
[22].

2.2.1. Human
The human fetal adrenal cortex has steroidogenic capabilities early in gestation.
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This is first seen at 6 - 8 weeks when the cells in the adrenal blastema differen-
tiate and acquire steroidogenic characteristics [10], In about 8 - 10 weeks of ges-
tation, the fetal adrenal cortex produce a large number of precursor of es-
triol--DHEA-S, and in the 12th week of pregnancy, there is a significant increase
in the concentration of estrogen in the maternal blood circulation [23]. The
study confirmed that the fetal adrenal glands were able to express the enzymes
needed to synthesize cortisol during the 7 - 10 weeks of gestation [24]. Observa-
tions of infants with congenital adrenal hyperplasia (CAH)suggest that the fetal
adrenal cortex produces cortisol in about 8 - 9 weeks of gestation under the reg-
ulation of adrenocorticotropic hormone (adrenocorticotrophic hormone, ACTH)
[25], and negative feedback inhibit the excessive secretion of pituitary ACTH.
Sexual differentiation of external genital organs was established during the se-
venth to twentieth week of pregnancy, fetal adrenal cortisol secretion in early
pregnancy to prevent gender differentiation in androgen sensitive period of ex-
cessive androgen, high levels of cortisol inhibiting fetal HPA axis, remain in rel-
atively low DHEA-S, particularly in females [25]. Subsequently, the expression
of 334-HSD2 is decreased, so is the secretion of cortisol, the inhibition of the
HPA axis is also decreased, and the secretion of dhea-s is increased [26]. With
the progress of the pregnancy, fetal paraventricular nucleus (paraventricular
nucleus, PVN) strengthen the central drive of HPA axis, fetal adrenal cortex and
HPA axis get rapid development [27] [28] [29] [30]. The late pregnancy HPA
axis can respond to various physiological stresses in the uterus, and the reactivity
of HPA axis to stress will increase continuously, therefore, fetal basal glucocor-
ticoid level is gradually increased to promote the maturation of tissue morphol-
ogy and function.

The early fetal adrenal cortex secretes a very small amount of salt corticoste-
roids, which increases during the last three months of gestation. In this period,
the fetal blood of the human and rhesus monkey is 80% aldosterone from the
fetal adrenal gland [31] [32]. At the 18th to 20th week of gestation, the metabolic
pathways of corticosteroids in fetal adrenal glands are concentrated in the defin-

itive zone, and their activity is very low [32].

2.2.2. Rat

Literature reported [17], the fetal rat adrenal gland growth and tissue develop-
ment began at the 16th week of gestation, in this period, the expressions of
P450scc, P450C11 and P450c21 were detected, as well as the secretion of corti-
sone [16] [33], it continued to increase from day 17 to day 18, followed by a sig-
nificant decrease, and continued until the first day after birth, which was similar
to previous reports [34] [35]. It is speculated that the decrease of corticosterone
secretion after birth indicates the beginning of the stress non-responsive period
(SNRP) [36]. This change is intended to stabilizethe body of glucocorticoid le-
vels, ensure the normal development of neurons in brain regions sensitive to
glucocorticoid. The expression of P450aldo and the secretion of aldosterone are
detected in the 20th day of gestation [16] [33] and peaked at birth [34] [37].
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3. Regulatory Factors of Adrenal Development

The adrenal gland develops autonomously 20 weeks ago. After 20 weeks, the fet-
al adrenal gland is regulated by the hypothalamus and pituitary gland, but the
fetal adrenal gland does not have the circadian rhythm. Fetal adrenal gland de-
velopment is mainly regulated by the pituitary anterior lobe adrenocortical
hormone ACTH in addition to the growth factor (bFGF and EGF, IGF, and
promote element, statin and TGF beta), intracellular receptor (SF-1, DAX-1),
and the effect of placental hormone.

3.1. The Fetal Pituitary and ACTH

It is expected that the extraordinary growth and steroidogenic activity of the fet-
al adrenal cortex are dependent on an intact fetal pituitary gland as it produces
ACTH, the primary tropic regulator of the adrenal cortex. If there is absence of
ACTH stimulation in anencephalic fetuses, the adrenal cortical development is
obstructed. The experimental results showed that the fetal adrenal glands of the
non-cerebral rhesus monkey were atrophied rapidly, and the maternal plasma
estrogen decreased sharply [38] [39]. On the contrary, it can increase the con-
centration of fetal cortisol and maternal estrogen [38]. It can be seen that ACTH
plays an important role in the growth and function of adrenal gland.

Although ACTH is the mainly regulation factor for fetal adrenal development,
the early in gestation fetal zone growth and function are independent of ACTH.
Before 10 - 15 weeks of gestation, adrenal development in anencephalic fetuses is
normal, but thereafter the fetal zone fails to develop and does not exhibit cha-
racteristic growth and steroidogenic activity [40], indicating that early in gesta-
tion fetal zone growth and function are independent of ACTH. On the contrary,
the definitive zone appears normal in anencephalic fetuses despite the absence of
ACTH stimulation [41], suggesting that its growth is not dependent on ACTH at
any stage in gestation, although its functional maturation appears to be regulated
by ACTH [42]. In mid and late gestation, the reaction of fetal adrenal gland to
ACTH is enhanced, which is caused by ACTH itself [43] [44] and other factors
[45], especially the insulin-like growth factor I and II (insulin like growth factor
I and II, IGFI and IGFII). ACTH is combined with the specific receptors on the
surface of the adrenal cortex cells, the black leather receptor 2 (melanocortin re-
ceptor 2, MC2R) [46] [47], increases intracellular cAMP, also increases free cho-
lesterol content and mitochondrial transport increases, thus promotes the syn-
thesis of steroid hormones [48] [49].

3.2. Growth Factor Regulation

Research suggests that ACTH may not be a direct regulator of fetal adrenal
glands. ACTH concentration in fetal circulation during middle and late gesta-
tion may be decreased, but the fetal band grows rapidly and produces a large
amount of steroid hormones [50]. Although adrenal glands continue to be ex-
posed to ACTH after birth, the fetal band atrophy and degenerate rapidly.
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Therefore, other factors, which may be unique to the intrauterine environment,
play an important role in regulating the growth and development of the adrenal

cortex.

3.2.1. Insulin-Like Growth Factors I and II (IGF-I and IGF-II)

IGF-I and IGF-II affect proliferation and differentiation in a wide variety of cell
types and can act as autocrine, paracrine, or endocrine factors. There are two
IGF receptors, designated type I and type II, have been identified. The type I re-
ceptor is structurally related to the insulin receptor and binds both IGF-I and
IGF-II with high affinity and insulin with lower affinity. The type II receptor
binds IGF-II with high affinity but will not bind IGF-I or insulin. Many fetal
tissue express of IGF-I and IGF-II in the middle of the pregnancy, and the ex-
pression of IGF-II dominate in the womb [51] [52], fetal adrenal IGF-II expres-
sion is only after liver [53].

IGF-I and IGF-II can promote fetal adrenal cortical cell proliferation [53]
through IGF-I receptor mediated [54]. IGF-I promote fetal sheep adrenal cortic-
al cell proliferation, and by enhancing responsiveness of adrenal to ACTH and
the activity of key enzymes of steroid hormones increase ACTH induced the
synthesis of steroid hormones [55]. IGF-I can increase the expression of MC2R
adrenal gland cells, promote the production of steroid hormone [56]. The me-
chanism may be related to the activation of the signaling pathways of adeno-
sine/protein kinase A (PKA) and phospholipase C/protein kinase C (PKC) in the
cell inner ring [57]. IGF-II also can affect the function of human fetal adrenal
cortical cells differentiation [58], also reinforce induced fetus with ACTH cell
secretion of cortisol and DHEA-S and steroid hormone synthetase P450scc,
P450c17 and the expression of 3 beta HSD [45] [59].

3.2.2. Epidermal Growth Factor (EGF)

The fetal adrenal fetal band and the permanent cell surface express EGF recep-
tor, which can promote the cultured cell division of the fetal adrenal fetal band
and the definitive band in the mid trimester of pregnancy [60]. EGF treatment in
vivo increased the amount of 3bHSD protein in definitive and transitional zone
cells of fetal rhesus monkeys [61]. EGF can promote stimulate fetal sheep fetal
adrenal gland secretion, secretion of pituitary ACTH and cortisol secretion of
CRH hypothalamus [62], therefore, in addition to its potential direct effect on
adrenal cortical cell proliferation, EGF also may modulate adrenal growth and
functional maturation indirectly by affecting the hypothalamic-pituitary-adrenal

axis.

3.2.3. Basic Fibroblast Growth Factor (bFGF)

BFGF can promote the proliferation of mesoderm and neuroectoderm cells, and
has the function of promoting angiogenesis and neuronutrition. BEGF can pro-
mote the division of adrenal cortical cells in the Y-1 mouse [63]. BFGF can
promote the proliferation of fetal adrenal zone and permanent zone, and the

permanent zone is more sensitive to the mitogenic effect of bFGF [60]. At the
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same time, also to participate in rats after unilateral adrenal resection of com-
pensatory growth of bilateral adrenal gland [64]. It has been shown that the in-
crease of ACTH can be increased by 2 - 3 times with ACTH in the primary cul-
ture of human fetal adrenal cells [1]. Guasti, L. research that specific deletion of
the Fgfr2 IIIb isoform impairs adrenal development, causing reduced adrenal
growth and impaired expression of SF1 and steroidogenic enzymes [65]. There-
fore, bFGF may be an important mediator of ACTH action in human fetal

adrenal development.

3.2.4. Transforming Growth Factor g (TGFf)

TGFb is the prototypical peptide of a large family of growth factor proteins. Stu-
dies have shown that TGFb is involved in the regulation of fetal adrenal devel-
opment, which may be related to the atrophy of the fetal band after birth, also
may stimulate fetal cells differentiation for cortisol secretion [1], the effects on
the fetus with specificity, inhibit the growth and the transformation of its birth.
There are TGF beta-specific receptors in mammals, and TGF beta has a signifi-
cant effect on the function of steroidal secretory cells. TGF beta binds to a spe-
cific site regulated by ACTH of human fetal adrenal cortex cells [66], inhibiting
the proliferation of human adrenal fetuses and perinatal cells [67], basis and
ACTH and cortisol, DHEA induced by cAMP-S secretion, inhibit expression of
P450c17 [68], However, it has no effect on the expression of ACTH receptor and
P450scc [69]. Therefore, TGF beta may inhibit the proliferation of fetal adrenal
gland and steroid hormone synthesis by interacting with the specific ACTH

binding site of the cell surface.

3.3. Transcription Factors

There are six important transcription factors which play a key role in the func-
tion of the adrenal cortex development: steroid synthesis of transcription factor
(steroidogenic factor 1, SF1), DAX-1 (dosage-sensitive sex reversal, adrenal hy-
poplasia congenita, X-linked-1, DAX1), CBP/P300 transcription contain glu-
tamic acid/aspartic acid C-end structure domain 2 (CBP/P300-interacting transac-
tivator with Glu/Asp-rich-terminal domain 2 C, CITED2), Pre-B-cell transcrip-
tion factor (pre-B-cell transcription factor 1, PBX1), Wilms Tumor factors (Wilms
Tumor 1, WT1) and GATA binding protein (GATA). Mutations in these tran-
scription factors will lead to the development, growth and/or dysfunction of the
adrenal cortex [70] [71] [72].

3.3.1.SF-1

SE-1 is also known as the nuclear receptor family of five and group A (nuclear
receptor subfamily 5, group A, member 1, NR5A1), don’t find the endogenous
ligand in the cell nuclear receptor, is a solitary nuclear receptor, is the first found
to adjust the cytochrome P450 steroid synthetase transcription factor [73]. Sub-
sequently, it has been confirmed in other laboratories that sf-1 regulates the ex-

pression of various steroid genes and the synthesis of steroid hormones in the
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hypothalamic-pituitary-steroid hormone synthesis organs [74] [75]. Sf-1 is ex-
pressed in early fetal adrenal development, both in the fetal zone and in the final
differentiation zone [76]. Sf-1 knockout mice would die 12 hours after birth due
to the absence of adrenal and gonadal glands [77]. Similar studies have shown
that the human adrenal glands do not form without the expression of sf-1 [78].

Due to the lack of sf-1 in adrenal gonads, apoptosis of urinary reproductive
crest cells and abnormal adrenal development can be caused [79]. These studies
suggest that sf-1 regulates apoptosis and proliferation and affects the develop-
ment of adrenal glands. Particularly to stress is that exist in SF-1 promoter re-
gions increase fetal adrenal hadron (fetal adrenal enhancer, FAdE) sequence, can
regulate the expression of SF-1 through to affect the growth of fetal adrenal
gland, and the regulation of adult adrenal gland have obvious different [80].

The promoter of all steroid hormone synthase has the binding site of sf-1,
which regulates the expression of these enzymes, thus promoting the synthesis of
steroid hormones [81] [82]. SF-1 is interaction with other transcription factors
exist, Val and Swain [71] has speculated, adrenal tissue development in SF-1 ac-
tivation model: first of all, WT1 induces SF-1 expression in adrenal glands pri-
mordium, CITED2 collaborative participation, then after PBX1 role in SF,
FadE-1 promoter element to further promote, in the end, through self-adjusting
for SF-1 expression. More importantly, SF-1 can promote expression of DAX1,
while DAX1 can inhibit the activity of SF-1 and regulate the activity of adrenal
steroid hormone through the negative feedback regulation pathway [82] [83]
POD-1 inhibits SF-1 expression in adrenal cells [84].

The mutations and regulation of SF-1 are associated with the human gonadal
gland and abnormal adrenal gland. Male SF-1 heterozygous mutation will lead to
adrenal hypoplasia, and male and female sex reversal, while females heterozyg-
ous mutations, will delay the adrenal glands to develop and mature, there is ova-
rian dysplasia occasionally [81] [82] [85] [86]. These studies suggest that there is
a gender difference in the effects of SF-1 on adrenal glands. On the contrary,
there are also studies suggesting that the overexpression of SF-1 also causes

adrenal cortical carcinoma [87] [88].

3.3.2. DAX-1
Dax-1 is another transcription factor that plays an important role in the regula-
tion of adrenal development. Mutations in the DAX-1 gene are responsible for
X-linked adrenal hypoplasia congenita [89] [90]. On day 10.5 of gestation in ro-
dents, dax-1 was expressed in the urinary reproductive crest, followed by the
adrenal gonadotropin, and finally in the fetal adrenal gland and ovary [91]. The
dax-1 mRNA abundance in adrenal glands is significantly higher in fetuses than
in adults [92], which may be more important for fetal adrenal development.
Dax-1 deficiency leads to early differentiation of adrenal cortical progenitor
cells, leading to progenitor cell failure and adrenal insufficiency [88].

The tissue distribution of DAX-1 expression is similar to that of SF-1 [77]

[93], suggesting that these two transcription factors may be a co-regulation fac-
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tor of the development and function of steroid hormone secretion. It has been
reported that Dax1 promoter has SF-1 binding site [94], and subsequently in vi-
tro experiments have also confirmed that SF-1 can be combined in its promoter
region and promoted expression in JEG-3 cells [95]. In addition, in vitro expe-
riments show that DAXI1 inhibited the activity of SF-1 by directly binding SF-1
or by recruiting cosuppressor factors [71] [96]. Gummow [83], which give excess
sugar cortical hormone in vitro experiments, SF-1 and glucocorticoid receptor
(glucocorticoid receptor, GR) combined with Dax1 promoter, activate Dax1, re-
strain activity of SF-1, reduce the generation of steroid hormones. At the same
time, the ACTH stimulus is given to isolate the SF-1 and GR complex, so as to
inhibit Dax1 transcriptation and increase the steroidal synthesis of steroidal
synthesis by SF-1 promotion [83].

In the mouse model of Sfl knockout, the expression of Daxl1 is not reduced
completely, and there may be other channel regulation [97]. In vitro experi-
ments have confirmed that DAX1 can be combined with its own promoter re-
gion to predict that the gene has its own regulation [98]. Jordan ef al [99] find
that Wnt4 can increase the expression of Dax1 in developing ovaries, and block
Wnt4 and Daxl1 to cause the female and male of the fetus to be reversed. It is al-
so reported that WT1 activated Dax1 promoter activity, which played an impor-

tant role in the process of gender identification [100].

3.3.3. CITED2

CITED2 is a co-transcriptional activator of the cAMP (cAMP response element
binding protein, CREB), which is associated with the development of multiple
tissues, including the heart, adrenal gland and nerve tissue [101] [102]. There are
adrenal development defects in the Cited2-/-mouse [103]. Val [104] finds that in
the study of Cited2 in adrenocortical development, Cited2 is expressed in the ep-
ithelial cells of the urogenital crest in the 10th day of the mouse embryo and
co-activated Sfl with Wtl. Research has also confirmed that [71] the synergistic
effect of Cited2 and Wtl causes the fluctuation of Sfl in the adrenal gland pri-
mordium, resulting in the development defect, and the development of adrenal
gland is more sensitive to this fluctuation than the gonadal gland.

CITED2 is expressed in the fetal adrenal glands [105]. Studies have shown that
sf-1 can be combined in the CITED2 promoter region to promote expression
[105]. However, there is no CITED2 mutation in patients with adrenal dysplasia
or defect, but there is new gene polymorphism. There is also a link between
CITED?2 and endothelial chemokines [102]. Adrenal gland has a complex vascu-
lature, Endothelial cell is very important to the migration of adrenal cortex cells
[106], CITED2 can be adjusted by angiogenesis factor and bFGF [103], thus
speculate that CITED2 plays an important role in contact with adrenal cortical
cells and adrenal endothelial cells, its specific mechanism of action is unknown.
Studies have shown that in AGP, the expression of CITED2 is necessary for
proper proportional differentiation of the adrenal primitive area (AP or fetal
area-FZ) [4] [104].

DOI: 10.4236/ym.2020.44024

263 Yangtze Medicine


https://doi.org/10.4236/ym.2020.44024

X.L. Yangetal.

3.3.4. PBX1

PBX1 is a homologous structural protein that regulates adrenal development.
Pbx1 was expressed in epithelial cells of the urinary reproductive crest on the
13.5th day of gestation. Female mice with Pbx1 knockout were unable to com-
plete the complete differentiation of the urinary reproductive crest, which re-
sulted in the loss of adrenal gland and subsequent renal dysplasia [107]. The
Pbx1 knockout causes the hair and adrenal gland and the adrenal gland to be
abnormal, and the hypothesized that the cell proliferation slows more than the
cell apoptosis. Lichtenauer et a/ [108] confirm that Pbx1 in adrenal gland de-
velopment plays an important role in the embryonic development, not only in
adult adrenal function also play an important role in maintain, at the same time,
also finds that can increase Pbx1 expression Sf1, both increase Mc2R expression.
Some studies have reported [105] that SF-1 has a weak activation effect on the
promoter of PBX1, but when SF-1 and DAX1 work together, it promotes en-

hanced transcription.

3.3.5.WT1

WTT1 is a zinc finger protein, which plays an important role in the development
of urinary reproductive crest and subsequent adrenal gland [14] [71] [109]. WT1
is the first transcriptional factor needed for adrenal development. It is expressed
in the urinary reproductive crest in the 9th day of pregnancy in mice [71], which
is combined with Cited2 to stimulate the expression of Sfl and promote adrenal
development [104] [110] [111]. Therefore, it is speculated that human chorionic
gonadotropin (HCG) acts as an adrenocortical corticotropin in the fetus and re-
gulates the production of fetal adrenal DHEAS. However, it does not affect the
production of fetal adrenal steroid hormone [41] when it is given to the brainless
HCG.

3.3.6. GATA Binding Protein (GATA) 4 and GATA6

GATA binding protein (GATA) 4 and GATAG6 transcription factors have long
been implicated in adrenal development [112] and adult adrenal function [113]
[114] [115] [116]. Sergei, G., et al [72] determined that adrenal loss of GATA
function is incompatible with adrenocortical development. Specifically, a com-
bined loss of GATA4and GATAG®6 in the precursor cells results in the loss of
SFlexpression, decreased adrenocortical proliferation, and adrenal agenesis in
both sexes. GATAG serves as a principal driver of adrenocortical cell mainten-
ance, whereas GATA4 protein acts in an ancillary role, carrying out basic regu-
latory functions to support the requisite number of steroidogenic cells to assure
animal viability in the absence of GATAG.

3.4. Placental Factors

Rapid degeneration of the fetuses at birth after separation from the placenta
suggests that certain substances produced by the placenta may play a role in the
development and/or maintenance of the placenta. Human placenta produces a
variety of hormones (such as HCG, CRH, estrogen, etc.) that may affect the
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growth and function of the fetal adrenal gland [3] [117].

3.4.1. HCG

The CG produced by the placenta is a specific hormone characteristic of pri-
mates. Human fetal HCG production peaks at the 10th week of pregnancy and
then begins to decline. Lanman [118] first proposed that HCG can regulate the
development of fetal adrenal glands. Studies have found that [119], babies born
to give a week after HCG, urine excretion of DHEA increased significantly, its
effects on the fetus zone to promote the synthesis of steroid hormone, and is
more sensitive than the full term of HCG in preterm neonates. In vitro experi-
ments also confirmed [120] [121] that the secretion of DHEA-S increased when
HCG was given in fetal adrenal cell culture medium of primary culture. Al-
though numerous studies have confirmed the role of HCG in fetal adrenal de-

velopment in primates, the mechanism of its action is still unclear.

3.4.2. Estrogen

DHEA-S produced by the fetal and maternal adrenal glands provide precursor to
the synthesis of placental oestrogen, and the oestrogen produced by the placenta
can also promote the secretion of DHEA-S in fetal adrenal glands [122]. Estro-
gen increases the ACTH-induced DHEA-S secretion in the fetal adrenal cortex
and inhibits the secretion of cortisol [59], which does not affect the expression of
the enzyme P450scc, P450c17 or 3 S-HSD of synthetic cortisol [123]. Estrogen,
the adjustment is the opposite of DHEA-S as a result, in vivo and in vitro expe-
riments [124] [125], estrogen inhibits mid pregnancy baboons adrenal DHEA-S
produce, offer estrogen suppresses the generation of fetal adrenal DHEA-S is to
maintain the physiological balance between estrogen during pregnancy.

Estrogen can affect the target organs by estrogen receptors (estrogen recep-
tors, ERs). Hirst [123] and other studies have found that monkeys in the middle
of a pregnancy, the fetus fetal adrenal don’t express ERs, It is speculated that es-
trogen to the fetus with function is not through the regulation of ERs, and then
take the enzyme activity of steroid hormones on the fetus than other gene tran-

scription regulation.

3.4.3. CRH and ACTH

Placental tissue can produce CRH [126] and ACTH [127]. CRH produced pla-
cental trophoblastic cells can be induced fit trophoblast cells secrete ACTH [128]
[129], but the placenta ACTH secretion to adjust the action of fetal adrenal cor-
tical level is not very clear, because its role in fetal adrenal gland development is
small. The CRH secreted by the placenta can enter the fetal body, increasing
CRH content in the fetus, affecting the development of fetal adrenal gland
through the pituitary-adrenal axis of the fetus [130] [131].

4. Summary

The development and function of fetal adrenal cortex in mammals are unique,

and play an important role in regulating the metabolic homeostasis of electro-
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lytes and nutrients. The structure and function of the adrenal dysplasia will lead
to the production of a variety of diseases, not only has its recent harm, but there
is also a long-term adverse effect, so it is of very vital significance to know the
structure of fetal adrenal gland development and discuss its function regulation. At
present, great progress has been made in the study of functional regulation of
adrenal cortex. Transgenic and gene knockout mice play an important role in the
study of adrenal cortical development. The development and function of adrenal
cortex are regulated by multiple hormones, genes and mechanisms. Although sig-
nificant progress has been made, studies on its underlying mechanisms, such as
the occurrence of significant epigenetic modification of transcription factors and
changes in specific gene-specific gender differences, have been relatively superfi-
cial. Recently, the primate of placenta on fetal adrenal cortical development reg-
ulation provides us a new point of view, through the fetus-placental unit to ex-
pand our physical contact between the placenta and fetal adrenal gland, and
provides a new research perspective and field for us to study the function of the

adrenal gland development.
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