
CHAPTER 14 

Programming EflFects of Excess 
Glucocorticoid Exposure in Late Gestation 
Timothy J.M. Moss* and Deborah M. Sloboda 

Abstract 

G lucocorticoids are powerful hormones that play a crucial role in normal maturation of 
fetal organs in preparation for life outside the womb. However, exposure of the fetus 
to elevated levels of glucocorticoids, or exposure at inappropriate times, subtly dis

turbs normal fetal development. Experimental studies have demonstrated that late gestational 
exposure to excess glucocorticoids causes programming of a number of organ systems. 

Introduction 
In the late 1960s and early 1970s a series of experiments conducted by Sir Graeme *Mont' 

Liggins in New Zealand led to the use of maternal glucocorticoid treatment for the prevention 
of respiratory distress syndrome in preterm babies.^ He had shown that preterm lambs born 
after infusion of the synthetic glucocorticoid, dexamethasone, were able to breathe effectively, 
despite delivery at an ^ e at which immaturity of their lungs would normally make this impos
sible. By harnessing the potent maturational effects of glucocorticoids, the therapy devised by 
Mont Liggins has improved or saved the lives of thousands of preterm infants. 

In recent years it has become evident that exposure of the fetus to inappropriately high 
levels of either endogenous or exogenous glucocorticoids can cause programming, whereby the 
long term health of an individual is affected by subde developmental alterations that cause 
permanent changes to the body's tissues, organs and systems. Furthermore, elevated fetal ex
posure to glucocorticoids is a common characteristic of a variety of interventions with pro
gramming effects, such as maternal under nutrition. '̂  In this chapter we highlight the major 
programming effects of excess glucocorticoid exposure in late gestation, rather than exposure 
early in gestation or throughout its entirety. We focus on programming effects of the clinical 
use of glucocorticoids, as demonstrated by human studies, and on our own investigations in 
sheep, using glucocorticoid treatments designed to mimic those used clinically (see Table 1). 

Normal Glucocorticoid Levels in Late Gestation 
Normally, glucocorticoid production by the fetal adrenal gland is high in early gestation 

and becomes reduced during mid-late gestation. '̂  Maintenance of these normal low levels of 
glucocorticoids is essential for normal fetal growth and development. The fetus is usually *pro-
tected' from exposure to circulating maternal Cortisol by the presence of the enzyme 
llphydroxysteroid dehydrogenase type 2 (lipHSD2) in the placenta, which converts active 
Cortisol to inactive cortisone. 
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Table 1. Timing of late gestational glucocorticoid treatment used in our sheep 
experiment 

Treatment 
Group 104 Days 

Control Saline 
Single treatnnent Betamethasone 
Repeated treatment Betamethasone 

Gestational Age 
111 Days 118 Days 124 Days 

Saline Saline Saline 
Saline Saline Saline 
Betamethasone Betamethasone Betamethasone 

Maternal or ultrasound-guided fetal intramuscular betamethasone injections (0.5 mg/kg maternal or 
fetal bodyweight, respectively) are given at gestational ages of 65-85% of full term. Antenatal 
corticosteroid treatment is recommended for women at risk of preterm delivery betv^een 24-34 weeks' 
gestation (60-85%of full term).^^ In recent years, the useof repeated courses of antenatal corticosteroid 
treatment was common.' 80 

In many mammalian species circulating fetal Cortisol (the principal glucocorticoid in most 
mammals, including humans) levels rise exponentially in the days leading up to birth (Fig. 1)^ 
as a result of increased activation of the fetal hypothalamic-pituitary-adrenal (HPA) axis. These 
rising glucocorticoid levels not only contribute to the initiation of parturition but also cause a 
switch in many cells from division to differentiation, thus slowing fetal growrth and causing 
maturation of a variety of organs in order to prepare the late gestation fetus for extrauterine life. 
An extensive list of cellular functions affected by glucocorticoids in utero is provided in an 
excellent review of the programming effects of various endocrine factors.^ 

160-

_ 140 -

•3) 120 -

g 100-

8 8 0 -

1 6 0 -

'B 40 -
0) 

{JL 

20 ~ 

0 -

A, 

u =;—y-* **--H!J'---Q—Li—u—U—ID—^-^ 
1 

25 
1 1 1 1 1 i 1 1 1 

20 16 14 12 10 8 6 4 2 ( 

Days before term 

Q sheep 

/A human 
p g-pig 

a horse 

1 

) Birth 

Figure 1. Endogenous glucocorticoid levels in late gestation for various mammalian species. Reprinted 
with permission from The Nutritional Society. Fowden AL, Li J, Forhead AJ. Glucocorticoids and the 
preparation for life after birth: are there long-term consequences of the life insurance? The Procedings 
of The Nutritional Society, 1998; 57:113-122. ©1998 The Nutritional Society. 
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Excess Glucocorticoids and Direct Effects on Fetal Growth 
The normal late gestational slowing of fetal growth in sheep can be abolished by adrenalec

tomy, and premature increases in Cortisol by exogenous infusion causes the fetal growth rate to 
slow early. Thus, in many species, intrauterine growth restriction (lUGR) is a direct conse
quence of late gestation exposure of the fetus to excess glucocorticoids. 

Administration of the synthetic glucocorticoid, betamethasone, to pregnant sheep, in doses 
and at times that mimics clinical use in pregnant women, causes lUGR.^^ While single courses 
of antenatal glucocorticoids used in obstetric practice do not cause lUGR,^^ repeated treat
ment given to women at continual risk of preterm birth can have adverse effects on fetal 
growth. ̂ '̂ Determination of the effects of repeated glucocorticoid treatments, the use of 
which arose mainly from an incomplete understanding of long term efficacy of the therapy and 
the supposition that *more is better, ̂ ^ are currendy the subject of randomised controlled trials. 

In contrast to the direct fetal growth restricting effects of maternal betamethasone we have 
observed, direct ultrasound-guided fetal injections of betamethasone do not cause lUGR.^^' 
We believe the growth restricting effect of maternal betamethasone is due to the prolonged 
duration of fetal exposure to betamethasone that occurs after maternal injection. ̂ ^ Consistent 
with this, previous studies in which fetuses received intravenous Cortisol infusions demon
strated that fetal growth begins to slow only after approximately a day of exposure. ̂ ^ 

Excess Glucocorticoids and Programming 
Early studies by David Barker, which showed associations between low birthweight and 

subsequent *adult-onset' diseases, suggest that the direct growth restricting effects of late gesta
tion glucocorticoid exposure might be accompanied by later programmed physiological per
turbations. This indeed seems to be the case '̂̂  and it is evident that fetal exposure to glucocor
ticoids is a common, and critical, consequence of a number of experimental interventions that 
affect fetal programming. '̂ '̂ ^ However, like any other programming stimulus, the effects of 
exposure to excess glucocorticoids are dependent on the timing of the insult and the sex of the 
fetus. The programming effects of excess glucocorticoid exposure in late gestation are summarised 
below. 

Late Gestational Glucocorticoids and Programming of Metabolism 
In recent years the health of millions throughout the world has been threatened by an 

upsurge in the incidence of *the metabolic syndrome' or 'Syndrome X', the constituents of 
which include type 2 diabetes (glucose intolerance/insulin resistance), hyperlipidemia, hyper
tension and obesity. Since Prof. David Barker's initial investigations, demonstrating an asso
ciation between birthweight and the incidence of type 2 diabetes,^^ it has become well estab
lished that an individual s intrauterine environment influences their risk of developing the 
metabolic syndrome and that fetal exposure to glucocorticoids is the likely mediator of this 
effect.2^ 

Using a protocol designed to mimic clinical use of glucocorticoids for women at risk of 
preterm birth, we have shown that single or repeated maternal betamethasone injections, given 
to pregnant sheep during the final third of pregnancy, cause alterations in postnatal glucose 
metabolism of their offspring. In this same study we showed that direct fetal injections had 
similar effects on postnatal glucose metabolism; prenatal betamethasone exposure resulted in 
elevated insulin responses to intravenous glucose administration, suggesting these sheep were 
insulin resistant. The different effects on fetal growth of maternal or fetal betamethasone injec
tion (outlined above) allowed us to demonstrate that effects on postnatal glucose metabolism 
of late gestation glucocorticoid exposure occur independendy of effects on fetal growth.^ 

Our studies in sheep are consistent with investigations conducted using rats, which have 
begun to illustrate the likely molecular mediators of the programming effects of late gestation 
glucocorticoids on postnatal metabolism. Administration of the synthetic glucocorticoid, dex-
amethasone, to rats late in pregnancy resulted in fetal growth restriction and adult offspring that 
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were hyperglycaemic at rest with elevated insulin responses to glucose challenge."^ These rats 
had increased hepatic expression of glucocorticoid receptor (GR) and phosphoenopyruvate 
carboxykinase (PEPCK), the rate limiting enzyme in gluconeogenesis, which would be expected 
to result in increased hepatic glucose production. These effects of late gestation glucocorticoid 
exposure were not observed when dexamethasone was administered earlier in pregnancy. 

Other mechanisms that may underlie the association between late gestation glucocorticoid 
exposure and altered postnatal metabolism are incompletely understood. Effects of excess gluco
corticoids on postnatal insulin sensitivity of peripheral tissues are complex.'̂ ^ A critical role for 
glucocorticoids in fetal pancreatic development is established, and fetal pancreatic insulin con
tent is related to fetal glucocorticoid levels, but there has been no thorough investigation of the 
effects of excess glucocorticoids in late gestation on pancreatic development. Our initial obser
vations indicate that normal late gestational fetal pancreatic islet remodelling is altered in fetal 
sheep as a result of repeated maternal betamethasone injections in late gestation (unpublished). 

Intergenerational programming of dexamethasone-induced growth restriction, elevated 
hepatic PEPCK activity and abnormal glucose homeostasis have recently been demonstrated 
in rats.^^ Male and female offspring of pregnant rats treated with dexamethasone during late 
pregnancy themselves had male offspring that were of low birthweight, with elevated hepatic 
PEPCK activity and abnormal glucose homeostasis, without exposure to dexamethasone dur
ing gestation. These second generation effects were not present in third generation offspring. 
The fact that intergenerational programming occurred in male offspring of either males or 
females whose mothers were treated with dexamethasone demonstrates that this phenomenon 
cannot be attributed to the intrauterine environment. Rather, these findings raise the intrigu
ing possibility of epigenetic effects of late gestational dexamethasone exposure, and the persis
tence of genomic 'imprinting' in subsequent generations.^^ 

To date, there are no published data from studies of human subjects relating to the effects 
on glucose metabolism of antenatal corticosteroid treatment. 

Late Gestational Glucocorticoids and Programming 
of the Hypothalamic-Pituitary-Adrenal Axis 

Normal physiology is dependent on adequate function of the HPA axis, which is respon
sible for regulating synthesis and release of a variety of corticosteroid hormones. Cortisol is the 
principle corticosteroid (in mammals other than rodents) produced by the adrenal cortex; it 
regulates metabolic, immune and behavioural processes, and the body's response to stressful 
stimuli. Cortisol acts through glucocorticoid and mineralocorticoid receptors (GR and MR, 
respectively), which are present in many organs. Permanent alterations in GR and/or MR gene 
expression have been observed in a variety of organs after manipulation of fetal glucocorticoid 
exposure^ and such changes are likely to underlie some of the programming effects on HPA 
axis function of late gestational glucocorticoid exposure. 

Administration of dexamethasone to pregnant rhesus monkeys, late in pregnancy, results in 
elevated basal and stress-induced circulating Cortisol concentrations in juvenile offspring. '^ 
Rats born after maternal dexamethasone treatment throughout the last third of gestation have 
elevated circulating corticosteroid concentrations in adulthood, accompanied by hyperten
sion."̂ ^ These same rat offspring had lower GR mRNA expression levels in discrete hippocam-
pal regions responsible for HPA axis feedback regulation, but not in brain nuclei associated 
with central cardiovascular control,"^^ therefore the physiological programming effects of late 
gestation glucocorticoids in these animals appear to result from GR-mediated alterations in 
HPA axis regulation. In contrast, HPA axis programming does not appear to underlie postnatal 
hypertension induced by dexamethasone treatment in early pregnancy in sheep. A short pe
riod of maternal dexamethasone treatment in late gestation did not alter early postnatal corti
costeroid levels in young rats but hypothalamic CRH/AVP content was altered, which may 
increase HPA axis responsiveness.^^ Evidence from experiments using guinea pigs indicates 
that programming effects of late gestational glucocorticoid exposure on the HPA axis are age-
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and sex- dependent.^^'^^ HPA axis function in young adult female guinea pigs, born after re
peated maternal dexamethasone treatments in late pregnancy, depended on the stage of their 
reproductive cycle, reflecting the influence of female sex hormones.^^ 

Our own longitudinal studies using sheep, and others* experiments using guinea pigs, have 
demonstrated that the capacity of late gestational glucocorticoid exposure to alter HPA respon
siveness is dependent on postnatal age. We have demonstrated that responsiveness of the HPA 
axis to stimulation by corticotrophin releasing hormone (CRH) and arginine vasopressin (AVP) 
is elevated in one-year-old lambs after gestational exposure to maternal or fetal injection of 
betamethasone. Later in postnatal life, adrenal responsiveness is reduced in sheep exposed in 
late gestation to single or repeated maternal betamethasone injections.^^ Male guinea pigs born 
after repeated maternal dexamethasone injections, studied as young adults, had reduced HPA 
axis function compared to control. Older adult males, exposed to identical prenatal treat
ments, displayed more normal HPA axis function, despite abnormalities in hippocampal MR 
expression. These older male guinea pigs, born after repeated maternal dexamethasone treat
ments, had higher blood pressure than controls,^^ an effect not observed in younger animals.^^ 
These longitudinal experiments demonstrate that the effects of late gestational glucocorticoid 
exposure on postnatal HPA axis responsiveness are dynamic. 

Published accounts of the effects of antenatal corticosteroid treatment on postnatal HPA 
axis ftinction are limited to studies of neonates, which indicate that stress-induced activation of 
the HPA axis may be impaired, despite infants' ability to maintain normal Cortisol concentra
tions under basal conditions.^ Whether or not abnormalities persist throughout postnatal life 
remains to be determined. 

Late Gestational Glucocorticoids and Programming of Blood Pressure 
Administration of dexamethasone to rats throughout the final third of gestation results in 

offspring that are growth restricted in utero, hypertensive as adults, and have abnormal HPA 
function. Betamethasone treatment of pregnant rats throughout this same period reduced 
birth weight but did not alter postnatal blood pressure. There are numerous potential explana
tions for the discrepant findings from these two studies. Other experiments using rats, in 
which dexamethasone treatment was restricted to shorter periods during the final third of preg
nancy, have demonstrated an association between postnatal hypertension and reduced nephron 
endowment; but only when dexamethasone treatment occurred between 70-85% of gestation, 
and not at earlier or later times. As mentioned above, repeated maternal dexamethasone treat
ments during late pregnancy (which do not significandy alter birthweight) result in hyperten
sion in mature, but not younger adult, male offspring^ \'̂ ^ but the underlying cause is unknown. 

In sheep, single or repeated, maternal or fetal, betamethasone injections in late gestation do 
not cause hypertension in adult offspring, in contrast to the established and well-characterised 
effects of glucocorticoid administration early in prenatal life, which causes hypertension in 
sheep. '̂ ^ Postnatal hypertension resulting from early gestational dexamethasone exposure is 
associated with a reduction in nephron number, similar to observations from studies of rats, 
oudined above. The gestational timing of corticosteroid treatment resulting in postnatal hy
pertension in rats and sheep is quite different; however, in terms of renal development, dexam
ethasone treatment is given at similar times, prior to commencement of nephrogenesis. ' ^ 
Our investigations in sheep, a species with a similar gestational nephrogenic profile to hu
mans, indicate that late gestational betamethasone exposure in sheep does not reduce neph
ron number (unpublished observations); this suggests that antenatal corticosteroid treatment 
in humans is unlikely to alter nephron number. 

The entire spectrum of possible effects of antenatal corticosteroid treatment on postnatal 
blood pressure in humans has been observed. Systolic blood pressure was lower in a group of 20 
year olds born after 1 course of antenatal corticosteroids than in controls;^ higher systolic and 
diastolic pressures were observed in 14 year old children born after 1 course of antenatal corti
costeroid treatment; no effect of antenatal corticosteroid treatment was observed on follow 
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up of 6-year-olds whose mothers were enrolled in Liggins s original randomised controlled 
trial. ^ Such differences between studies could theoretically be due to changes associated with 
age but this seems unlikely. Certainly, any reported effects of antenatal corticosteroid treatment 
on postnatal blood pressure are small. '̂ 

Late Gestation Glucocorticoids and Programming 
of Immune Function 

Function of the immune system is influenced by basal glucocorticoid levels and by HPA 
axis responsiveness, raising the possibility that alterations in postnatal HPA axis function 
induced by exposure to excess glucocorticoids in late gestation might alter susceptibility to 
postnatal inflammatory/immune disease. 

Investigations in rats and pigs have demonstrated that prenatal stress results in postnatal 
immunosuppression. '̂̂ ^ These effects are likely mediated by prenatal exposure to glucocorti
coids but alterations in postnatal HPA axis function do not necessarily account for altered 
postnatal immune function in these studies,^ '̂̂ ^ suggesting that prenatal stress has direct pro
gramming effects on development of the immune system. 

Only a few experimental studies have examined effects on postnatal immune function, 
beyond the immediate neonatal period, of glucocorticoid exposure in late gestation. Mice aged 
5 months, born after prolonged maternal dexamethasone treatment during the final half of 
gestation, had impaired immunological function, associated with low thyroxine levels and ana
tomically abnormal thymus, adrenal and thyroid glands.̂ "^ Immunosuppression was also ob
served in juvenile monkeys born at term, 1 month after 2 days of maternal dexamethasone 
administration.^^ 

A few studies of human neonates, born after antenatal corticosteroid therapy, indicate that 
immediate postnatal immune function is impaired. Total numbers of circulating white cells are 
decreased by antenatal corticosteroids, with particular effects on T cells. T cell proliferation is 
impaired in infants born after antenatal corticosteroids but natural killer cell activity is in
creased.^^ These effects do not result in an increased (or decreased) incidence of infection in 
neonates born after a single course of antenatal corticosteroids but data suggest that the 
incidence of infection in childhood may be increased by the therapy.^ Multiple courses of 
antenatal corticosteroids increase the risk of early onset sepsis and sepsis-related neonatal death. 
The long term effects in humans of single or repeated courses of antenatal corticosteroids 
remain to be determined. 

Late Gestational Glucocorticoids and Programming of the Brain 
and Behaviour 

Late gestation excess glucocorticoid exposure reduces fetal brain growth (Fig. 2)^^ and we 
have shown recently that such glucocorticoid-induced reductions in brain weight persist until 
adulthood. The brain regions and cell types that are affected by late gestational glucocorti
coids are unknown but reductions in fetal brain myelination in sheep ' and reductions in 
cytoskeletal microtubule associated proteins and the synapse associated protein, synaptophysin, 
in fetal baboons have been observed. Neuronal number in the brains of fetal and juvenile 
primates is reduced after late gestational dexamethasone treatment(s), apparendy due to neu
ronal degeneration."^" '̂ ^ The hippocampus is likely the most affected brain region because it 
has a high density of glucocorticoid receptors. 

Reductions in brain weight of experimental animals exposed to late gestational glucocorti
coids are consistent with observations of human infants, showing dose-dependent reductions 
in neonatal head circumference after antenatal corticosteroids. ' Magnetic resonance imag
ing of a small group of infants born after repeated antenatal corticosteroid treatments showed 
that cortical folding and surface area are reduced, suggesting delayed brain maturation. 
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Figure 2. Effects of single or repeated injections of betamethasone in late gestation on fetal brain growth. 
Reprinted with permission from Huang WL, Beazley LD, Quinlivan JA et al. Effect of corticosteroids 
on brain growth in fetal sheep. Onstetrics and Gynecology 1999; 94:213-218. ©1999 The American 
College of Obstetricians and Gynecologists. 

The effects on postnatal behaviour of late gestational glucocorticoid exposure have been the 
subject of only a few studies. Subtle behavioural effects of prenatal betamethasone or dexam-
ethasone exposure have been observed in mice but there were no major adverse consequences. ^ 
This is consistent with data from humans showing that there are no adverse long-term neuro
logical or cognitive effects of a single course of antenatal corticosteroids. However, evi
dence of psychomotor delay^"^ and hyperactivity^^ in children have been associated with re
peated courses of antenatal corticosteroids. 

There are a number of adverse cognitive or behavioural outcomes associated with reduced 
head size, including low cognitive ability, and low developmental and intelligence quotients'^^ 
in childhood. Small head circumference at birth is associated with an increased risk of develop
ing schizophrenia; characteristics of which include reductions in brain weight and hippoc-
ampal volume,'^^ and altered function of the hypothalamic-pituitary-adrenal axis.^^ Such changes 
are consequences of antenatal corticosteroid treatments in sheep or primates^ ̂ '̂  ' ^ and to
gether these data raise the possibility that antenatal corticosteroid treatments could contribute 
to the development of schizophrenia and related disorders; to our knowledge, this possibility 
has never been investigated. 
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Conclusion 
The ubiquitous effects of late gestational glucocorticoid exposure on fetal development 

have programming consequences for many physiological functions. The extent to which ma
ternal stress during late pregnancy and antenatal corticosteroid therapy contribute to postnatal 
health and wellbeing will be elucidated by ongoing and future investigations. Future experi
mental studies will be necessary to determine the mechanisms responsible for the program
ming effects of late gestational glucocorticoid exposure, and to investigate potential strategies 
for preventing or ameliorating adverse effects. 
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