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A B S T R A C T

Steroids are complex lipophilic molecules that have many actions in the body to regulate cellular, tissue and
organ functions across the life-span. Steroid hormones such as cortisol, aldosterone, estradiol and testosterone
are synthesised from cholesterol in specialised endocrine cells in the adrenal gland, ovary and testis, and released
into the circulation when required. Steroid hormones move freely into cells to activate intracellular nuclear
receptors that function as multi-domain ligand-dependent transcriptional regulators in the cell nucleus.
Activated nuclear receptors modify expression of hundreds to thousands of specific target genes in the genome.
Steroid hormone actions in the fetus include developmental roles in the respiratory system, brain, and cardio-
vascular system. The synthetic glucocorticoid steroid betamethasone is used antenatally to reduce the compli-
cations of preterm birth. Development of novel selective partial glucocorticoid receptor agonists may provide
improved therapies to treat the respiratory complications of preterm birth and spare the deleterious effects of
postnatal glucocorticoids in other organs.

1. Introduction

Steroids are complex four-ringed organic molecules that serve many
roles and functions in multicellular organisms. They are structural
components of cell membranes exemplified by the important dietary
steroid cholesterol and have many functional regulatory roles as mod-
ified structural forms of cholesterol to function as endogenous endo-
crine hormones. In all organisms, hormones in vivo play key regulatory
roles in mediating communication and regulation of important func-
tions and processes within and between cells, and across tissues, to
connect all organs of the body [1]. Endocrine hormones circulate in the
bloodstream and allow communication between cells and organs se-
parated by relatively large distances. Hydrophilic or water-soluble
hormones act primarily at the cell surface by binding to protein re-
ceptors embedded in the plasma membrane. In contrast, hydrophobic
hormones circulate primarily bound to carrier plasma proteins and are
able to freely defuse across cell membranes to activate specific in-
tracellular hormone receptors [1].

This review will focus on the biology and actions of the lipophilic
steroid hormones and some of the important synthetic steroid com-
pounds, developed over the past 50 years to treat human disease, that
act as specific agonists or antagonists to steroid hormone receptors
in vivo. It will summarize current knowledge on the action of

physiological steroid hormones in fetal development and the use of
synthetic steroids to treat the postnatal complications associated with
preterm birth.

2. Steroid biosynthesis and turnover

All steroids in the body are derived from cholesterol via a tightly
regulated biosynthetic enzymatic pathway that operates predominantly
in specific endocrine organs, including the adrenal gland, ovary, and
testis. Further modifications of the steroid structure and resulting
function can occur in many tissues and organs of the body such as in the
liver, skin epidermis, brain and prostate [2].

In the steroidogenic cells of the adrenal gland, ovary and testis,
cholesterol is first converted to pregnenolone by the cholesterol side-
chain cleavage enzyme, P450SSC, a cytochrome P450 enzyme, and this
step represents the key regulatory point for synthesis of the majority of
endogenous steroid hormones. Most of the enzymes in the steroid
biosynthetic pathway are either cytochrome P450 enzymes or specia-
lised hydroxysteroid dehydrogenase (HSD) enzymes, which belong to
the short-chain alcohol dehydrogenase reductase (SDR) enzyme super
family [3].

Adrenal steroid biosynthesis occurs in the outer cortex of the
adrenal gland. The cortex is divided into three layers where specific
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steroids are produced, dependent on expression of specific biosynthetic
enzymes. The outer zona glomerulosa specifically expresses the
Cyp11B2 P450 enzyme aldosterone synthase to generate the cardio-
vascular steroid aldosterone. The centrally located zona fasciculata
specifically expresses a closely related homologous Cyp11B1 P450 en-
zyme called 11β-hydroxylase to produce the glucocorticoid steroids
cortisol and corticosterone. The inner zona reticularis produces the
adrenal androgens, dihydroepiandrosterone (DHEA), DHEA-sulphate
(DHEAS), androstenedione and testosterone, via the actions of the en-
zymes 3βHSD3, AKR1C3 and Sulfotransferase 2A1. These adrenal an-
drogens circulate in the bloodstream and act as precursors for more
biologically active reproductive steroids that are produced at higher
levels in the gonads. There is some evidence, primarily at the RNA level,
that some of these steroid biosynthetic enzymes are also expressed in
other tissues and organs such as heart and brain, although it seems
unlikely that these sites produce any significant levels of bioactive
steroid [4].

Human plasma and tissue extracts can contain a large number of
different steroid compounds, many of which are biologically inactive.
This is because many active steroids are continually modified by other
enzymes, particularly in the liver, to produce inactive steroid metabo-
lites. Most steroids are inactivated by hydroxylation or sulphation,
which render the structure unable to activate receptors or downstream
intracellular signalling pathways, and these modifications also increase
the solubility of the steroid for renal excretion. Common hepatic
modifications include 6β-hydroxylation, 5β-reduction of C21 and C19
steroids and 4-hydroxylation of estrogens.

The steroid sulfotransferases (SULT) enzymes are a large family of
enzymes that transfer a sulphate moiety to the steroid ring from a donor
molecule called 3′-phosphoadenine-5′-phosphosulphate [5]. Important
SULT enzymes include SULT2A1 that converts DHEA to DHEAS in the
adrenal cortex, and SULT1E1 that sulphonates and inactivates estradiol
for excretion. The hydroxysteroid dehydrogenases (HSDs) are also a
large and important family of enzymes that are involved in steroid
biosynthesis and inactivation. The steroid cortisol can be modified by
two related HSDs, 11βHSD1 and 11βHSD2, which interconvert the
keto/hydroxy side-chain on the 11th carbon of the cortisol steroid ring.
11βHSD1 is a bidirectional enzyme but is predominantly a reductase
with the production of active cortisol in many metabolic tissues, such as
the liver, and also the brain, regions of the kidney, and white adipose,
thereby amplifying glucocorticoid-mediated signalling in target cells
[6]. 11βHSD2 is a unidirectional dehydrogenase and inactivates cor-
tisol to cortisone in tissues and is the key enzyme protecting the mi-
neralocorticoid receptor (MR) from inappropriate activation by cortisol
[7]. Loss of function mutations in the human 11βHSD2 gene causes the
condition of ‘apparent mineralocorticoid excess’ that is characterised by
early-onset hypertension and cardiovascular complications in very
young children [8]. 11βHSD1 antagonists have been explored recently
as a potential treatment for metabolic syndrome by blunting or at-
tenuating the metabolic effects of cortisol, although unwanted side-ef-
fect profiles have been an issue in early clinical trials [6].

3. Steroids as physiological hormones

Endogenous steroid hormones have been long recognised as phy-
siological regulators of development, growth, reproduction and sys-
temic homeostasis. The majority of physiological steroid hormones are
derived from the precursor steroid cholesterol and synthesised in spe-
cialised endocrine cells within specific endocrine glands [2]. The key
important physiological endogenous steroid hormones are listed in
Table 1, and include the adrenal steroids cortisol and aldosterone, the
adrenal androgen precursors DHEA and DHEAS, and the reproductive
steroids estradiol, testosterone and dihydrotestosterone. The physiolo-
gical sex steroids comprise estradiol, which is predominantly synthe-
sised in the female ovary, and testosterone and dihydrotestosterone that
are synthesised predominantly in the male testis. These endocrine

glands are composed of steroid synthesising cells that contain complex
steroid biosynthetic pathways that involve a large number of in-
tracellular steroid intermediates some of which are now thought to
potentially have physiological roles in abnormal states or in complex
genetic disease [2,9]. The biosynthetic enzymes modify chemical
groups and sidechains across the four-ringed structure giving each
steroid intermediate or final product a specificity of interaction with
other enzymes and with intracellular receptor proteins (Fig. 1A and B).
Mutations in the genes encoding key biosynthetic enzymes, such as the
enzyme 21α-Hydroxylase or 17α-Hydroxylase can cause common en-
docrine conditions such as congenital adrenal hyperplasia (CAH) [10].
Careful measurement of the levels of endogenous steroids and steroid
metabolites in body fluids such as urine and blood by mass spectro-
metry is now the mainstay diagnostic technique to detect steroid ab-
normalities that may indicate the presence of disease [11].

3.1. The reproductive steroids

The estrogenic and androgenic classes of steroid hormones collec-
tively control determination of secondary gender characteristics and
the regulation of reproduction in males and females. Reproductive
steroids are primarily synthesised in the adult gonads following puberty
and are responsible for the majority of secondary sex characteristics,
the physiological changes that occur during puberty and the regulation
of the reproductive phases of gonadal function.

Bioactive estradiol is produced from testosterone in the Granulosa
cells of the ovary by the action of the P450 enzyme aromatase [12].
Ovarian theca cells also synthesise androstenedione and testosterone
from cholesterol to provide androgenic precursors to the granulosa cell
[2]. The enzyme aromatase is also expressed in other parts of the body
including white adipose tissue and individuals with significant amounts
of white fat can synthesise a high level of local estradiol that can
contribute to higher systemic circulating estradiol levels. For example,
this can lead to precocious puberty in very young girls that are over-
weight or obese [13]. Elevated aromatase expression in breast tissue
can also drive breast tumour growth via increased local production of
oestradiol that stimulates cell proliferation [12].

In the testis, Leydig cells produce androstenedione and testosterone
from cholesterol via a five-step biosynthetic pathway. The more potent
androgen dihydrotestosterone (DHT) is produced by the action of the
enzyme 5α-Reductase that is predominantly expressed in peripheral
tissues such as in the liver, brain, skin and the male prostate [14].

3.2. The cardiovascular steroids

The main role of the adrenal steroid aldosterone in vivo is the reg-
ulation of solute and fluid homeostasis primarily in the kidney and
colon [15]. In the collecting duct of the kidney, aldosterone promotes
the reabsorption of sodium, excretion of potassium, water uptake and
therefore increased fluid volume, thereby maintaining systemic blood
pressure. Synthesis and release of aldosterone from the adrenal gland is
tightly regulated by the renin-angiotensin system. The renin secreting
juxtaglomerular cells of the kidney sense volume, and low-volume
(with low-sodium) stimulates secretion of renin, a protease enzyme,
that cleaves circulating angiotensinogen to release angiotensin peptides
thereby stimulating the adrenal zona glomerulosa to synthesise and
secrete aldosterone [16]. Elevated plasma potassium is also able to
directly stimulate aldosterone release from adrenal glomerulosa cells.
The actions of aldosterone in collecting duct cells (and other epithelia)
is mediated by the mineralocorticoid receptor (MR), a member of the
nuclear receptor superfamily (described below).

A complication is that the MR is also activated by the related steroid
cortisol that normally circulates at much higher concentrations in the
bloodstream. However, inappropriate activation of the MR by cortisol
in most MR expressing cells is prevented by the presence of the enzyme
11βHSD2 that converts cortisol to inactive cortisone thereby preventing
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activation of inappropriate sodium and fluid uptake [17]. Very high
levels of cortisol such as in conditions like Cushing's disease can over-
whelm 11βHSD2 and cause in-appropriate hypertension. Treatments
for hypertension have been developed that target the MR and this
cardiovascular condition can now be well-controlled by specific MR
antagonist drugs such as spironolactone and a newer drug eplerenone
[18,19]. Aldosterone may also have other functional roles in tissues
such as the brain where the MR is expressed in neural centres con-
trolling thirst and appetite, but the mechanisms involved are not well
understood [20].

3.3. The glucocorticoid steroids

The steroid cortisol is an essential mediator of the systemic stress
response, yet plays major roles in many different physiological contexts
and at different times during fetal and adult life [21]. Cortisol has a
powerful effect on various arms of the immune system, and the devel-
opment of strong synthetic glucocorticoid compounds such as dex-
amethasone and prednisolone more than 50 years ago have made them
a mainstay for the clinical treatment of a range of inflammatory and
autoimmune conditions [22]. Cortisol circulates in the bloodstream in a
circadian fashion, with levels high in the morning and low in the eve-
ning, and release from the adrenal is tightly controlled by direct

negative feedback to the hypothalamus and anterior pituitary where
there is inhibition of corticotrophin-releasing hormone and adreno-
corticotropic hormone, respectively.

Glucocorticoid steroids contribute to metabolic regulation as a
catabolic hormone. They stimulate protein breakdown to release amino
acids that can be utilised in hepatic gluconeogenesis to produce glu-
cose, the breakdown of glycogen and the release of fatty acids from
adipose depots. However, inappropriately elevated circulating cortisol
(ie, in a ‘Cushingoid’ state) or synthetic glucocorticoids (eg, pre-
dnisolone) can stimulate excess hepatic glucose output leading to hy-
perglycemia and the development of diabetic states. These broad ac-
tions of glucocorticoids are mediated by the ubiquitous expression of its
cognate receptor, the glucocorticoid receptor (GR) [23]. This is in
contrast to the MR which has a much more restricted expression pattern
in the body. Chronic high levels of cortisol can therefore lead to sys-
temic effects that represent Cushing's disease, with remodelling of
adipose depots, hyperglycemia, type-2 diabetes, high blood pressure,
muscle wasting and bone remodelling leading to osteoporosis.

As part of the response to stress, cortisol has a profound effect on the
brain. Stress from a range of causes (trauma, infection, fear, pain etc.)
triggers the hypothalamus-pituitary-adrenal axis to release cortisol
[21]. Elevated circulating cortisol seems to play two major roles: 1)
promoting or preparing permissive effects to respond to the stressor,

Table 1
List of the important physiological endogenous steroid hormones and synthetic steroid hormone agonists.

Steroid Endogenous (E) or Synthetic (S) Cell Receptor Major functional roles in development or clinical importance

Cortisol/Corticosterone E GR, MR Fetal organ development, metabolism, anti-stress and anti-immune responses
Aldosterone E MR Postnatal renal function, fluid homeostasis and blood pressure control
Estradiol E ERα, ERβ Puberty, female reproduction
Testosterone/Dihydrotestosterone E AR Puberty, male reproduction
Progesterone E PR Maintenance of pregnancy
DHEA/DHEAS E AR Adrenal androgen precursor
Betamethasone S GR, MR Prematurity, preterm birth
Dexamethasone S GR, MR Prematurity, preterm birth, anti-inflammatory, lymphocyte apoptosis
Prednisolone S GR, MR Anti-inflammatory; arthritis, autoimmune disease
Budesonide S GR, MR Ant-inflammatory; asthma, COPD

DHEA, dihydroepiandrosterone; DHEAS, dihydroepiandrosterone-sulphate; GR; Glucocorticoid Receptor, MR, Mineralocorticoid Receptor, ER; Estrogen Receptor,
AR; Androgen Receptor, PR; Progesterone Receptor. COPD; Chronic Obstructive Pulmonary Disease.

Fig. 1. The mechanism of action of intracellular nuclear receptors that mediate steroid signalling in cells. Nuclear receptors (NRs) bind lipophilic steroid hormones
primarily in the cytosol of the cell, undergo a confirmation change, dimerise and translocate into the nucleus where they bind specific hormone response elements
(HREs) close to specific target genes within the genome. The steroid hormone may require enzymatic modification by short-chain alcohol dehydrogenase reductase
(SDR) enzymes to adopt their active confirmation. Activation or repression of gene expression alters cellular protein levels thereby initiating changes in cell function,
such as metabolic activity and cell fate.
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such as producing glucose, increasing heart rate and neural awareness
and acuity; and 2) suppressive effects, including activating defence
mechanisms to prevent overshoot or damage to the body, such as anti-
immune and anti-inflammatory responses. The mechanisms at play here
are not entirely clear and are under active study.

Finally, cortisol has an important developmental role in the fetus,
promoting maturation of the major organs in late gestation, including
the respiratory system, kidney, gastrointestinal tract and the brain
[24,25]. Cortisol levels from the fetal adrenal rise dramatically five to
six weeks prior to birth and play a crucial role in the later stages of
organogenesis. As described below, preterm babies miss this window of
glucocorticoid stimulation and are born with a number of maturation
abnormalities that require immediate treatment postnatally in the
neonatal intensive care unit.

4. The mechanism of action of steroids in cells via intracellular
nuclear receptors

Steroid hormones exert the majority of their physiological effects in
cells by binding to and activating specific intracellular proteins called
nuclear receptors. Each steroid hormone is only able to bind and acti-
vate a very restricted number of receptors, and in many cases only one
specific nuclear receptor protein. The human nuclear receptor super-
family is composed of 48 receptors that includes the GR, MR,
Progesterone receptor (PR), Androgen receptor (AR), Estrogen re-
ceptors (ER), Retinoic Acid receptor and Thyroid Hormone receptor.
Nuclear receptors are ligand-dependent transcription factors and exert
their effects by binding directly to specific sites near genes in genomic
DNA [26]. They therefore have essential roles in various physiological
process including development, behaviour, metabolism and growth. All
nuclear receptors share a common structure consisting of an N-terminal
domain (termed A-B domain) that contains at least one gene co-acti-
vation region, a conserved DNA binding domain containing a highly
conserved DNA binding motif composed of two zinc-fingers, and a
hinge region that is the least conserved and provides the receptor with
domain flexibility [26]. The largest domain is the C-terminal ligand-
binding domain (LBD) that binds in a hydrophobic pocket its cognate
steroid ligand, and this domain is moderately conserved across the
steroid receptors. The most C-terminal end of the LBD contains another
activation/repression domain whose conformation is altered by ligand
binding and this determines specific interaction with either coactivator
and corepressor proteins in the nucleus to mediate increased and de-
creased transcription rates of specific target genes [26].

Nuclear receptors can be divided into two subgroups based on their
mechanism of action, Type I nuclear receptors include the AR, ER, GR
and PR and in an inactive state are located in the cytosol. They are
maintained in an inactive complex with heat shock proteins [27]. When
a steroid ligand diffuses across the cell membrane and binds to the
receptor, the receptor translocates to the nucleus and homodimerizes.
The homodimer then binds to specific palindromic sites near genes in
genomic DNA leading to transrepression or transactivation of gene
expression (shown in Fig. 1C). Type II nuclear receptors include the
thyroid hormone receptors and the retinoic acid receptors. The type II
nuclear receptors are nearly always localised in the nucleus bound to
sequence-specific binding sites in genomic DNA and in the absence of
ligand the receptor is mostly bound by a repressor protein [28]. When
the ligand binds to the nuclear receptor the repressor protein dis-
sociates leading to interaction with coactivator proteins that initiate
transactivation of gene expression. An interesting subgroup of the nu-
clear receptors are the so-called orphan nuclear receptors. These re-
ceptors share the conserved structure of the classical steroid hormone
receptors but unlike the classical members that were discovered with
specific ligands the orphan receptors were identified without ligands
and many of their roles and mechanisms of action in the nucleus are
completely unknown [29].

5. The actions of steroid hormones in the developing fetus

There are now a large number of reports demonstrating the action of
steroid metabolites and physiological steroid hormones during fetal
development in various animal models. The actions of glucocorticoid
steroids during development will be discussed below; however, there
are now reports that androgens, estradiol and DHEA may have hitherto
unknown developmental roles during mammalian fetal development.

It has been recently demonstrated that the adrenal androgen steroid
metabolites DHEA and DHEAS may be important neuroactive neuro-
steroids in the developing fetal brain [30]. Levels of these steroids are
known to be relatively high in late gestation and these levels drop
following birth. The specific developmental roles of DHEA are currently
unknown. Deficiency of DHEA has, however, been linked to the de-
velopment of mental illnesses such as early-onset dementia and schi-
zophrenia, and it has been reported that administration of DHEA im-
proved schizophrenia symptoms, although this remains controversial
[31]. It is therefore possible that DHEA may have neuroprotective roles
in the neonate.

The reproductive actions of estradiol are mediated by the ERα nu-
clear receptor but the functional roles of estradiol signalling through
the related ERβ receptor are less well understood. Interestingly, it has
been recently reported that as in adult mice, fetal mice only expresses
ERβ in the developing lung [32]. The functional role and significance, if
any, of estradiol signalling in the fetal lung is unclear. There are also
reports of the expression of the androgen receptor in developing fetal
lung tissue and in lung cells, together with the expression of enzymes
involved in the peripheral metabolism of androgens, such as hydro-
xysteroid-17β-dehydrogenase, 2 and 5, steroid-5α-reductase 1, and
3αHSD, which is suggested to modulate and switch off AR activation
[33,34]. Finally, very curiously, other studies report intra-fetal lung
synthesis of glucocorticoid steroids via an adrenal-like steroid biosyn-
thetic pathway, although it is not clear if this would produce a sig-
nificant amount of steroid hormone to further modulate fetal devel-
opmental programs [35].

6. The action of glucocorticoids in the developing fetus

The main role of the late gestational surge in endogenous fetal
cortisol is to drive appropriate maturation of a large number of fetal
organs [24]. The most important fetal organ in terms of immediate
survival at birth is the lung, where glucocorticoids promote thinning of
the mesenchymal tissue to reduce blood vessel to airway distances to
allow appropriate gas exchange. Glucocorticoid signalling thins the
mesenchymal tissue by decreasing cell proliferation rates rather than
increasing interstitial cell apoptosis. Glucocorticoids also promote sur-
factant production and mature the pulmonary mechanisms for clearing
airway liquid from the lung at birth [36].

Glucocorticoids exert the majority of their effects by binding to the
GR, a member of the nuclear receptor family of intracellular receptors
that is expressed in virtually every nucleated cell of the body [37]. The
GR functions in cells as a ligand-activated transcriptional regulator.
Cortisol enters the cell by passive diffusion and binds to the GR in the
cytoplasm where it exists in an inactive complex together with cha-
perone proteins. Binding of cortisol to the LBD of the GR causes a
conformational change that allows dimerization of the receptor fol-
lowed by translocation through the nuclear pores into the nucleus. The
activated GR homodimer then binds to specific DNA response-elements
in genomic DNA close to a large number of specific target genes. This
initiates further interactions with nuclear coactivator or corepressor
proteins to either increase or decrease the transcription rate of target
genes and thereby drive functional changes in the cell [37]. Cortisol can
regulate many hundreds of different target genes in individual cells that
collectively change metabolic pathways, cell proliferation rates and cell
architecture [37]. Indeed, both cortisol and betamethasone regulate
over 300 specific nuclear target genes in rat fetal lung mesenchymal
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fibroblasts, with betamethasone causing a much greater effect on
transcription rates [38]. This may explain its greater efficacy and po-
tential to accelerate cellular and tissue changes antenatally in the fetal
lung.

These transcriptional responses and outcomes most likely differ in
different cell types and organs of the fetus. As a result, antenatal glu-
cocorticoids are able to have complex regulatory affects in most organs
in the fetus. For example, glucocorticoids increase liver glycogen by
increasing the activity of hepatic gluconeogenic enzymes, stimulate
perinatal renal function such as sodium resorption by stimulating the
Na+/K + ATPase and maturation of the gut enteric system [39,40]. In
the fetal adrenal gland, glucocorticoids have been shown to promote
normal development of adrenal architecture and induce factors such as
the chromaffin cell enzyme phenylethanolamine N-methyltransferase,
cytochrome P450s and ACTH receptors which have important roles in
catecholamine and steroid hormone synthesis and metabolism. An-
tenatal synthetic glucocorticoids therefore have the capacity to accel-
erate many of these developmental processes; and some of these
changes have also been observed to persist postnatally in animal studies
[41].

6.1. Effects of synthetic glucocorticoids on the fetal lung

Antenatally, the synthetic glucocorticoids used clinically are dex-
amethasone and betamethasone. These two compounds are fluoridated
steroids with very similar chemical structures and almost identical
tissue and cellular effects in vivo [42]. In 1972, Liggins and Howie de-
monstrated that administration of betamethasone prior to birth reduced
morbidity and mortality in preterm infants, especially risk of re-
spiratory distress syndrome (RDS) [43]. This ground-breaking study led
to the routine use of betamethasone to promote fetal lung maturation in
women at risk of preterm delivery [44–46].

It is often assumed that antenatal glucocorticoids exert their bene-
ficial actions through stimulating type-II cell differentiation and in-
creased surfactant production. However, gene-targeted ablation of GR
expression in a mouse ‘gene knockout’ model has been shown to in-
creases both type-II cell, and the undifferentiated cell phenotype,
numbers while reducing type-I cell numbers [47]. In addition, GR
knockout increased both the proportion of tissue to airspace and air/
blood tissue barriers, which was consistent with much higher me-
senchymal cell proliferation rates in the distal lung. Cell-type specific
GR knockouts has confirmed that the primary effect of GR activation in
the developing lung is mediated through mesenchymal cells, leading to
major changes in distal lung tissue architecture [48].

The synthetic glucocorticoid dexamethasone is also often given to
preterm infants postnatally to treat lung inflammation, reduce venti-
lator dependence and reduce the incidence and/or severity of bronch-
opulmonary dysplasia (BPD). Postnatally, dexamethasone has strong
anti-inflammatory effects in the neonatal lung, including direct sup-
pression of pro-inflammatory cytokine gene expression, inhibition of
cytokine production in lymphocytes and macrophages, and driving
apoptotic cell death of lymphocytes to further promote immune sup-
pression [37].

6.2. Deleterious effects of synthetic glucocorticoids in other organs

Of greatest concern is the potential for deleterious effects of an-
tenatal betamethasone and postnatal dexamethasone on the developing
fetal brain and gastrointestinal system, together with increased risk of
hyperglycaemia and hypertension [49]. A recent retrospective study of
214 infants born<28 weeks assessed postnatal steroid use and showed
improved respiratory but inferior neurodevelopmental outcomes [50].

Although synthetic antenatal glucocorticoids mature the lung more
rapidly, there have been concerns about longer term adverse effects on
lung development. Animal studies have shown that synthetic antenatal
glucocorticoids improve survival, primarily by thinning the

mesenchyme and reducing the airway to blood vessel distance for gas
exchange, but can also impair continuing alveolar development, a key
feature of BPD [25]. However, in humans exposure to antenatal beta-
methasone was not associated with altered lung function or the pre-
valence of wheeze and asthma at early adulthood [51].

7. Conclusion

Steroid hormones are important systemic endocrine regulators of
many key physiological processes throughout all stages of life. They
contribute to the regulation of cell and organ growth, changes in ado-
lescence, regulation of reproduction, maintenance of homeostasis, the
control of cardiovascular health, and help mediate and protect cogni-
tion. Steroid hormone biosynthesis is carefully regulated in specific
endocrine glands and steroid hormones such as cortisol, aldosterone
and estradiol are only secreted when required. Many steroid-related
endocrine diseases can arise from mutations in genes encoding steroid
biosynthetic enzymes, such as in CAH, the steroid modifying enzymes,
such as with AME, and from overproduction of steroids such as cortisol
in Cushing's disease. Their intracellular nuclear receptors are complex
multi-domain signalling proteins that together with a large number of
cytosolic and nuclear binding partners modulate many cellular targets
both in the nucleus and in the cytoplasm of cells.

A better understanding of the detailed mechanisms of action of
steroid hormones in cells will potentially lead to the development of
better targeted therapies to treat endocrine and steroid-related dys-
function and disease. Nuclear receptor antagonists have the capacity to
block inappropriate steroid receptor activation in common conditions
such as cancer, hypertension and diabetes. Alternatively the develop-
ment of selective, tissue-selective agonist compounds that activate
specific steroid receptors is another avenue for the creation of new
approaches to treat, in particular, perinatal deficits that arise from
preterm and very preterm birth. Partial glucocorticoid receptor agonists
as antenatal steroid treatments may have the ability in the future to
promote better overall long-term outcomes from preterm birth.

7.1. Practice points

• Steroid hormones are key regulators of fetal development, particu-
larly glucocorticoids, that have a profound role in the maturation of
most of the major organs, especially the fetal respiratory system.
• The synthetic glucocorticoid steroid betamethasone remains the
mainstay of antenatal treatment for preterm birth.

7.2. Gaps in knowledge

• The detailed mechanisms of action of steroids such as cortisol in
fetal cells and organs, where they regulate large numbers of target
genes in the nucleus and alter cellular pathways and programs, are
not fully understood and require more investigation.
• Development of novel selective partial glucocorticoid receptor
agonists may provide better therapies to treat the respiratory com-
plications of preterm birth and reduce deleterious effects in other
organs.

Acknowledgements

National Health & Medical Research Council (NHMRC) of Australia.
Program grant #384100

References

[1] Medvei VC. A history of endocrinology. Hingham, MA: MTP Press; 1982.
[2] Miller WL, Auchus RJ. The molecular biology, biochemistry, and physiology of

human steroidogenesis and its disorders. Endocr Rev 2011;32(1):81–151.
[3] Kallberg Y, Oppermann U, Jornvall H, Persson B. Short-chain dehydrogenase/

T.J. Cole, et al. Seminars in Fetal and Neonatal Medicine 24 (2019) 170–175

174

http://refhub.elsevier.com/S1744-165X(19)30043-5/sref1
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref2
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref2
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref3


reductase (SDR) relationships: a large family with eight clusters common to human,
animal, and plant genomes. Protein Sci Publ Protein Soc 2002;11(3):636–41.

[4] Young MJ, Clyne CD, Cole TJ, Funder JW. Cardiac steroidogenesis in the normal
and failing heart. J Clin Endocrinol Metab 2001;86(11):5121–6.

[5] Falany CN. Enzymology of human cytosolic sulfotransferases. FASEB J : Offic Publ
Fed Am Soc Exp Biol 1997;11(4):206–16.

[6] Gathercole LL, Lavery GG, Morgan SA, Cooper MS, Sinclair AJ, Tomlinson JW,
Stewart PM. 11beta-hydroxysteroid dehydrogenase 1: translational and therapeutic
aspects. Endocr Rev 2013;34(4):525–55.

[7] Cole TJ. Cloning of the mouse 11 beta-hydroxysteroid dehydrogenase type 2 gene:
tissue specific expression and localization in distal convoluted tubules and col-
lecting ducts of the kidney. Endocrinology 1995;136(10):4693–6.

[8] Wilson RC, Krozowski ZS, Li K, Obeyesekere VR, Razzaghy-Azar M, Harbison MD,
Wei JQ, Shackleton CH, Funder JW, New MI. A mutation in the HSD11B2 gene in a
family with apparent mineralocorticoid excess. J Clin Endocrinol Metab
1995;80(7):2263–6.

[9] Miller WL. Steroidogenesis: unanswered questions. Trends Endocrinol Metabol:
TEM 2017;28(11):771–93.

[10] White PC, Speiser PW. Congenital adrenal hyperplasia due to 21-hydroxylase de-
ficiency. Endocr Rev 2000;21(3):245–91.

[11] Shackleton C, Pozo OJ, Marcos J. GC/MS in recent years has defined the normal and
clinically disordered steroidome: will it soon Be surpassed by LC/tandem MS in this
role? J Endocr Soc 2018;2(8):974–96.

[12] Simpson ER, Mahendroo MS, Means GD, Kilgore MW, Hinshelwood MM, Graham-
Lorence S, Amarneh B, Ito Y, Fisher CR, Michael MD, et al. Aromatase cytochrome
P450, the enzyme responsible for estrogen biosynthesis. Endocr Rev
1994;15(3):342–55.

[13] Simpson ER, Mahendroo MS, Means GD, Kilgore MW, Corbin CJ, Mendelson CR.
Tissue-specific promoters regulate aromatase cytochrome P450 expression.
J Steroid Biochem Mol Biol 1993;44(4–6):321–30.

[14] Russell DW, Wilson JD. Steroid 5 alpha-reductase: two genes/two enzymes. Annu
Rev Biochem 1994;63:25–61.

[15] Rogerson FM, Fuller PJ. Mineralocorticoid action. Steroids 2000;65(2):61–73.
[16] Hattangady NG, Olala LO, Bollag WB, Rainey WE. Acute and chronic regulation of

aldosterone production. Mol Cell Endocrinol 2012;350(2):151–62.
[17] Funder JW, Pearce PT, Smith R, Smith AI. Mineralocorticoid action: target tissue

specificity is enzyme, not receptor, mediated. Science 1988;242(4878):583–5.
[18] Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, Palensky J, Wittes J.

The effect of spironolactone on morbidity and mortality in patients with severe
heart failure. Randomized aldactone evaluation study investigators. N Engl J Med
1999;341(10):709–17.

[19] Zannad F, McMurray JJ, Krum H, van Veldhuisen DJ, Swedberg K, Shi H, Vincent J,
Pocock SJ, Pitt B, Group E-HS. Eplerenone in patients with systolic heart failure and
mild symptoms. N Engl J Med 2011;364(1):11–21.

[20] Geerling JC, Loewy AD. Aldosterone in the brain. Am J Physiol Renal Physiol
2009;297(3):F559–76.

[21] Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence stress
responses? Integrating permissive, suppressive, stimulatory, and preparative ac-
tions. Endocr Rev 2000;21(1):55–89.

[22] Barnes PJ. Anti-inflammatory actions of glucocorticoids: molecular mechanisms.
Clin Sci 1998;94(6):557–72.

[23] Lu NZ, Cidlowski JA. Glucocorticoid receptor isoforms generate transcription spe-
cificity. Trends Cell Biol 2006;16(6):301–7.

[24] Liggins GC. The role of cortisol in preparing the fetus for birth. Reprod Fertil Dev
1994;6(2):141–50.

[25] Bird AD, McDougall AR, Seow B, Hooper SB, Cole TJ. Glucocorticoid regulation of
lung development: lessons learned from conditional GR knockout mice. Mol
Endocrinol 2015;29(2):158–71.

[26] Robinson-Rechavi M, Escriva Garcia H, Laudet V. The nuclear receptor superfamily.
J Cell Sci 2003;116(Pt 4):585–6.

[27] Linja MJ, Porkka KP, Kang Z, Savinainen KJ, Janne OA, Tammela TL, Vessella RL,
Palvimo JJ, Visakorpi T. Expression of androgen receptor coregulators in prostate
cancer. Clin Cancer Res : Offic J Am Associat Canc Res 2004;10(3):1032–40.

[28] Amoutzias GD, Pichler EE, Mian N, De Graaf D, Imsiridou A, Robinson-Rechavi M,
Bornberg-Bauer E, Robertson DL, Oliver SG. A protein interaction atlas for the
nuclear receptors: properties and quality of a hub-based dimerisation network. BMC
Syst Biol 2007;1:34.

[29] Mullican SE, Dispirito JR, Lazar MA. The orphan nuclear receptors at their 25-year
reunion. J Mol Endocrinol 2013;51(3):T115–40.

[30] Greaves RF, Wudy SA, Badoer E, Zacharin M, Hirst JJ, Quinn T, Walker DW. A tale
of two steroids: the importance of the androgens DHEA and DHEAS for early
neurodevelopment. J Steroid Biochem Mol Biol 2019;188:77–85.

[31] Vuksan-Cusa B, Sagud M, Rados I. The role of dehydroepiandrosterone (DHEA) in
schizophrenia. Psychiatr Danub 2016;28(1):30–3.

[32] Carvalho O, Goncalves C. Expression of oestrogen receptors in foetal lung tissue of
mice. Anat Histol Embryol 2012;41(1):1–6.

[33] Plante J, Simard M, Rantakari P, Cote M, Provost PR, Poutanen M, Tremblay Y.
Epithelial cells are the major site of hydroxysteroid (17beta) dehydrogenase 2 and
androgen receptor expression in fetal mouse lungs during the period overlapping
the surge of surfactant. J Steroid Biochem Mol Biol 2009;117(4–5):139–45.

[34] Simard M, Plante J, Boucher M, Provost PR, Tremblay Y. Type 2 and 5 17beta-
hydroxysteroid dehydrogenases and androgen receptor in human fetal lungs. Mol
Cell Endocrinol 2010;319(1–2):79–87.

[35] Boucher E, Provost PR, Tremblay Y. C21-steroids inactivation and glucocorticoid
synthesis in the developing lung. J Steroid Biochem Mol Biol 2015;147:70–80.

[36] Wallace MJ, Hooper SB, Harding R. Role of the adrenal glands in the maturation of
lung liquid secretory mechanisms in fetal sheep. Am J Physiol 1996;270(1 Pt
2):R33–40.

[37] Oakley RH, Cidlowski JA. The biology of the glucocorticoid receptor: new signaling
mechanisms in health and disease. J Allergy Clin Immunol 2013;132(5):1033–44.

[38] Seow BKL, McDougall ARA, Short KL, Wallace MJ, Hooper SB, Cole TJ.
Identification of betamethasone regulated target genes and cell pathways in fetal rat
lung mesenchymal fibroblasts. Endocrinology 2019. in press Accepted May 20. pii:
en.2018-01071. doi: 10.1210/en.2018-01071.

[39] Sangild PT. Stimulation of gastric proteases in the neonatal pig by a rise in adre-
nocortical secretion at parturition. Reprod Fertil Dev 1995;7(5):1293–8.

[40] Sangild PT, Sjostrom H, Noren O, Fowden AL, Silver M. The prenatal development
and glucocorticoid control of brush-border hydrolases in the pig small intestine.
Pediatr Res 1995;37(2):207–12.

[41] Dallman MF, Engeland WC, Rose JC, Wilkinson CW, Shinsako J, Siedenburg F.
Nycthemeral rhythm in adrenal responsiveness to ACTH. Am J Physiol
1978;235(5):R210–8.

[42] Buttgereit F, Brand MD, Burmester GR. Equivalent doses and relative drug potencies
for non-genomic glucocorticoid effects: a novel glucocorticoid hierarchy. Biochem
Pharmacol 1999;58(2):363–8.

[43] Liggins GC, Howie RN. A controlled trial of antepartum glucocorticoid treatment for
prevention of the respiratory distress syndrome in premature infants. Pediatrics
1972;50(4):515–25.

[44] Cheong JL, Burnett AC, Lee KJ, Roberts G, Thompson DK, Wood SJ, Connelly A,
Anderson PJ, Doyle LW. Victorian Infant Collaborative Study G. Association be-
tween postnatal dexamethasone for treatment of bronchopulmonary dysplasia and
brain volumes at adolescence in infants born very preterm. J Pediatr
2014;164(4):737–43. e731.

[45] Crowley PA. Antenatal corticosteroid therapy: a meta-analysis of the randomized
trials, 1972 to 1994. Am J Obstet Gynecol 1995;173(1):322–35.

[46] Guidelines-Panel. Antenatal corticosteroids given to women prior to birth to im-
prove fetal, infant, child and adult health: clinical Practice Guidelines. Auckland.
New Zealand: Liggins Institute, The University of Auckland; 2015.

[47] Bird AD, Tan KH, Olsson PF, Zieba M, Flecknoe SJ, Liddicoat DR, Mollard R, Hooper
SB, Cole TJ. Identification of glucocorticoid-regulated genes that control cell pro-
liferation during murine respiratory development. J Physiol 2007;585(Pt
1):187–201.

[48] Bird AD, Choo YL, Hooper SB, McDougall AR, Cole TJ. Mesenchymal glucocorticoid
receptor regulates the development of multiple cell layers of the mouse lung. Am J
Respir Cell Mol Biol 2014;50(2):419–28.

[49] Carson R, Monaghan-Nichols AP, DeFranco DB, Rudine AC. Effects of antenatal
glucocorticoids on the developing brain. Steroids 2016;114:25–32.

[50] Fortin-Pellerin E, Petersen C, Lefebvre F, Barrington KJ, Janvier A. Evolving neo-
natal steroid prescription habits and patient outcomes. Acta Paediatr
2013;102(8):799–804.

[51] Dalziel SR, Rea HH, Walker NK, Parag V, Mantell C, Rodgers A, et al. Long term
effects of antenatal betamethasone on lung function: 30 year follow up of a ran-
domised controlled trial. Thorax 2006;61(8):678–83.

T.J. Cole, et al. Seminars in Fetal and Neonatal Medicine 24 (2019) 170–175

175

http://refhub.elsevier.com/S1744-165X(19)30043-5/sref3
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref3
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref4
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref4
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref5
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref5
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref6
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref6
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref6
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref7
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref7
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref7
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref8
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref8
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref8
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref8
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref9
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref9
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref10
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref10
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref11
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref11
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref11
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref12
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref12
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref12
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref12
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref13
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref13
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref13
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref14
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref14
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref15
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref16
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref16
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref17
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref17
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref18
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref18
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref18
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref18
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref19
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref19
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref19
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref20
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref20
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref21
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref21
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref21
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref22
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref22
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref23
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref23
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref24
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref24
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref25
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref25
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref25
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref26
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref26
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref27
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref27
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref27
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref28
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref28
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref28
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref28
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref29
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref29
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref30
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref30
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref30
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref31
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref31
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref32
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref32
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref33
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref33
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref33
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref33
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref34
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref34
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref34
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref35
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref35
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref36
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref36
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref36
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref37
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref37
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref38
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref38
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref38
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref38
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref39
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref39
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref40
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref40
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref40
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref41
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref41
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref41
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref42
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref42
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref42
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref43
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref43
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref43
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref44
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref44
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref44
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref44
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref44
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref45
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref45
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref46
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref46
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref46
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref47
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref47
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref47
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref47
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref48
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref48
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref48
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref49
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref49
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref50
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref50
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref50
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref51
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref51
http://refhub.elsevier.com/S1744-165X(19)30043-5/sref51

	The science of steroids
	Introduction
	Steroid biosynthesis and turnover
	Steroids as physiological hormones
	The reproductive steroids
	The cardiovascular steroids
	The glucocorticoid steroids

	The mechanism of action of steroids in cells via intracellular nuclear receptors
	The actions of steroid hormones in the developing fetus
	The action of glucocorticoids in the developing fetus
	Effects of synthetic glucocorticoids on the fetal lung
	Deleterious effects of synthetic glucocorticoids in other organs

	Conclusion
	Practice points
	Gaps in knowledge

	Acknowledgements
	References




