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Abstract
Antenatal corticosteroids (ACS) are standard of care for women at risk of preterm
delivery between 24 -34 weeks gestation. Their use decreases preterm morbidities and
mortality. However, ACS treatments mimic a stress response by increasing fetal steroid
levels at early gestational ages when the fetus is normally protected from high
glucocorticoid levels. Within the context of concept of the developmental origins of adult
health and disease, ACS are effective stressors in fetal animal models that alter
developmental programs and outcome in adult animals. Although few short-term adverse
effects of ACS in infants and children are apparent, there are cohort studies
demonstrating cognitive, metabolic and cardiovascular effects in humans beyond 30years of age. ACS likely interact with other stresses – maternal diseases complicating
prematurity, premature delivery and nutritional deficiencies -- to program outcomes that
may not be known for many years. The risks of ACS will increase as indications for ACS
increase to late gestation preterm infants and possibly C-section deliveries.
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The human fetus and preterm newborn are thought to be exceptionally vulnerable
to the adverse effects of multiple toxins, maternal nutritional abnormalities and stresses
that can alter development and adversely affect lifelong outcomes (Fig. 1).

These

adverse exposures include preconceptional nutrition that may alter fetal growth across
generations. A particularly concerning multicomponent adverse stress is preterm delivery
with all its associations with maternal diseases such as pre-eclampsia, growth restriction,
and infection.

Postnatal abnormalities associated with preterm delivery such as

respiratory distress syndrome and intraventricular hemorrhage contribute to increased
mortality after preterm birth. Slow postnatal growth often results in a postdelivery growth
restriction despite intensive efforts to achieve good growth. Nevertheless, the majority of
very preterm infants born at 24 to 30 weeks gestational age survive and become healthy
adults, albeit with an increased incidence of neurodevelopmental deficits. This clinical
experience is more optimistic than the results with animal models that demonstrate that
a variety of single fetal or early life experiences can interfere with normal development.
Empirically the human preterm seems to have substantial resilience, plasticity, and
tolerance to compensate for the adversities surrounding preterm birth.

The clinical

management of abnormal pregnancies and premature infants appropriately focuses on
optimizing short term survival, rather than with concerns about diseases such as heart
attack or stroke in later life. Nevertheless, the concept of the developmental origins of
adult health and disease cautions that there may be substantial risks from early life events
for adverse outcomes in later life.

Antenatal corticosteroids (ANS) as a fetal/newborn stress
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The normal fetus is exposed to very low levels of cortisol until just prior to delivery
at term, because fetal cortisol production is very low, and the placenta prevents
substantial amounts of maternal cortisol from entering the fetal circulation. Increased
fetal cortisol levels induce organ maturation, and the cortisol increase just prior to normal
labor promotes neonatal adaptation (Padbury et al. 1995). Any large increases in fetal
cortisol prior to term presumably represent a fetal stress response that can program
subsequent development. Within that context, the standard of care for women at risk of
preterm delivery at 24-34 weeks gestational age is treatment with either of the potent
fluorinated corticosteroids - betamethasone or dexamethasone (Roberts et al. 2017).
These steroids readily cross the placenta to induce fetal organ maturation and decrease
infant morbidity and mortality. These single treatments or repeated treatments if delivery
has not occurred within 7 to 14 days and the fetus is still <34 weeks' gestational age
should be a substantial stress signal to the fetus. Subsequently, multiple abnormal
stimulations other than ACS inevitably occur in the care of the premature infant. The fetal
steroid exposure may also program newborn and later life responses even if delivery was
at term.

Some results from animal models
ANS treatments expose the fetus to the prototypic stress response that has been
used extensively in experimental systems to demonstrate programming effects and to
explore the mechanisms of those effects (Moisiadis and Matthews 2014).

The

experimental literature about fetal and early life corticosteroid exposures is vast, and
primarily based on rodent models. A recent example from Steven Matthews' group in
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Toronto is that 3 courses of maternal betamethasone treatment altered gene expression
for 3 generations in guinea pigs (Moisiadis et al. 2017). Fetal sheep exposed to a two
day maternal infusion of 0.28 mg/kg/d dexamethasone at 19% of gestation had increased
blood pressure as newborns and to 7 years of age (Dodic et al. 2001). At 7 years of age
cardiac output and stroke volume were increased by fetal steroid exposure, but the
cardiac output was poorly responsive to dobutamine infusions relative to control animals
(Dodic et al. 2001). While kidney weights were comparable for control and the 2-day fetal
dexamethasone exposure groups at 7 years, glomerular number was decreased by 38%
(Wintour et al. 2003). In contrast, a 2-day dexamethasone infusion at 41% of gestation
had no effect on cardiovascular variables or glomerular number (Dodic et al. 2001). A
clinical dose of betamethasone at about 55% of gestation glomerular filtration rate and
again decreased nephron number in sheep, demonstrating that long term corticosteroid
effects are sensitive to developmental timing of the exposures (Zhang et al. 2010). There
is minimal information in humans about sensitive periods for ACS exposures on
development, which is a concern as more immature periviable fetuses are being exposed
to ACS.

Another intriguing result with fetal sheep is the report by Massmann et al.
(Massmann et al. 2017) that combines ACS and postnatal obesity. Pregnant ewes were
randomized to the clinical ACS treatment or placebo at 80 days and the lambs were
allowed to deliver at term.

The lambs were then randomized to normal or obese-

generating diets for 3 months beginning at 9 months of age. At 1 year insulin responses
to a glucose challenge were abnormal in normal weight females exposed to ACS but not
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normal weight male sheep exposed to ACS. Obesity increased the abnormal insulin
responses in females and uncovered abnormal responses in males exposed to ACS. The
experiment demonstrated that the fetal ACS exposure was augmented by postnatal
obesity, indicating that risks may increase as the number of exposures increase. Three
year old male baboons (exposed to 3 repeated clinical courses of ACS) and delivered at
term made more errors with touch screen training than controls, an effect not detected in
the ACS exposed females (Rodriguez et al. 2011).

Sex specific responses of

programming have been frequently observed. Pericardial and hepatic fat were increased
in 11-year-old baboons that had ACS exposure, findings indicative of increased
cardiovascular disease risk (Kuo et al. 2018). Morisiadis and Matthews have identified
programming of the hypothalamic/pituitary/adrenal axis as pathways altered by ACS
(Moisiadis and Matthews 2014).

Clinical observations of outcomes from ACS
The randomized controlled trials (RCT) for single courses of ACS prior to 1993
demonstrated decreased RDS and mortality and other adverse outcomes for premature
infants delivered prior to 34 weeks gestational age (Roberts et al. 2017).

These

multiorgan effects demonstrate that ACS have large and pleotropic effects on the human
fetus and newborn. Follow-up of these individuals at 30 years demonstrated no long term
adverse effects on growth, cardiovascular or metabolic health (Dalziel et al. 2005).
However, these individuals had average birth weights of 2.3 Kg, and thus, they are not
representative of the very preterm infants now surviving after an ACS exposure (Jobe
and Goldenberg 2018). In the current era, the high survival rate of these very preterm
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infants demonstrates their "resilience" to tolerate multiple adverse exposures. However,
there are cohort studies that support that their resilience or plasticity may be decreased
as a price for the short-term benefits of ACS exposure.

The majority of fetuses exposed to ACS will not deliver in the interval of 24 hours
to 7 days or at <34 weeks gestational age considered to result in improved outcomes
(Makhija et al. 2016). The ACS treatments thus are off-target and may cause only risk to
the newborn. An example is the report that infants born at term to women evaluated for
preterm labor that received ACS, tocolytics and antibiotics had lower cognition than a
matched cohort of infants not exposed to the evaluation and initial treatments for preterm
labor (Paules et al. 2017). The adverse off-target outcomes from the multicomponent
treatment does not identify ACS as the cause of the lower cognition, but ACS were the
most potent fetal exposure likely to alter fetal development.

Another cohort study

demonstrated that ACS were associated with an increased stress response as measured
by an increase in cortisol at 8 years of age in females exposed as preterm fetuses to ACS
and with term delivery compared to normal term delivered females (Alexander et al.
2012). Newborns exposed to ACS and delivered at <34 weeks had similar birth weights
to a non-exposed group (Roberts et al. 2017). However, ACS before 34 weeks with
delivery from 34 weeks to term resulted in decreased birth weights (Braun et al. 2015).
These examples suggest that preterm fetal ACS can alter fetal growth, postnatal cognition
and stress responses even when the individual delivered at term without exposure to the
risks associated with preterm birth. Definitive studies would require randomization to the
ACS exposure.
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Other recent examples of ACS exposure and preterm birth in comparison with
infants born preterm but not exposed to ACS suggest adverse programming effects with
lifetime implications. Young adults exposed to ACS and born at about 29 weeks had
increased aortic pulse velocity and decreased distensibility at 23-28 years of age relative
to a no ACS group that also delivered preterm (Kelly et al. 2012). When analyzed for
ACS exposure very premature infants with a mean birth weight of 0.84 kg and birth
gestation of 27 weeks had more psychopathology at about 30 years of age that
comparable infants not exposed to ACS (Savoy et al. 2016). These and other cohort
studies must be interpreted with caution because pregnancies exposed to ACS may differ
substantially from the no-ACS pregnancies, particularly when >90% of deliveries <34
weeks were exposed to ACS (Jobe and Goldenberg 2018).

The context for ACS
ACS treatments are potent modulators of development that likely have different
effects at different times of exposure during fetal development. Any ACS effects very
likely interact with other fetal exposures that result in premature delivery and
subsequently with the postnatal experiences of the preterm infant (Fig. 2). ACS promote
"resilience" from the perspective of decreased mortality and lower incidence of
complications of prematurity.

However, resilience to subsequent environmental

exposures may be decreased by interfering with development and promoting (forcing)
early organ maturation. A recent report demonstrates that early life experiences alters
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DNA methylation and somatic variation in mice (Bedrosian et al. 2018).

Fetal and

premature infant stimuli are essential for normal development, but too little stimulation
can result in sensory deprivation, and too much stimulation translates to stress, pain, and
injury (Jobe 2014). There is no consensus as to the optimal amount of which type of
stimulation will promote normal development. ACS are a major "stress" exposure that
have benefits with few short-term risks but with virtually unknown life-course risks. The
importance of risks increase when ACS are used for minimal benefit such as for late
preterm pregnancies or elective Cesarean sections at term (Jobe and Goldenberg 2018).
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Figure caption:
Fig. 1
Legend: Developmental exposures from preconception to childhood can alter diseases
in the adult. Every fetus and newborn will have multiple exposures that in combination
will modulate phenotype.
Fig. 2
Legend: A schematic of sensory exposures to emphasize that an exposure may be
essential for optimal development, but low or high exposure may be harmful.
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Overview of Sensory Exposures to the
Premature Infant
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