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Summary contritute to adult onset disease, includingpértension
o (details in follaving sections). Outcomes follong

1. Glucocorticoids are necessary for fetalyenatal synthetic GCxposure are likely to be highly

development but clinical andxperimental studies suggestgependent upon the duration of Gepesure and in part on
excess exposure may be detrimental to health in the shauty| s In relation to effects on specificgans, outcomes
and in the longer term. _ ~may be dependent upon a specific stage wélolement or
2. Exposure of the fetus to synthetic glucocorticoidsitical window’ at which the aan is most susceptible.

can occur if the mother has a medical condition requmr\ﬁeveloping fetuses may also bemsed to inappropriate

glucocorticoid therap (such as asthma) or if she threatengygis of naturally occurring GCs (cortisol in the human and
to delver her baby prematurelySynthetic glucocorticoids sheep, corticosterone in rodents) if the mothgredences

can readily cross the placenta and treatment is beneficiaIS@niﬁcam stress during mmeany. Whilst maternal
least in the short term, for maternal health and fetghnisol is largely inaciiated within the placenta (as

survial. . ) discussed in the later sections), a proportion is likely to
3. Maternal stress during [geany can raise reach the fetus, particularly if maternal concentrations are
endogenous lels of the natural glucocorticoid, cortisol. A high. Thisreview will consider when and whthe human

significant proportion of the cortisol is inagtied by the fetys is likely to be xposed to synthetic and natural GCs
placental “glucocorticoid barrier”. Heever, exposure 10 ang in particularwe sall highlight the similarities and

severe stress during pgeany can result in increased risk gifferences in outcomes following@osure to natural and
of miscarriage, v birth weight and behavioural deficits in synthetic GC.

children.

4. Animal studies hee $ovn that ecess gposure Human fetal exposue to gucocorticoids
to both synthetic and natural glucocorticoids can alter ) o
normal deelopment of ogans including the heart, brain Synthetic Glucocorticoids
and kidng. The nature and serity of the ogean
impairments is dependent upon the timing xyfasure and
in some cases, the type of glucocorticoid used and the
of the fetus.

5. In animal models, exposure to ‘eed
glucocorticoids during pgmang has been associated with
adult onset diseases including veted blood pressure,
impaired cardiac and agcular function and altered
metabolic function.

Prggnant women, and thus their fetuses, are most
commonly treated with synthetic GCs when at risk of
?ﬁ‘eterm deliery to ensure surval of the preterm irdnt.
Liggins? discovered the beneficial effects of synthetic GC
administration on the preterm @it following
investigations of the effects of GC administration on
premature deliery in the sheep. When GCs wereej to
pregnant ewes at doses 0.06-4mg/d on gestational days
100-121, preterm parturition occurred after approximately
Introduction 48h. At these gestational ages, the lungs of the fetal sheep

are \ery immature making postnatal swali impossible.

Glucocorticoids (GCs) are kmm to be important for However, it was found that GC administration accelerated
normal embyrogenesisind while exposure to GCs may befetal lung maturation resulting in some viable lambs.
beneficial or een necessary for fetal sumal, evidence is Liggins? suggested that GCs advanced lungetiggment by
accumulating to suggest thatcessve exposure may hae affecting the production of lung sadtant. In 1972,
long term detrimental consequencedlomen (and their Liggins et al.® first demonstrated that maternal
fetuses) may bexposed to increasedvids of GC at ap  administration of betamethasone in humans substantially
stage of gestation. Fetal exposure to synthetic G@sduced the incidence of respiratory distress syndrome in
commonly occurs in mid-late gestation inomen preterm infants born before 32 weeks of gestatibhas in
threatening to deler their baby prematurelyHoweve, the past been common practice foomaen at risk of
women are gien synthetic GCs at other stages ofpreterm deliery (post 24 weeks gestation) to reeeia
pregnang for a variety of medical conditions, includingcourse (tw injections 12-24 hours apart) of synthetic GCs;
asthma (refer to Table 1)Animal studies hae shown that most commonly betamethasone (92%),xateethasone
prenatal gposure to synthetic GCs canvkaceleterious (DEX, 4%) or combinations of other synthetic GC
effects on the deslopment of ogans (such as the kidpe including prednisolone. A recent lage scale Cochrane
brain and the heart) which may in the longer termeview reported that GC administration to mothers at risk of
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Table 1. Reasons for glucocorticoid treatment to pregnant women at different times in pregnancy and outcomes on growth
and health of the child.

Glucocorticoid Reason for Timing of Benefit Consequence
exposure exposure
Reduce preterm Increase blood pressure in childfen
Improve fetal infant mortality,
outcome in Reduce systemic
Betamethasone | women at risk | 24-36 weeks| infectiong
of preterm Reduce incidence of Repeat dose shortly before birth reduces
delivery (92%) RSD (24-32 protection from RSB
weeks$
Improve fetal 24-36 weeks As abe As Above
outcome in
women at risk
Dexamethasong ggmgjr(?%g)
congenital- Week 7 until | Reduces female Maternal weight gain and oedetfa
adrenal hyper- | termt! genital virilisation Fetal/offspring- Unknown
plasia
Moderate idio- | Whole of Increase platelet Unknown
pathic thrombo-| pregnancy | count (preent Case study: methylprednisolone caused
cytopenic pur- autoimmune attack| low birth weight and fetal adrenal suppres-
pura of platelets§’ siorf8
systemic lupus| Whole of Maternal- Reduce Increase rate of premature bitth

erythematosus| pregnancy | disease activity
Fetal-Improe rate
of live krth 1°

Prednisolone Acute asthma | Aptime Reduce asthma Increased risk of preeclampsia
during preg-| symptoms, preent Preterm birth, I birth weight®
nancy fetal hypoxia,

reduce seere fetal
outcome&’
hyperemesis Any time Reduce symptoms Unknown
gravidarum during preg-| eg. nause#®
(severe form of | nancy
morning sick-
ness)
Inhaled corticos-| Asthma (affects| Whole of Prevent asthma High dose linked to congenital malforma-
teroids about 11% of pregnancy | exacerbations, tion!®
Australian reduce adverse fetal
women?) outcome$*
Stress Ay stage NA Impaired mental and motor dgopment
in infant2!

Miscarriagé?
Low birth weight and reduced birth

Cortisol lengtr?
Depression An stage NA Increased infant cortisol. Impaired neona-
tal behavioural deslopment®
Physical abuse Anstage NA Reduce fetal birth weigkt
Disaster Aly stage NA Reduced head circumferefdee

RSD, respiratory distress syndromé (fhot applicable)
preterm deliery significantly reduces neonatal de4th.30 treatment on adult health outcomes of subjects haalesl

year follov-up of the initial randomized control trial some suggestions of insulin resistance minimal efects
investigating the effects of antenatal corticosteroicbn other health parametér&Vhat is of concern is that it
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has been shown that 83% of obstetriciang gi ®cond disordersi® prednisolone has been associated with an
course of GC to women at risk of preterm aaly and 50% increased risk of preeclampsiapremature deliery and
would give women weekly doses of GC until birth of thelow birth weight!® Prednisolone is also often prescribed to
infant or until the risk of preterm dedry no longer women suffering from idiopathic thrombgtopenic purpura
remains There is little evidence to support that thesand systemic lupus erythematosus. Prednisolone irepro
repeated and prolongedkmosures to maternal GCs arepatient platelet counts in idiopathic thromigtmpenic
more beneficial to the fetus than the recommendes twourpura but the é&fcts on the desloping fetus are lagely
doses 24h apart. Recent guidelines put &wdvby the unknovn. While GCs are routinely used to treat systemic
Australian Royal College of Obstetricians andupus erythematosus andvieakeen shown to impke the
Gynaecologists suggest that although weekly doses of Gfase of lve hrths, GCs hae dso been shown to increase the
are not recommended, a single rescue course of GCs niagidence of premature dedry.!® Prednisone isven used
be gven if the first dose was gn prior to 26 weeks of to treat seere forms of morning sickness which can itself
gestatior’. While the additie regdive dfects of increased lead to maternal weight loss which may in turn lead to fetal
GC exposure on the dgoping fetus are unknown, one growth restrictior?® Synthetic GCs are often administered
study has suggested that an additional dose tf women with medical conditions which areglii to result
betamethasone close to birth can impair the respiratdry an impaired intrauterine einonment. Assuch, in the
adaptations caused by an earlier betamethasone® dose.human it is often difficult to distinguish thefedts of GC
addition, while the immediate protedi dfects of GC on exposure from the condition itself.
fetal surwal are quite clearthe long term consequences of o
GC exposure are less well understood, although a study MNgtural Glucocorticoids
Doyle et al.? has reported a link between antenaxglosure
to GC and increased blood pressure in adolescence.
Pregnant women who are at risk of deding a child
with congenital adrenalyiperplasia are likely to reca
doses of the synthetic GC, DE¥at are 60 fold higher
than normal mid-gestation GCvis'® to reduce genital
virilisation of the female fetus. These GCs are \gn as
soon as pmgnany is onfirmed at about week 5 of
pregnang or from about week 7 when genitaivg®pment
begins. Havever, confirmation of congenital adrenal
hyperplasia can only be made by fetal sampling (chorion
villus sampling from week 9 or amniocentesis-from wee
14) thus man fetuses will be xposed to high kels of GC
before confirmation of the conditidh As this condition is
autosomal recess and only half of afiected fetuses are
female, there is only a 1 in 8 chance of the viiial
benefitting from the GC8 with the remaining fetuses

rece|V|Sng t?]ct:'s fcgé@ral We?aks flmnecezsarl.l);. ‘ inferior behaioural scores in orientationxeitability, reflex
ynthetic S are also frequentiwen to pregnant g \vithdraval based on the Brazelton Neonatal Bebeal

women for a number of autoimmune conditions, not uniqu&Ssessment scafé Similarly, women exposed todremely
to, hut still present throughout myeang. The most '

" . ; stressful gents such as physical partner abuse and disasters
common of these conditions is asthma whiclieci$ PRy b

; . h as the f1of September 2001 t ist attack on th
approximately 11% of all Australianomen!? Inhaled GCs \s;\l;grl dai'rac(jee Coentreep ehTe etrabies viirtrr?nfedi ci((:j (t))?rth e
are frequently prescribed to women both before and duri%{aigh?“ and head circ,umferenéérespect'rely

pregnang to manage asthma and peat seere
exasperations. Ihas been shn that the use of inhaled GC The role of the placenta and fetal sex on glucocorticoid

reduces the risk of kiang a lov birth weight baby exposure

compared to asthmatics who viea ot taken inhaled

corticosteroid$3  Furthermore, studies ta sown that The passage of GCs from mother to fetus gslieted
inhaled GC do not affect fetal GCgidated pathways and largely by the actions of the placental “glucocorticoid
are relatiely safe for the fetus during myeang.l4 barrier”. Themain constituent of this barrier is the enzyme
However, some studies he reported a link between high 113 hydroxysteroid dehydrogenase type 2 fHB5D-2)
doses of inhaled GC and fetal abnormalitel addition Which cowverts GCs such as cortisol, corticosterone and
to inhaled GC, pregnant women are often prescribed offednisolone into their inaggé 11 keto metabolites,
synthetic GCs such as prednisolone in responseviese cortisone, 11-dehydrocorticosterone and prednisone,
asthma easperations. While minimising the effects of arféspectiely. Additionally, a dacental transporter known as
asthma exacerbation and yeeting further attacks is the multidrug resistant protein (MDR1-also known as p-
important for preenting seere fetal outcomes including glycoprotein 1, p-gpl1), actly transports GCsveay from
preterm birth, membrane related disorders aqketiensie  the fetal blood supplyhus protecting the fetus fronxeess

Elevated levels of cortisol are produced endogenously
in times of stress and as such the effects of cortisol on fetal
development are likly to be hard to separate from the
effects of the stimuli causing the increase in plasma cortisol
levels. Dueto the wide array of stimuli that can lead to an
increase in cortisol lels, the timing and duration of
increased cortisol exposure is wide aratied and fetal
outcome is likely to be dependent on both of thestofs.
Stress during pgmang in association with increased
maternal cortisol kels has been shon to impair mental

d motor deslopment in the young iaht! and lead to

w birth weight and reduced birth length, while
miscarriages in early pgaany havebeen associated with
increased cortisol lels in the first three weeks after
conceptior’? Women suffering from depression Jea
increased cortisol \els and are more likely to ke
children with increased cortisol Vs who also hee
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Metanephric development Completion of nephrogenesis

begins
Day 0 i i : i i Term 3
I ! | by |
j : : ! : 40 wks |
Human L metanephrogenesis J :
Wk 5 Wk 36 !
l ; : |
‘ : : 150d }
Sheep B metanephrogenesis K :
30d 135d :
| |
1 22d }
Rat L metanephrogenesis J
12d PN8

Figure 1. Representation of the period of kidney development in the human, the sheep and therat. Metanephric (perma-
nent kidney) development commences at week 5 of gestation in the human, at 30 days in the sheep and at day 12 in the rat.
Note that metanephrogenesis is completed in the human at week 36 of gestation and in sheep at 130d, some weeks prior to
term birth (human; 40 weeks (wks), sheep (150d). Importantly after the period of nephrogenesis, no new nephrons will
form. In contrast, the rat is born quite immature and as can be seen, the rat kidneys continue to form nephrons after term
birth at 22 days with completion of nephrogenesis at postnatal day (PN) 8. It can be seen that if glucocorticoids were
administered at the commencement of the nephrogenic period, this would indeed be at very different times of gestation in
the different species, for example, it would be administered at 1/8 of gestation in the human, 1/3 of gestation in the sheep
and mid-gestation in therat.

maternal GC xposure. Collectiely these components compared to placentas from male feti®e$hus, it has
minimize materno-fetal GC transfer in axsgecific and been proposed that placentas from female fetuses respond
GC specific manner It has been knaen for a long time that more appropriately to a GC exposure providing greater
11BHSD-2 has different efficiencies at metabolisingrotection from excess exposure than do placentas from
different GC, particularly in reference to natural compareahale fetuses.

to synthetic GC. Cortisol inagtition by 1PBHSD-2 is ) ) o

thought to be high under normal ysiiological condition Experimental studies of glucocorticoid exposure

with approximately 90% of cortisol being a@nted into
cortison@&® (although this value varies greatlyA number
of studies hee investigated the diciengy of 11HSD-2 in
metabolising various synthetic GCs and while the absol
values vary considerablas a gneral rule the al show
that synthetic GCs are metabolized but much |daseaftly
by placental 1fHSD-2. One of the early studies
investigating the capacity of the human placenta t
inactivate synthetic GCs used amvitro 113HSD-2 actvity

Experimental studies in a wide-variety of animals
including sheep, rabbits, rats, mice and baboong ha
shavn that prenatal GC administration arious doses and
UI§ different time-points during pyeany have differential
effects on the fetus, the \woping ogans, and on long-
term physiology of the adult offspring (seable 2 for
summary). Thesstudies can lgely be divided into those
fhat examined thelirect effects of GC exposure on the

. . owvth and deelopment of the fetus and those that
assay and determined that 67% of cortisol, 51% P

. mined the long term detal programming effects of GC
prednisolone, 2% of DEX and 7% of betamethasone Weé%osure on ad%lt health pM%st anir?]al studiesseha
broke;] (tjo(;/vn 'T“O the.:rr dll—lketo tmeltg)glg’e?s?h m?r:e administered synthetic GC during a specific part of
recent study using purified placentals ~< rather than pregnang. Of critical importance when interpreting
a pdacental homogenate has reported that inhaled GCs s comes following GC exposure in animal studies, is an
as budesonide and fluticasone are not metabolized at all reciation of the dirences between species ili] the
the placenta and that prednisolone (23%), betamethas

; . ng of organ devdopment. This is especially true for
(approx[mateély 20%) anq DEX. (13%) are a!l p."’lrt'a”yrodents that are born with relaly immature ogans,
metabolized® Results using this more recemb-vitro

X . - articularly brains and kidye, compared to the human. As
technique suggests that BHSD-2 is more efficient at P y v P

metabolising synthetic GCs than imusly thought. The an example, Figure 1 demonstrates the period of renal
. S devel t duri tation in the h , sh d rat.
sex of the fetus also impacts the AHSD-2 activity of the e/Sopment curing gestation In the human, sneep and ra

If GC were administered at 0.6 gestation (corresponding to
placenta. It has been sk that placentas from female g ( P g

fetuses  born  within 72 hours  of betamethason? weeks in the human and day 13 in the rat), the velati
e . . - el t of the kid Id b diff t with
administration had higher BHSD-2 activity levels e/sopment of the dneys wou ety dierent wi

the human kidne relatively developed and undeoing
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rapid nephrogenesis whilst the radbwid be in the very first of equipotent doses of the natural GC, AQQR3ug/kg/h at

stages of renal g¢elopment. 12d gestation for 60h) has madty different effects to the
Although there is a large body of literatuseamining synthetic DEX on the murine placentalvélepment3® In

the efects of various environmental stresses (whiculd contrast to DEX treatment, maternal CD#d not directly

be &pected to raise endogenous GCs) on fetalffect placental weight during the period of treatmeut b

development, in this rdew we dall focus on the animal resulted in increased weight of placentas from males some

studies which hae aministered a known dose of natural2 days after gposure. Incontrast to the effects of DEX,

GCs in a manner similar to that of synthetic GCs. MAP2K1 gene expression was increased and VEGF-a

o mMRNA decreased during exposure in placentas from males
Effects of maternal glucocorticoid on placental structure only. Similar to DEX, COR increased expression of
and expression of placental transporters 11BHSD-2 protein in females only.

Some of these studies lend support to theothesis
that the placenta plays a major role in determining tRe se
specific outcomes following maternal GC exposure.

As noted abee, the ability of natural and synthetic
GCs to cross the placenta can vary radhk The presence
of 11BHSD-2 in the placenta protects the fetus fromess
maternal GC xposure, hwever this barrier is incomplete Effects of maternal GC on fetal growth
and leels of 11BHSD-2 decrease Wards late gestation,
therefore making the fetus more vulnerable tieat$ of Numerous studies ka <own that maternal
excess maternal G&, Additionally, GCs themselves can administration of synthetic GCs can alter fetal growth b
have drect effects on placental ddopment which may this phenotype is strongly dependent on the dosing and
indirectly affect the fetus. In the rat, maternal DEX (liming of exposure during gestatidh. Repeated
pg/ml in maternal drinking water) from 13-22d of gestatiomdministration of betamethasone (0.1mg/kg) to thgrmet
(term=22d) impairs fetal growth at term in association withabbit either early in pgnany (19-20d) or late in
decreased placental labyrinth VEGF-a gemgression, pregnang (25-26d) significantly reduced fetal suwa
labyrinth weight, labyrinth @ume and maternal and fetalfetal birth weight and placental weights on 27d gestation
blood space surface area amivne’ suggesting that DEX (term=30d)3® Furthermore, while fetal viability wasase
can impair placental vasculogenesis which in turn mayith repeated administratiorearly in pregnany fetal
affect placental and fetal gnoh. A similar study using the growth was more adversely affected following treatment in
same DEX treatment protocol found that DEX reducelhte gestation. In the sheep,elffani et al.3° shaved that
placental leptin transport and placental leptin receptoepeated administration of betamethasone (0.5 mg/kg) in
expression (Ob-Rb, long form of leptin receptor) andhcreasing doses commencing on 104d gestation to the
proposed that reduced fetal leptivdis may contribute to pregnant ewe caused a dose-dependent increase in postnatal
reduced fetal gmth.32 GC exposure may also impair fetallung function in male and female lambs. Wver,
development by affecting placental nutrient transferincreasing doses also caused significant fetalwtro
particularly by reducing glucose and amino acid transportegstriction3® Prolonged maternal DEX administration
alundance, although studiesvieadso shown impreed (10Qug/kg/day) in the rat in late gestation (15-20d) caused a
placental transport as a compensatory mechanism feduction in body weights of fspring at birth while
improved fetal outcome in GC exposed foetudes. administration early in gestation (1-10d) had no effect on

In the spiy mouse, mid-gestation DEX body weights at birth? In the sheep, prolonged DEX
administration (23d of gestation, term=40d) has beewsho administration early in gestation (25-45d), caused a
to alter placental structure and gene expression, whéeransient reduction in fetal body weights at 135Hpwever
following 60h of treatment, male and female fetuses hatkights were normalized by 2 months of age and there
similar reductions in placentakgression of insulin-lik- were no long-term effects on renal function or arterial
growth factorl and its receptor (IGF1, IGF1R) and in solutpressure of the tsfpring#? Furthermore, short periods of
carrier family 2, é&cilitated glucose transporter 1maternal DEX (0.2mg/kg) administration on 11-12, 13-14,
(SLC2A1)3* In contrast on 37d gestation, male DEX-15-16, 17-18, 19-20d in the rat, caused moderate reductions
exposed fetuses exhibited ancrease in maternal blood in body weight in the ery late gestation treated groups only
sinusoids (blood spaces) anddecrease in expression of (17-18 and 19-20% Our own studies using short DEX
SLC2A1, whereas the female fetuses hadeerease in  administration early in gestation (0.48mg/h/d, 26-28d) in
maternal blood sinusoid spaces andimmease SLC2A1 sheep showed nofett on offspring birth weight whilst in
and mitogen aoteted protein-kinase 2 (MAP2K) the mouse DEX (lg/kg/h) at 12.5-14.5d caused a transient
expressior?* In the C57/BL6 strain mouse, weveadiown reduction in fetal size at 14.5d thatsvfully restored by
that maternal DEX administration Wd@/kg/h at 12d 17.5d%° Johnsoret al.** have $own that apart from fetal
gestation for 60h) during the period of rapid placentaleight, administration of 2 mg/d of betamethasone to the
growth caused a significant reduction in placental weiglgregnant rhesus moels from 120-133d, reduced weights
and protein epression of MAPK but an elation in of multiple ogans, including the lung, Ver, brain, heart,
expression of 1AHSD-2 and vascular endothelial gith  pancreas and adrenals at 165 days of gestation (term=165d).
factora (VEGF-a) in the placenta from female fetuses A recent study in the marmoset megykas shavn a
only3® Very recently we hee reported that administration significant efect of variation in maternal cortisol on
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Table 2. Effects of maternal glucocorticoid treatment at different times of gestation on overall growth and development of organs and health outcomes in

the offspring.

Species

Type of Glucocorticoid
administered

Timing of exposure

Phenotype

a

across gestation

Mice (C57/BL6 term=19d) Dexamethasone 12-14.5d transididy weight at 14.5d, normalized at
17.5¢°
Rat (term=22d) Dexamethasone 1-10 or 15-20d 1 body weight (15-20d onlj
Rabbit (term=30d) Betamethasone 19-20d or 25-26d L fetal survval, birth weight, placental weight;
(19-20d). | fetal survizd; (25-26d). 1 fetal growth®
Sheep (term=150d) Betamethasone 104d-124d (weekly interyals) 1 lung function,i body weight at deliery3®
Sheep Dexamethasone 25-45d Transient reduction in body weight at 135d, norm
ized in 2 month old offsprirfg
Marmosets Natural variation in cortiso across gestation Decrease BMI change in early postnatal life,

increased catch-up growth in adolescefice

Effects on placenta

isolation from flock

30-100d grougy

Rhesus mondy ¢erm=165d)

Dexamethasone (single o
multiple courses

b

132-133d

L hippocampal size, number of pyramidal
neuron&*ss

Baboons (term=187d)

Betamethasone

0.6, 0.65. 0.7 of gestation

only®®

Effects on kidney structure, function and blood pressure

Rat Dexamethasone 1-10d-15-20d 1 BP in both sges (15-20d only}°

Rat Dexamethasone Day 1-term L GFR, 1 proteinuria (20d offspring), BP (60d off-
spring®

Rat Dexamethasone Multiple 11-12, 13-14, 15-16, | nephron number in male and female (15-16d o

17-18, 19-20 17-18d),1 BP male (15-16d or 17-18d) and female
(17-18dy357
Spiny mouse Dexamethasone 23-26.5d 20 week offsprifgephron number- BP Male

and Femal&

Sheep Betamethasone 80-81d L Nephron numbet GFR in males only; BP male &
female’® Impaired baroreflein female only;* altered
tubular sodium response to Ang1-7 in 6 month old
male and femalé

Rat CORT 14-15d L nephron number 30dBP 120d male and female

offspring*”

Mice (C57/BL6) Dexamethasone 12-14.5d  placental weight and MAPKVEGF-A®
Spiny mouse (term=40d) Dexamethasone 23-26.5d 37d fetus; Melhdsod space,SLC2A1), Femaleg
(v blood space,SLC2A1, MAPK}y*
Rat Dexamethsone (maternal 13-22d | placental labyrinth VEGF-A gene expression, vol-
drinking water) ume, ! maternal and fetal blood spate
Effects on the heart
Rat Dexamethasone 17-22d 1 cardiomyocyte proliferatiofi
Sheep Dexamethasone 114-128d tfetal heart weights;, LV/ RV wall thicknes#
Effects on metabolic organs
Rat Dexamethasone 15-20d tBP%” Glucose intolerance, hyperglycemia, hyperin-
sulinemias® 1 liver triglycerides, fatty Wer on a high-
fat diet®®
Sheep Betamethasone 104d-124d (weekly intervals)  altered gene expression of glucocorticoid-dependent
hepatic enzymés$
Effects on brain and behaviour
Rat t CORT inducedvia maternal 15-20d 1t plasma COR in off spring in response to nelty®*
stress
Rat Dexamethasone or CORT 18-19d 1 sexual behaviour; altered hippocampal structures in
male Milder phenotype with CORY
Sheep Repeated maternal stnéas 30-100d or 100-150d 1 stress responses in offspring (greater effects in the

Attention disorders in 3 year old female offspring

BP (blood pressure),\_(left ventricle), R/ (right ventricle), MAPK (mitogen actited protein kinase), VEGF dgcular endothelial growttaétor),
SLC2A1 solute carrier family 2, facilitated glucose transporter 1, T@&ticosterone or cortisol), GFR (glomerular filtration rate)

postnatal growth of the offspring. Mustoet al.,* reported offspring that were exposed to highvés of cortisol
that while exposure to high vds of cortisol during exhibited a slower change in BMI shortly after birth,

gestation did not alter body mass ird8MI) at birth, the
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with high cortisol during the first trimester Miag a behaiour in the offspring. A recent study showed that
stronger relationship to postnatal growth compared to thirdpeated betamethasone (@fg/d) administration at 0.6,
trimester cortisol elgtion. In contrast, early gestational 0.65 and 0.7 of gestation in the gnant baboon results in
short-term administration of cortisol (5mg/h/d, 26-28d) inmpaired learning and attention disorders in the 3 year old
the sheeff or corticosterone (0.8mg/kg/d, 14-15d) in thefemale offspring onlywhich was possibly due to alterations
rat*” did not alter birth weights or weights of the offspring. in hippocampal structur®.
o ) ) Similarly, maternal stress in the last third of gestation

Effects of glucocorticoids on cardiac structureand function i, the rat has been shown to causevasiens in
corticosterone in response tovelty in the ofspring®! In

eep, repeated maternal stress induced by isolation from
the flock during early (30-100d) and in late gestation
00-150d) augmented the stress response in the late-
estation fetus, lweever the efects were greater in the early
gestation treatment group compared to the late treaffhent.
A study examining adult male sexual beivar in the
\Wﬁtar rat, shwed that maternal DEX (1mg/kg) and
equipotent corticosterone (25mg/kg) administratiryv

Maternal DEX (0.48g/d) administration from 17d in
the rat resulted in larger hearts with an increase
cardiomyogte proliferatve index8 Maternal
hydrocortisone (80mg/d) administration from 119d in shee
has also been sho to increase fetal heart weight an
thickness of left and right entricular valls#® Cortisol
administration directly to the neterm sheep fetus has
been shown to increase heart mass that is associated

increased cardiomygte proliferation rather than late | 18-194 d a sianificant d .
hypertroply.5° Miller et al.5* have hown that follaving ¢ !N prgnang (18-19d), caused a significant decrease in

induction of intrauterine growth restriction (IUGR) in Iatemounts ar}dtlr:rorjsrl]ssmdn Iatg-\r;;les ;n tlhe DE)t< gtroutp which
gestation sheep fetuses by single umbilical artergtitig was sssoclated with reducedviess ot plasma testosterone

(SUAL), antenatal betamethasone administration causeo""gd dop?ﬁwllne and h|ghgwds of danddrogen receptor? n
greater decrease in body weight of IUGR fetuses compa S thryfho ahamli;, Ian mcre;sel opammt()e reéep} ors in
to controls with female fetuses being morevgtoretarded. 0 € Tnypothalamus anauclieus accumoens. n

Recent studies in this model sted that while maternal contrast, the phenotype was much milder in the

betamethasone administration did not interfere with Cardiggrncozterong group |nmysvh|ch onl)t/) a:deg‘frfe mllgucleus
adaptations in the IUGR fetus (increases in lefttsicular accumbens dopaminevies were obSerd. e milder

pressure and contraction and relaxation), be’[amethasém&‘en.Otype may be due to more corticosterone being
administered IUGR fetuses did e an enhanced nactivated at the leel of the placenta by BHSD-2 as

responsieness of the left entricle B-adrenorecepto?$ rrtleg_tlong%.eatrlle,;:]thtus Ies? Iggtgng dto. t_hte I_etus. toThese
which could increase susceptibility to adult cardia¢ /d!€s Indicate that prenata administrationatous

dysfunction. Inthe rat, late gestation DEXxgosure stages of pgnang have consequences on thevéiaping

R ; in, Iting in adversefe€ts on behaviour and learning
(100-200 pg/kg/d) causes upregulation in expression &rgu_n resu .
Ca* binding proteins; proteins that Ve keen shown to ability similar to what has been obsedvin humar® as

cause cardiac impairment and premature death; in both fﬂsm'o“ed earlier.

21 day old fetus and in adulthood suggesting th"l’UietaboIictype effects

upregulation in &pression of these genes could impair adult

cardiac function in offspringx@osed to eleted maternal Weekly betamethasone administration from 104d in
GC33 All these findings taken together suggest G@he pregnant ewe causes alterations in theg, Iparticularly
administration eithevia the mother or directly to the fetusin gene expression of glucocorticoid-dependent hepatic
causes structural adaptations that may impair cardiaozymes (increased fetal hepaticBHED-1 gene and

function in adulthood. protein and increased corticosteroid-binding protein gene)
] ) in 146d old fetuses, indicating impaired glucose
Brain structure and behaviour production® Maternal DEX administration in the last third

A multitude of studies hae own that the brain is of pregnany in the rat, results in ypertensiory’

particularly susceptible to thefe€ts of exogenous maternal hyperglycemla, glucose intolerance angphrinsulinemis®

GC. Administrationof DEX (5mg/kg) either in single or in adult ofspring. Further studies in this modelkahown
multiple doses on 132-133d to the gmant rhesus moel that while prenatal DEX treatment does not cause obésity
reduced the number of ymmidal neurons in the does increaseveér triglycerides and susceptibility tatty

hippocampus and the number of granular neurons in th}ée.r vyhen ofspring are placed on a h|gh-fat_ .&Fét
dentate gyrus of 135d and 162d old foetées reduction '”d'cat.'f'g prenatally —programmed  tissue-specifiat f
in hippocampal size andolume in 9 month old épring deposition.

was dso obsered® A single injection of maternal kidney structure, function and adult cardiovascular
betamethasone at 114d has been shown to increase tﬂﬂ’ﬁ/‘bology

basal and stimulated cortisolvés in 1 year old sheep

offspring whereas repeated injections did otLate Ortiz and colleagué3®” demonstrated that short-
gestation maternal DEX in the ?4P® as well as mid- periods (2d) of xposure of the pregnant rat to DEX at
gestation administration in the primztéas been shan to  specific times during gestation hadirying effects on
permanently elete basal GC leels and cause anxiety-Bk kidney structure and adult arterial pressure. Maternal DEX
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(0.2mg/kg) administration on 15-16d or 17-18d causedamnd length of exposureasied considerablyThis led us to
reduction in glomerular number in 2 month old male andsk: would short term exposure to DEX or cortisol, at
female offspring. Both ses from the 15-16d groupub similar stages of gestation, have similar effects on
only male ofspring from the 17-18d group weredevelopment and long term outcomes? Examining the
hypertensie, whilst glomerular filtration rates were normaleffects of short-periods of elation in the natural
in both sees at 3 nonths of agé? In another studyOrtiz et glucocorticoid in prgnangy is essential as wmen are likly
al.%” shaved that only male &pring from the maternal to undergo significant periods of stress especially in early
DEX exposure at 13-14, 15-16 and 17-18d groups wepgegnang which may be associated with getting used to the
hypertensie & 6 months of age it both male and female fact that thg are pregnant or related to financial and partner
offspring from the 15-16d group demonstratecupport especially if the pyaany was unplanned®2°
glomerulosclerosis at 6-9 months of age, with ther#tgy  Over the past 10-12 years, wevhased a sheep model of
being greater in male fspring®” However, a smilar period early prenatal GC xposure to answer this question.
of maternal DEX administration in mid-gestation to thélthough our original studies were conducted using
spiny mouse caused a reduction in nephron number in tiesposure to DEX (0.48mg/d for 48h between 26-28 days of
offspring, lut had no effect on arterial pressft&Voods & gestation), our recent studiesvhawsed both DEX and
Weeks® found that maternal DEX administrationcortisol (5mg/d between 26-28 days of gestation). This has
(10Qug/kg/d) in late gestation (15-20d) in the rat resulted ianabled us to directly compare the outcomes of maternal
elevation in mean arterial pressure and a tengefar exposure to these wGC. We hypothesized that the tw
glomerular filtration rates per kidpeveights to be lver in  GC would hae smilar effects but gien the higher potenc
20 week old male and female offspring, whereasf DEX for the glucocorticoid receptor (GR) and the ability
administration early in gestation (1-10d) had no effect oof the placenta to inaetite cortisol, via 113HSD-2 as
arterial pressure or kidgefunction in adulthood.Celsiet mentioned in earlier sections, the effects of DEauld be
al %% found that DEX (0.1mg/kg/d) from day 1 to parturitionmore profound. As shown inable 3, although this
in the rat resulted in a significant reduction in glomerularypothesis was found to be correct for some outcomes, in
number in 20 day &pring and reduction in glomerular mary instances, the phenotype obsshwas found to be
filtration rate, increased proteinuria and arterial pressure GC specific and despite being less potent than DEX, the
60 day old dkpring. In the sheep, short-term mid-gestatiogortisol exposure elicited strong programming effects.
betamethasone  administration (0.17mg/kg, 80-81d) Both cortisol and DEX result in male and female
decreased nephron number in the 135d fetus and in acffspring deeloping eleated blood pressure without
male and female offspring, ub decreased glomerular changes in heart raté*®73 However, the cardieascular
filtration rate in the 17 month old malefggdring only while  mechanism underlying thisypertension is GC specific. In
both male and female offspring had veled arterial the DEX treatment égpring, we found increases in cardiac
pressur€? In this same model, Shaltowt al.”* have output*whilst in the cortisol gposed offspring, peripheral
reported enhanced sympathetic angdthalamic-pituitary resistance was increas€dBlood pressure responses to
responses associated with impaired baroreceptow refle peripheral infusions of angiotensin Il were notfefiént®
42 day old betamethasone exposed female offspring amowever, direct central (intracerebventricular)
Tang et al.”? obsered altered renal hemodynamic andadministration of angiotensin 1l, caused an increased
tubular sodium gcretion responses to Ang (1-7) in 6 monthpressor respongness in animals exposed prenatally to
old male and female offspring. DEX but not in those »posed to cortisol! These
Renal effects of xosure to excess natural GCvba differences in pressor responses were likely associated with
been less well studiecCelsiet al.?° examined the effects of differences in angiotensin 1l type 1 receptorT{R)
a matural GC (hydrocortisone) administration throughougxpression as DEX treated sheep had an increa3éadR A
gestation in the rat and finding nofest on fetal expression in the medulla obloaig whereas cortisol
development and birth weights did notxamine renal treated sheep did ntt26
function or cardigascular profile in these offspringoTour We havethoroughly explored effects of GGmosure
knowledge, our group has been the only one to-date tm the deeloping kidng. Whilst in the kidng, many
investigate the dects of the natural GC, corticosterone oroutcomes appear to be relaly similar there are also
kidney structure and adult blood pressure in the raé Wsubtle differences: both GC treatments resulted in fetuses
found that administration of corticosterone (0.8 mg/kg/dyith a nephron defici#8% increased fetal renalkpression
on 14-15d caused a significant reduction in nephron numtmr components of the renin-angiotensin systerand
in 30 day old male and femalefsgring and elestions in  increased xpression of renal sodium chann&lddowever,

arterial pressure in bothyss at 20 days of agé’ differences were seen in renal GR gene expression which
) _ was increased in late gestation fetal kiga®f the DEX it

Comparison of effects of short term synthetic or natural not cortisol group! The prenatal GC treatment did not

glucocorticoid exposure in sheep cause impairments in basal renal function (such as

Oglomerular filtration rate, renal blood kloor sodium

examined the effects of either synthetic or natural GI€ bexcretlc:jn) frfwveyer, dlr:j restp)gnse o a S.ag/\tllo ad(,jethe DEX
not within a single animal model. In addition, the timingfexoo.Se ofispring did not increase urinewlor decrease
ractional sodium reabsorption to the same degree as

Most of the experimental studies discussedvab
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Table 3. Effects of prenatal exposure to DEX (0.48mg/h) or cortisol (5mg/h) between 26-28d of gestation on outcomes in
sheep. Responses are compared to a saline infused control group.

DEX Cortisol
Mean Arterial blood pressure Increased in adult offspring Increased in adult offspring
(male & female¥? (male & femalef®
Cardiac output Increased in adult offsprihg Unchange®
Total peripheral resistance Unchanffed Increased in adult offsprirg)
Pressor response to Unchanged Unchanged

angiotensin Il (peripheral

intravenous infusion’®

Pressor response to Increased Unchanged
angiotensin Il (intracere-

broventricular)’

Nephron number Reducéd Reduced®®

Renal gene expression-
(late gestation fetus)
Renin-angiotensin systéfn

- Renin Unchanged Unchanged
- Angiotensinogen Increased Unchanged
- AT1R Increased Increased
-AT2R Increased Increased
Steroid receptoP$

-GR Increased Unchanged
-MR Increased Unchanged
Sodium channel8 Increased Increased
Renal Function (adult®

-GFR Unchanged Unchanged

- Urinary sodium excretion Unchanged Unchanged
- Urinary response to dietary Impaired response Unchanged
salt load

DEX (dexamethasone),TAR (Angiotensin |l type 1 receptor), AT2R (Angiotensin Il type 2 receptor), GR (glucocorticoid
receptor), MR (mineralocorticoid receptor), GFR (glomerular filtration rate)

control or cortisol gposed animal® Finally, we have treatment prior to premature deliy has only been
found subtle differences in the metabolic outcomesommonplace in the last 30-40 years, these adults are no
following prenatal GC.Those offspring exposed to cortisolof an age where an increased risk of disease such as
had eleated fasting glucose concentrations andhypertension, may become more appareniThe
hyperinsulinemia during the second phase of a glucosgechanisms underlying the differential effects of synthetic
tolerance test. In contrast, prenatal maternal DEXnd natural GCs are not fully understood and require further
administration induced a first-phase hyperinsulinemia arnivestigation. Apartfrom having different potencies on the
improved glucose toleranc® GR, both the natural and synthetic GCs can hind to other
These studies highlight that higlvéts of natural GC receptors. &r example, cortisol can bind to and aete the
early in gestation are able to cross the placentalineralocorticoid receptor (MR) whereas DEX can bind to,
glucocorticoid barrier and are thus capable of eliciting but not actvate the MR®® Corversely DEX, but not
range of deleterious fetcts on the deloping fetus. In  cortisol, &erts some of its effects through the gmane-X
addition these findings provide strong evidence theéss receptors (PXR), especially PXR2In addition, GCs hae
exposure to synthetic and natural glucocorticoids early imeen shown to cause epigenetic chaffgasd it has been
gestation do not va identical efects on fetal deslopment showvn that betamethasone administration in the late-

and long term outcomes for offspring. gestation guinea pig changes BNnethylation states in
multiple ogans in the male é&pring which are also present
Future areas for research in the net generatior?® This raises the possibility that

The evidence from animal studies reak it increased leels pf maternal stress omdtors increasing
maternal  cortisol Mels  could hae  dmilar

imperatie for there to be long term folloup of babies and . . .
children that hee keen exposed to prenatal GCS,multlgenera'uonal effects as observed in the presence of the

particularly known doses of synthetic GGGiven GC synthetic GC. Finallydetailed ivestigation of the placenta
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following exposure to naturally occurring GCs is required
and all analysis must taknto account the geof the fetus.

Conclusion

It is undoubtable that administration of synthetic GCQ' b

to women threatening preterm labour has resulted in
increased survil of preterm babiesver the past decade.
However, mounting evidence from experimental studies
suggest that fetalxposure to short or long-term periods of1
GCs at various stages of wpment has detrimental
effects on metabolic, behavioural, renal and camagioular
function. Thechallenge facing obstetricians is balancing
the short-term dvaurable effects with long-term aekse
outcomes. As @as discussed earliethere is significant
variation in hav much GC a particular obstetrician may
prescribe to their patients, with courses ranging from the™
standard 2 injections, 24h apart to multiple courses o
weeks until birth or until the risk of preterm dely 12.
passes. From animal studies, we \knthat increasing
courses of GC h& nore detrimental effects on the fetus
and adult dbspring, thus strict guidelines for GC
administration during pgnangy should be set-out and
adhered to.
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