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Development and growth of the embryo and fetus are
complex processes inextricably linked to the ability of the
individual to reach childhood developmental milestones.
Insults or stimuli to which the embryo or fetus responds
during critical periods of intrauterine growth and devel-
opment are now understood to alter the genetically dic-
tated growth trajectory of the fetus and reprogram the
newborn’s long-term development and physiological path.
Basic experimental and clinical human studies demonstrate
that intrauterine growth restriction may result from in utero
insults such as uteroplacental insufficiency and/or hypoxia,
preeclampsia, preterm labor, and imbalanced nutrition. e
fetal responses to these insults manifest as a predisposition
to the development of the metabolic syndrome in postnatal
life. e “thriy phenotype hypothesis” has been proposed
to explain the mechanism by which in utero responsive
adaptations set in motion the series of developmental and
physiological adaptations to maximize the chances of in
utero survival [1–3]. While intrauterine growth restriction
resulting in low birth weight is recognized as a major risk
factor for noncommunicable diseases associated with the
metabolic syndrome, it is now apparent that both ends of
the birth weight spectrum are associated with having an
increased risk of adult-onset disease in later life [4, 5]. is
further highlights the necessity to understand both optimal
growth patterns that result in optimal birth weight and the
critically important role that they play in setting the stage for

health and the risk of disease in postnatal life. In this special
issue, we have gathered a number of excellent reviews, each
focussing upon different facets of how an altered in utero
environment results in adaptations in fetal organ systems,
expanding our understanding of how perturbations at early
stages of development may have long-term consequences.

e placenta represents not only the junction between
the maternal and fetal circulatory systems, but also plays
an important role in regulating fetal nutritional supply. e
regulation of placental nutrient transport is multifactorial.
e review by S. Lager and T. L. Powell in this issue focuses
on factors regulating placental glucose, amino acid, and fatty
acid transporters. Particularly intriguing is the concept that
the placenta plays a major role in integrating maternal and
fetal signals to regulate overall nutrient supply, transport,
and thus fetal growth. Keeping with placental function, L.
Avagliano et al. discuss the mechanisms controlling placental
amino acid transport in the context of placental insufficiency
that results in I��R. eir review maintains a speci�c
emphasis on the human condition and the impact changes in
maternal amino acid concentrations have on placental trans-
port and metabolism. e theme of the central role played by
the placenta in fetal growth and development is highlighted
in the article by D. T. Yates et al. which examines the topic
of placental insufficiency and reduced newbornmuscle mass.
In their review, they probe the contribution of reduced
fetal oxygen tension during late gestation to modulating
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circulating catecholamines, as chronic hypercatecholamine-
mia reduces both fetal muscle development and growth.
ey highlight that developmental programming of skeletal
muscle adrenergic receptors may partially explain how the
metabolic and endocrine phenotype of IUGR offspring leads
to differential nutrient utilization, linking skeletal muscle
development and later life disease risk. Adipose tissue has
also been identi�ed as being highly plastic and vulnerable to
changes in the in utero environment, leading to alterations
in postnatal metabolism. Various adipose depots appear to
be sensitive to the in utero environment, such that altered in
utero developmentmay provide important linkages to aspects
of the metabolic syndrome in adult life. O. Sarr et al. discuss
how IUGR fetuses display increased lipogenic and adipogenic
capacity as offspring and they review the roles factors such
as fetal hypoleptinemia, altered glucocorticoid signaling, and
chromatin remodeling may subsequently contribute to an
increased later life obesity risk.

An emerging theme in the �eld of developmental pro-
gramming stems from observations that different insults in
utero result in similar adverse postnatal phenotypes associ-
ated with the metabolic syndrome. e idea of a common
factor acting across the spectrum of in utero insults has been
suggested to explain this phenomenon. Indeed, oxidative
stress and activation of in�ammatory pathways have now
been proposed as key modulators of fetal growth [6, 7].
Oxidative stress in the fetal compartment can be generated
by several conditions, such as prenatal hypoxia, maternal
under- and overnutrition, and inappropriate exposure to
glucocorticoids. In their review, L. P. ompson and Y. Al-
Hasan discuss possible origins of developmental reprogram-
ming as a result of in utero oxidative stress. ey highlight
the important role that oxidant molecules have as signalling
factors in developmental programming and propose that
these effects are mediated by epigenetic mechanisms. In
addition to oxidative stress pathways, in�ammatory compli-
cations that impact on proin�ammatory cytokines such as
IL-1, IL-6, and TNF-𝛼𝛼, as well as increased concentrations of
glucocorticoids also have major roles in the onset of altered
growth patterns in utero [8, 9]. R. E. Fisher et al. review the
offspring’s susceptibility to a range of metabolic disorders
while focusing on the impact of activated in�ammatory
pathways and how changes in the neuroendocrine-immune
system are programmed.

e importance of the adrenal gland in fetal physiology
as a master regulator of fetal maturation and the initia-
tion of parturition was �rst highlighted in the pioneering
work of Liggins and colleagues in the 1960 s and 70 s [10].
More recently, publications have reported that sustained
or repeated fetal stressors can activate the hypothalamic-
pituitary-adrenocortical (HPA) axis resulting in elevated cor-
tisol production and early maturation of the adrenal cortex
contributing to fetal growth restriction. In their review,
D. A. Myers and C. A. Ducsay have explored the impact
of adrenocortical and adipose responses to high altitude-
induced, long-term hypoxia in the ovine fetus. ey show
that adaptive responses both at the level of the hypothalamus
and anterior pituitary as well as the adrenal cortex contribute
to altered adrenal gland function that may be invoked as a

general adaptive response to intrauterine stress to promote
fetal survival. Given the importance of the HPA axis in
regulating fetal maturation, glucocorticoids are administered
to pregnant women at risk of preterm labour to promote fetal
lung surfactant maturation with lifesaving consequences. A
number of reviews in this issue examine the administration
of antenatal glucocorticoids from a developmental program-
ming perspective. L. Bennet et al. report that the overall
impact of glucocorticoid administration on neurodevelop-
ment is surprisingly unclear and, worryingly, that there is
evidence of postnatal effects associated with impaired brain
development following prenatal exposure to glucocorticoids.
ey discuss the possibility that maternal glucocorticoids
may well be both protective and damaging, depending on the
precise timing before the preterm fetus and infant are exposed
to an hypoxia/ischemia insult. e authors conclude that,
as with so many aspects of prenatal care and neonatology,
timing is everything. Further examining the need for careful
use of glucocorticoids, J. Morrison et al. review the impact
of glucocorticoid use in the IUGR fetus and highlight the
important observation that antenatal glucocorticoidsmaynot
have the same effects in IUGR preterm fetuses as they do in
normally grown preterm fetuses.

Not only does this issue focus upon the direct impact
of complications arising from a suboptimal in utero envi-
ronment, we also include reviews dealing with how exist-
ing maternal conditions may impact the lifelong health
trajectories of their offspring. Epidemiological studies have
identi�ed that maternal asthma, during pregnancy, increases
the risk of a number of poor outcomes for the neonate
including growth restriction, lower birth weight, preterm
delivery, the need for neonatal resuscitation, and stillbirth.
V. L. Clion et al. discuss the evidence currently available to
support the hypothesis that children of mothers with asthma
may be at risk of lifelong health complications that include
diabetes and hypertension. An understudied area of public
health concern involves treatment ofmaternal conditions and
their later life implications for the developing offspring. By
way of example, there is considerable uncertainty regarding
prescribing practices for pregnant women with severe and
persistent psychiatric disorders. S. Raha et al. discuss the
evidence for associating altered birth weight and maternal
antipsychotic use, highlighting the role of the placenta and
the possible impact of oxidative stress upon fetal growth.
is review sets the stage for further studies to better our
understanding of the effects of these drugs on fetal growth
and consequences for the long-term health of the offspring.

Recently, studies have also begun to highlight how an
adverse in utero environment may impact longevity. A key
component of longevity is telomere health and a number of
studies have now identi�ed that telomere development may
be impaired in association with altered fetal development,
and the etiology of the diseases associated with the metabolic
syndrome is beginning to be elucidated. In the review by S.
E. Hallows et al. the authors suggest that premature aging
or cellular senescence through increased oxidative stress and
DNA damage to the telomeric ends of chromosomes may
be initiators of disease processes. Finally, treatment at the
extremes of the U-shaped birth weight distribution is limited
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and prevention of the increased risk of developing metabolic
syndrome in later life is an area of active investigation. To
this end, N. Ma and D. B. Hardy explore a number of
the developmental processes contributing to the metabolic
syndrome and discuss possible intervention strategies.

is collection of review articles highlights the wide and
varied range of insults that the fetus may experience in
utero, to which the fetus can respond through a range of
adaptations which themselves may impact on the life course
of that individual. A better understanding of these wide
ranging insults and the similarities and differences in the fetal
responses and adaptation will not only allow the prediction
of the impact on health in adult life but also guide us in the
development of effective intervention strategies.

Timothy R. H. Regnault
Mark J. Nijland

Helen Budge
Janna L. Morrison
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Abnormal fetal growth, both growth restriction and overgrowth, is associated with perinatal complications and an increased risk
of metabolic and cardiovascular disease later in life. Fetal growth is dependent on nutrient availability, which in turn is related
to the capacity of the placenta to transport these nutrients. The activity of a range of nutrient transporters has been reported to
be decreased in placentas of growth restricted fetuses, whereas at least some studies indicate that placental nutrient transport is
upregulated in fetal overgrowth. These findings suggest that changes in placental nutrient transport may directly contribute to
the development of abnormal fetal growth. Detailed information on the mechanisms by which placental nutrient transporters
are regulated will therefore help us to better understand how important pregnancy complications develop and may provide a
foundation for designing novel intervention strategies. In this paper we will focus on recent studies of regulatory mechanisms that
modulate placental transport of amino acids, fatty acids, and glucose.

1. Introduction

Altered fetal growth represents an important risk factor for
complications in the perinatal period [1, 2] and is associated
with the development of cardiovascular disease, obesity, and
diabetes in adult life [3–7]. Fetal growth is largely determined
by nutrient supply, which is dependent upon placental nutri-
ent transport. In human pregnancies complicated by either
intrauterine growth restriction (IUGR) or fetal overgrowth
many key placental nutrient transporters are specifically
regulated (Table 1). This suggests that changes in placental
nutrient transport directly contribute to altered fetal growth.
Information on molecular mechanisms regulating placental
nutrient transporters is critical for understanding the devel-
opment of pregnancy complications, as well as how maternal
nutrition and metabolic disturbances affect fetal growth.
Furthermore, the placenta with its nutrient transport func-
tions is increasingly seen as being the mediator of maternal
nutrition effects on the lifelong health consequences for the
child [8–10].

Several factors influence transport across the placenta:
uteroplacental and umbilical blood flows, area available for
exchange, placental metabolism, and activity/expression of
specific transporter proteins in the placental barrier. Transfer
of highly permeable molecules such as oxygen and carbon
dioxide is particularly influenced by reduced blood flow [11].
For less permeable substrates the placenta possesses both
passive and active transport mechanisms. Glucose crosses the
placenta by facilitated diffusion. Net glucose transfer is there-
fore highly dependent on maternal-fetal concentration gra-
dients [12]. Other nutrients (e.g., calcium) are transported
by primary active transport; a process directly linked to the
hydrolysis of adenosine triphosphate [13]. A wide range
of nutrients (e.g., amino acids, phosphorus, and lactate)
are transported across the placenta mediated by secondary
active transport, utilizing energy provided by ion gradients
such as sodium, chloride, and protons [14–16]. Changes in
energy availability or ion gradients can profoundly influence
net transfer of substrates transported by active mechanisms.
In this paper, we will focus on circulating and placental
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Table 1: Changes in BM or MVM activity or placental expression
of nutrient transporters and lipases in pregnancies complicated
by abnormal fetal growth. Arrows indicate direction of change
compared to normal fetal growth.

Activity in
BM

Activity in
MVM

Expression Refs.

IUGR

System A ↔ ↓ [35, 40]∗

System L ↓ ↓ [63]

Lysine ↓ ↔ [63]

Taurine∗∗ ↓ ↓ ↔ [64, 65]

Glucose ↔ ↔ ↔ [35]

Lipoprotein lipase ↓ ↑ or↔ [66–68]

Endothelial lipase ↓ [68]

LGA/macrosomia

System A ↔ ↑ or ↓ ↑ [69–71]

System L ↔ ↑ or↔ [69, 71]

Lysine ↔ ↔ [69]

Taurine ↔ ↔ [69]

Glucose ↑ ↔ ↑ [72]

Lipoprotein lipase ↑ ↔ [66]

Increased (↑), decreased (↓), or unchanged (↔) transporter activity or
expression in placenta from pregnancies with IUGR or fetal overgrowth as
compared to normally grown fetuses. ∗[35] measured reduced system A
activity in preterm IUGR but not term IUGR. ∗∗Effect only on sodium-
independent uptake in BM and sodium-dependent uptake in MVM.

factors as well as placental signaling pathways regulating key
placental macronutrient transporters.

2. Factors Regulating Placental Nutrient
Transporters: An Overview

The primary barrier limiting nutrient transfer across the
human placenta is the syncytiotrophoblast [9, 17]. The
syncytiotrophoblast has two polarized plasma membranes:
a maternal-facing microvillous plasma membrane (MVM)
and a basal plasma membrane (BM) oriented towards
the fetal circulation (Figure 1). Transport characteristics of
these two plasma membranes will have a major influence
on net placental nutrient transport and consequently fetal
growth. The syncytiotrophoblast plasma membranes express
numerous nutrient transporters which may be regulated by
fetal, maternal, and placental signals (Figure 2).

Significant support for fetal demand signals regulating
placental amino acid transport comes from studies of mice
with placenta specific knockout of the insulin-like growth
factor 2 gene (Igf2). Placental growth restriction occurs in
midgestation and system A amino acid transporter activity
is initially upregulated in this model. The increased nutrient
transport maintains fetal growth within the normal range
until late pregnancy when compensatory mechanisms fail
and IUGR develops [18, 19]. At least some studies in
humans have shown that IGF-II levels are reduced in IUGR
fetuses [20] and higher in large for gestational age (LGA)

fetuses [21]. The finding that MVM system A amino acid
transporter activity is inversely correlated to fetal size within
the normal range of birth weights provides indirect evidence
for fetal regulation of placental transport functions [22].
In human pregnancy, studies suggest that fetal parathyroid
hormone-related peptide (PTHrp) regulates activity of the
calcium pump in the BM [23, 24].

Placental signals originating from imprinted genes have
been shown to regulate nutrient transport in the mouse
placenta. Imprinted genes are predominantly expressed from
one of two parental alleles, and in mice approximately 70
imprinted genes have been discovered [25]. A subgroup
of these genes are imprinted only in the placenta and are
involved in regulation of fetal and placental growth [25].
An example of a paternally expressed/maternally repressed
placental gene is Igf2 [19]. IGF-II regulates placental growth
and therefore indirectly its transport capacity. Interestingly,
system A or sodium-dependent neutral amino acid trans-
porter (SNAT) isoform 4 (encoded by Slc38a4) is expressed
from the paternal allele in mouse placenta [25, 26]. Thus, the
paternal genome may exert influence on placental amino acid
transport capacity and fetal growth by means of paternally
imprinted placental genes. In addition to imprinted genes,
numerous placental signaling pathways, such as mammalian
target of rapamycin (mTOR), regulate nutrient transporters.
Furthermore a wide array of cytokines, hormones, and
signaling molecules are synthesized and secreted by the
placenta and could affect its nutrient transporters in an
autocrine/paracrine fashion.

There is strong support for regulation of placental
nutrient transport by maternal factors, particularly by
metabolic hormones. The MVM of the syncytiotrophoblast
expresses numerous hormone receptors, including receptors
for insulin [27, 28], IGF-I [29], and leptin [30], consistent
with regulation of trophoblast function by maternal hor-
mones. In subsequent sections, we will review circulating
factors, placental factors, and placental signaling pathways
known to regulate placental transporters for amino acids,
fatty acids, and glucose. We will also discuss changes in
activity and expression of placental nutrient transporters in
pregnancies complicated by abnormal fetal growth. The pri-
mary focus will be on data obtained from studies of human
placenta; animal studies will be discussed as appropriate,
primarily when human data is lacking.

3. Amino Acids

Amino acid uptake across cellular membranes is mediated
through active transporter processes; these mechanisms can
be separated into accumulative transporters and exchangers
[31]. The accumulative transporters increase intracellular
amino acid concentrations by mediating uptake against
their concentration gradient, usually by cotransporting
extracellular sodium [31]. Exchangers alter the intracellu-
lar amino acid composition by exchanging amino acids
between the intracellular and extracellular compartments
[31, 32]. Amino acid transporters can be further categorized
into distinct systems depending on characteristics such
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Figure 1: The syncytiotrophoblast represents the primary barrier for transfer of nutrients from mother to fetus. Maternal blood pools in the
intervillous space and bathes the microvillous membrane (MVM). The basal plasma membrane (BM) of the syncytiotrophoblast is oriented
toward the fetal circulation. Transporters mediating the transfer of amino acids, glucose (GLUTs), and fatty acids (FATPs) are expressed in
both plasma membranes of the syncytiotrophoblast. For transfer of lipids, extracellular lipases release fatty acids from maternal lipoproteins
and intracellular binding proteins (FABPs) guide the fatty acids within the cytosol of the syncytiotrophoblast.

as substrate specificity and sodium dependence [31]. The
human placenta expresses more than 20 different amino acid
transporters [14, 33]. Fetal amino acid concentrations are
generally higher than maternal levels [34], reflecting an active
transport mechanism across the placenta. Efflux of amino
acids across the BM has been suggested to be dependent
on amino acid exchangers together with facilitative efflux
transporters [33].

3.1. System A. The system A amino acid transporter facili-
tates uptake of small non-essential neutral amino acids such
as alanine, glycine, and serine [14]. This transporter system
enables uptake of amino acids against their concentration
gradient by simultaneously transporting sodium into the
cell. System A activity has been measured in both plasma
membranes of the syncytiotrophoblast, however, highly
polarized to the MVM [35]. Importantly, system A activity
contributes to the high intracellular concentration of amino
acids such as glycine, which are exchanged for extracellular
essential amino acids via system L (see the following). System
A activity is thus important for placental transport of both
non-essential and essential amino acids.

Human first and third trimester placenta express three
isoforms of system A: SNAT1 (SLC38A1), SNAT2 (SLC38A2),
and SNAT4 (SLC38A4) [36]. During pregnancy the relative
contributions of the three isoforms to total system A activity
may vary. Using isolated MVM and villous fragments,
Desforges et al. have provided evidence suggesting that the
SNAT4 contribution is higher in first trimester compared to
term placenta [36]. Additionally, SNAT1 is the major con-
tributor to system A activity in cultured primary trophoblast
cells from term placentas [37]. System A activity has been
reported to increase with advancing gestation [36, 38], but
conflicting results have been reported [39].

Placental system A transporter activity is reduced in
human pregnancies complicated by IUGR [35, 40]. However,
it is unclear whether reduced amino acid transport occurs

prior to fetal growth restriction or as a consequence of
decreased fetal needs. In animal studies of growth restriction,
reduction in system A activity has been shown to precede
impaired fetal growth [41, 42]. These studies suggest alter-
ations in system A transporters may be contributing to the
development of IUGR.

3.1.1. Regulation of Placental System A Activity. Factors such
as cytokines and hormones regulate placental system A
activity in vitro. Insulin [43–46], interleukin (IL)-6 [47],
and tumor necrosis factor (TNF)-α [47] stimulate activity
of this transporter. Importantly, the stimulatory effect of
insulin, IL-6, and TNF-α occurs at concentrations within the
physiological range. The mechanism through which TNF-
α stimulates system A is unknown, but the effect of IL-6 is
dependent on signal transducer and activator of transcrip-
tion (STAT)3 [47]. The involvement of STAT3 in regulating
placental amino acid transport has also been demonstrated
in villous fragments where STAT3 is required for stimulation
of system A activity by leptin [45]. Preliminary studies show
oleic acid activates STAT3; this fatty acid also increases
system A activity through a toll-like receptor-4 dependent
mechanism in cultured trophoblast cells [48].

Another placental signaling pathway regulating placental
system A activity is mTOR, which we have suggested
functions as an integrator of maternal, fetal, and placental
signaling molecules (e.g., hormones, growth factors, and
nutrient levels) [49]. mTOR is an important regulator of
growth for individual cells as well as whole organs. In
placenta from pregnancies complicated by IUGR, activity
of mTOR signaling is reduced [50, 51]. Obese women
have an increased risk of delivering large babies [52], and
placental mTOR activity increases in such pregnancies [53].
In cultured trophoblast cells, mTOR functions as a positive
regulator of system A activity [46, 54] without affecting
global expression of the three SNAT isoforms [54], but rather
at the posttranslational level by affecting plasma membrane
trafficking of the SNAT2 isoform [55].
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Figure 2: Placental function is likely regulated by numerous factors
of fetal, maternal, and placental origin. Fetal signals affecting
placental function include IGF-II and PTHrp. The effects of
maternal factors, including adipokines, hormones, and nutrient
levels, on placental function have been investigated in various
models such as cultured trophoblast cells, placental explants,
and perfused placenta. The placenta also expresses a wide array
of molecules which are released into both fetal and maternal
circulations. These substances may impact on the placenta itself
in an autocrine/paracrine fashion. Integration of numerous, and
sometimes divergent, signaling by intracellular regulatory pathways
such as mTOR, PPAR, and STAT has been demonstrated to affect
placental nutrient transport.

In utero exposure to glucocorticoids is associated with
reduced fetal growth [56], and glucocorticoids affect pla-
cental system A activity. Dexamethasone (a synthetic gluco-
corticoid) stimulates system A activity in cultured primary
trophoblast cells [57] and in explants from term placenta
[58]. Cortisol also increases system A activity in the BeWo
trophoblast cell model [59]. This stimulatory effect may
depend upon cortisol’s ability to increase SNAT2 expression
[59] because a 1-hour exposure does not alter system A
activity in placental villous explants [43]. Notably, dex-
amethasone administered to pregnant mice downregulates
placental system A amino acid transport [60] suggesting the
effects of glucocorticoids on system A activity in vitro and in
vivo are distinct.

Leptin stimulates placental system A activity [43, 45],
yet the effect appears limited to acute stimulation because
longer exposures did not alter amino acid uptake [45, 61].
Contrarily, the stimulatory effect of insulin is more robust,

since insulin stimulates system A activity after both acute
and longer exposures [43–46]. Insulin’s stimulatory effect on
system A activity is inhibited by full-length adiponectin [44].
In contrast to other tissues, this implies adiponectin causes
placental insulin resistance rather than promoting increased
insulin sensitivity. The form of adiponectin is also important
since globular adiponectin increases system A activity, while
full-length adiponectin alone does not [44]. Interestingly,
infusing pregnant mice with full-length adiponectin results
in reduced placental system A activity and restricted fetal
growth [62].

Although it has been suggested that the insulin receptor
is expressed primarily in endothelial cells of fetal capillaries
at term [96], recent evidence suggests otherwise. The insulin
receptor is in fact highly expressed in the MVM at term
[97]. This finding suggests maternal insulin could affect
trophoblast function in vivo. IGF-I stimulates system A
activity and can initiate signaling through both IGF-I and
insulin receptors [46, 78]. In a two-sided model, Bloxam
et al. demonstrated trophoblast cells exposed to IGF-I on
the apical side increased intracellular accumulation of AIB
(a system A substrate) but also reduced overall transfer rate
[98]. Although MVM uptake is the first step in transferring
nutrients across the placenta, this finding highlights that
increased uptake may not always result in an increased net
transport.

Other factors are reported to reduce placental system A
activity, including hypoxia [99] and IL-1β [100]. In explants
from term placenta, acute but not chronic exposure to
angiotensin II reduced activity of the system A transporter
[61]. Blocking the sodium pump with ouabain or subjecting
villous explants to a chronic exposure to urocortin and
corticotropin-releasing hormone (CRH) also cause reduc-
tion in system A activity [61].

Mechanisms regulating amino acid transport may very
well differ in early versus late pregnancy. While most studies
are performed with term placenta tissue, first or second
trimester placenta may respond differently to stimuli. For
example, growth hormone (GH) reduced system A activity
in villous tissue from first trimester [39], but not those from
term placenta [43]. Conversely, insulin has no effect in early
pregnancy while it stimulates activity of system A transporter
in third trimester [39, 43].

3.2. System L. The system L transporter is a sodium-
independent obligatory exchanger of neutral amino acids.
Non-essential amino acids are exchanged for predominantly
essential amino acids, with either aromatic or branched
side chains (e.g., leucine and phenylalanine) enabling trans-
port against their concentration gradient [32]. The system
L transporter consists of a heterodimer formed from a
light chain protein: large neutral amino acid transporter
(LAT)1 (SLC7A5) or LAT2 (SLC7A8) together with a heavy
chain transmembrane protein: 4F2hc/CD98 (SLC3A2) [32,
101]. Expression of 4F2hc and LAT1 is higher in term
placenta compared to midgestation placenta [101]. Cellular
localization of the LAT isoforms is polarized, with LAT1
primarily found in the MVM and LAT2 in the BM [101–
103]. Although BM may be the primary localization of LAT2,
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it is not exclusively expressed in this plasma membrane
since functional activity of LAT2 has been demonstrated
in isolated MVM vesicles [104]. The BM localization of
LAT2 allows for exchange of amino acids between non-
essential amino acids in the fetal compartment with essential
amino acids in the cytoplasm. The BM also expresses the
efflux transporters TAT1 (SLC16A10), LAT3 (SLC43A1), and
LAT4 (SLC43A2); these transporters may play an important
role in the net efflux of amino acids to the fetus [105].
Similar to the system A transporter, activity of the system
L transporter has been reported in both plasma membranes
of the syncytiotrophoblast, although with higher activity
measured in the MVM [103]. The activity of system L in
the MVM decreases in cases of reduced fetal growth, both
in human [63] and animal models [42, 62].

3.2.1. Regulation of Placental System L Activity. In cultured
primary trophoblast cells system L amino acid transporter
activity is not affected by factors known to regulate system A
activity (e.g., IL-6 [47], TNF-α [47], or adiponectin [44]).
Yet, in a pregnant mouse model, a four-day infusion of
full-length adiponectin caused reduced fetal growth and
downregulation of system L activity as well as expression
of the two LAT isoforms [62]. Conflicting results have
been reported for insulin regulation of system L activity. In
one study, insulin modestly increased system L activity in
cultured primary trophoblast cells [46], whereas no effect
was observed in another study using similar approaches [44].

Studies of cultured trophoblast cells [54] and villous
explants [50] from term placenta have demonstrated that
the mTOR signaling pathway functions as a positive reg-
ulator of placental system L activity. Exposing trophoblast
cells to rapamycin, an mTOR inhibitor, reduces system L
activity [50, 54] and decreases LAT1 mRNA expression [54].
Furthermore, mTOR inhibition prevented the increase in
leucine uptake observed after incubation of primary human
trophoblast cells in insulin or glucose [46].

Activation of protein kinase C together with increased
intracellular calcium levels in BeWo cells increases expression
of 4F2hc and LAT1 and stimulates system L activity [101].
Cocaine and nicotine use during pregnancy are associated
with lower birth weights, resulting in studies exploring the
effects of such drugs upon placental amino acid transport.
With human placenta perfused in vitro, cocaine (or a
combination of cocaine and nicotine) reduced maternal-fetal
transport of amino acids mediated by system L, system A,
and system y+ transporters [106].

3.3. Taurine. Taurine is regarded as essential for the fetus
because the ability to synthesize this amino acid is low or
absent during fetal life. The taurine transporter (system
β, TauT; SLC6A6) mediates cellular taurine uptake against
its concentration gradient energized by cotransport with
sodium and chloride. The taurine transporter is more active
in the MVM compared to the BM [64]. Activity of the taurine
transporter has been reported as reduced in MVM, but not
BM, isolated from IUGR placentas [64].

3.3.1. Regulation of Placental Taurine Transport. In pregnan-
cies complicated by IUGR, it is believed that the placenta is
subjected to oxidative stress [92] and fetal nitric oxide levels
(measured in venous umbilical cord blood) are elevated
[107]. The nitric oxide donor SIN-1 has been shown to
reduce taurine transport in both isolated MVM vesicles and
villous tissue explants [65, 93]. Uptake of taurine in villous
tissue from human placenta is not affected by cytokines or
hormones, such as IGF-I and II, IL-1β, IL-6, GH, leptin, or
TNF-α [65]. Furthermore, taurine uptake in villous tissue
explants was not affected by inhibiting mTOR [65]. In
contrast, mTOR has been shown to be a positive regulator of
taurine transport in cultured trophoblast cells; it also affects
mRNA expression of this transporter [46, 54]. High glucose
levels decrease taurine uptake in cultured trophoblast cells.
The effect may be independent of mTOR because glucose
deprivation stimulates taurine uptake both in the absence
and presence of rapamycin [46].

4. Fatty Acids

Fatty acids are a source of energy, constitute an essential
structural element of cellular membranes, and are precur-
sors for important bioactive compounds. Fatty acids are
important for development of specific tissues and organs.
For instance, in the third trimester, fat rapidly accumulates
in fetal adipose tissue and brain [17]. The long-chained
polyunsaturated fatty acids (LCPUFAs) are of particular
importance for brain development [108, 109]. Fatty acids
taken up by the placenta and transported to the fetus
originate predominantly from two sources in maternal
circulation: nonesterified fatty acids (NEFAs) and esterified
fatty acids in triglycerides (TGs) carried by lipoproteins.
Maternal TGs have been suggested as a primary source
of fatty acids because of their substantial increase in late
gestation compared to NEFAs [17].

4.1. Placental Lipases. Fatty acids (in the form of TGs)
transported in maternal lipoproteins are made available for
placental transport by hydrolysis into NEFAs. This enzymatic
step is accomplished by lipases associated with the MVM.
The placenta expresses several lipases [110], two of which
function in the extracellular compartment: lipoprotein lipase
(LPL; LPL) and endothelial lipase (EL; LIPG) which is
consistent with reports of two different lipase activities iden-
tified in isolated MVM vesicles [111]. LPL activity and/or
expression in cultured trophoblast cells, MVM vesicles, or
placental villous tissue have been reported by several groups
[66, 67, 79, 81, 89, 110–112]. However, conflicting data
on localization of LPL to the syncytiotrophoblast in term
placenta exists [68].

LPL activity per gram tissue in villous explants from term
placenta is higher compared to first trimester [79], suggesting
placental LPL activity increases with advancing gestation.
Pregnancy complications also affect placental LPL. The
mRNA expression of LPL is increased [67], but measurable
placental LPL activity is reduced in IUGR babies born
preterm [66]. LPL activity is increased in MVM isolated from



6 Journal of Pregnancy

placenta of pregnancies complicated by maternal insulin-
dependent diabetes with fetal overgrowth [66].

LPL activity and expression is regulated in a tissue-
specific manner [113]. Placental LPL activity is reduced by
chronic exposure to cortisol, estradiol, IGF-I, or insulin
[79]. Shorter exposures to physiological concentrations of
estradiol and insulin in combination with hyperglycemia
increase LPL activity [79]. In cultured trophoblast cells,
LPL activity is reduced by TGs and NEFAs [89]. The
mechanism for the reduced activity is unknown, but it may
occur through displacement of the LPL enzyme from its
extracellular anchoring site [89]. Cytokines have been shown
to regulate LPL activity in other tissues [113]; however, TNF-
α does not modulate LPL activity in villous explants [79] or
in cultured trophoblast cells [81]. In addition, maternal late
pregnancy IL-6 levels are inversely correlated with placental
LPL activity at term. However, in cultured trophoblast cell
experiments, IL-6 does not directly regulate activity of this
lipase [81]. Collectively, these data suggest that placental LPL
is not regulated by proinflammatory cytokines.

While LPL primarily hydrolyses TGs in chylomicrons and
very low-density lipoprotein particles, high-density lipopro-
tein phospholipids are the preferred substrate of EL. In
placenta, both endothelial cells and the syncytiotrophoblast
have been reported to express EL [112]. The EL expression
changes during pregnancy; term placenta expresses higher
levels of EL than first trimester placenta [68], and pregnancy
complications have also been shown to influence placental
EL expression. Maternal obesity combined with gestational
diabetes results in higher placental expression of EL [114];
contrastingly, placentas of IUGR pregnancies have decreased
EL expression [68].

4.2. Transporters of Fatty Acids. Transfer of fatty acids from
mother to fetus may be driven by the maternal to fetal
concentration gradient [17]. NEFAs may cross lipid bilayers
by simple diffusion, but to what degree cells rely on this
diffusion for fatty acid uptake is unclear [115–117]. In
tissues with high fatty acid demand, uptake of fatty acids
by simple diffusion may be insufficient to meet minimum
requirements [118]. To what extent NEFAs diffuse across
the syncytiotrophoblast’s plasma membranes and contribute
to fatty acid transfer to the fetus is currently unknown.
Preferential accumulation (biomagnification) of LCPUFAs
in the fetal compartment [119, 120] is consistent with a
mediated transport of these fatty acids. There is evidence
for selective transport of LCPUFAs in cell culture models
[121, 122] and perfused placenta [123], as well as from in
vivo studies with docosahexaenoic acid (DHA) labeled with
stable isotopes [124].

Fatty acid transport proteins (FATPs) are integral mem-
brane proteins important for cellular uptake of long-chained
fatty acids [118]. The FATP family consists of six related
members, of which five are expressed in human placenta
(FATP1-4, and 6; SLC27A1-4, and 6) [125]. At the mRNA
level, FATP2, FATP4, and FATP6 are more highly expressed
[126]. FATP1 protein expression has been demonstrated in
both BM and MVM [127, 128], but cellular localization
of the other isoforms in placenta is currently unknown.

Placental FATP1 and FATP4 mRNA expression correlates
with DHA levels in both maternal plasma and placental
phospholipids [129]. Only FATP4 mRNA expression corre-
lated with fetal DHA phospholipid levels, suggesting FATP4
is particularly important for placental LCPUFA transfer
[129]. Studies exploring mechanisms regulating placental
FATPs have been focused primarily on mRNA expression
levels. In cultured trophoblast cells from term placenta,
peroxisome proliferator-activated receptor (PPAR)γ/retinoid
X receptor signaling and hypoxia regulate FATP1, FATP2,
and FATP4 mRNA expression [125, 126]. In the same model,
FATP4 mRNA expression was shown to be downregulated
by chronic exposure to IL-6, but without corresponding
alteration in protein expression [81]. It has been reported
in animal models of maternal obesity that placental mRNA
expression of FATP1 and FATP4 are increased [130, 131].

In addition to FATPs, there are two other membrane-
associated proteins expressed in placenta with the ability to
transport fatty acids: a placenta specific membrane bound
fatty acid binding protein (pFABPpm) and fatty acid translo-
case (FAT; CD36) [127]. pFABPpm is exclusively expressed
in the MVM [127]. Functionally, pFABPpm exhibits a
high affinity for LCPUFAs, suggesting this transporter is
involved in preferential uptake of these fatty acids for transfer
across the placenta [121]. Since proportionally less DHA
and arachidonic acid is transferred to the fetus in IUGR
pregnancies [132], but expression of FAT is unchanged [133],
a role for FAT in selective LCPUFA transfer seems unlikely
[134]. Little is known about regulation of pFABPpm and FAT
in human placenta, but in cultured trophoblast cells, elevated
levels of leptin cause an increase in FAT expression [87].

Fatty acid binding proteins (FABPs) within the cytosol
of the syncytiotrophoblast traffic fatty acids to sites within
the cell for esterification, beta-oxidation, or transfer to the
fetus. Human placenta expresses four different isoforms of
FABPs: FABP1, FABP3, FABP4, and FABP5 (FABP1, 3, 4,
and 5) [135]. In placentas from pregnancies complicated
by maternal diabetes, FABP1 protein expression is increased
[66]. This augmented FABP1 expression together with
higher LPL activity has been suggested to contribute to
increased fetal fat accumulation in pregnancies complicated
by maternal diabetes [66]. In primary human trophoblast
cells, FABP1 expression was upregulated by hypoxia and
through PPARγ signaling [135]. Hypoxia and/or PPARγ
signaling also increases expression of FABP3 and FABP4
[135]. Exposure to elevated levels of fatty acids increases
FABP4 expression [90]. While FABP3 expression is not
altered in pregnancies complicated by IUGR or maternal
diabetes [66], FABP4 expression is increased in placenta from
obese diabetic women [90].

5. Glucose

Glucose is the major energy substrate for both fetus and
placenta. Fetal glucose production is minimal; therefore, it
is entirely dependent upon placental supply of glucose from
the maternal circulation. Placental transport of glucose is
mediated by facilitated carrier-mediated diffusion through
specific glucose transporter proteins (GLUTs). GLUTs are
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expressed in both plasma membranes of the syncytiotro-
phoblast, with glucose transport occurring only down its
concentration gradient. Higher maternal glucose concentra-
tions compared to fetal drive net glucose transport toward
the fetus. A high density of GLUTs in the MVM, together
with the large surface area, allow for rapid glucose uptake
into the syncytiotrophoblast. The high capacity of the MVM
for glucose transport provides adequate glucose for placental
consumption (corresponding to approximately one-third of
total placental glucose uptake) while maintaining a gradient
between the syncytiotrophoblast cell interior and the fetal
capillary, which is necessary for net transport to the fetus.
The GLUTs are expressed at a much lower level in the BM
than the MVM. The lower BM GLUT expression, along
with the surface area difference, has led to the proposal that
BM transport constitutes the rate limiting step in placental
glucose transfer [12].

GLUT1 (SLC2A1) is believed to be a primary glucose
transporter isoform in the human placenta at term, and its
expression increases over gestation [136]. GLUT1 has been
localized to both plasma membranes, but with three-fold
higher expression in the MVM [137]. Expression of GLUT1
in BM has been reported to increase in maternal diabetes
[72, 138], resulting in increased BM glucose transport
activity with this pregnancy complication [72]. GLUT1 is not
the only glucose transporter expressed in human placenta.
Despite previous reports of little or no GLUT3 (SLC2A3)
expression in the syncytiotrophoblast of term placentas [136,
137, 139], GLUT3 expression has recently been reported
throughout gestation in the syncytiotrophoblast, albeit with
the highest expression in early pregnancy [140]. The human
placenta also expresses GLUT8 (SLC2A8) [141], GLUT9
(SLC2A9) [142], and GLUT10 (SLC2A10) [143]. Inter-
estingly, first trimester syncytiotrophoblast also expresses
the insulin sensitive glucose transporter isoforms GLUT4
(SLC2A4) and GLUT12 (SLC2A12) [136, 144].

5.1. Regulation of Glucose Transport. Placental glucose
uptake increases with advancing gestation [39], and regu-
lation of glucose transport differs between trimesters. For
instance, GH stimulates glucose uptake in villous tissue
fragments from term placenta. However, GH has no effect
on glucose uptake in first trimester villous fragments [39].
In cultured trophoblast cells from term placenta, CRH
has opposing effects on GLUT1 and GLUT3 expression
(increased GLUT1 and decreased GLUT3) [73]. CRH can
act through two different receptors: CRH-R1 and CRH-
R2. CRH-R1 expression decreases in IUGR placenta [145],
and in cultured trophoblast cells, CRH-R1 positively reg-
ulates GLUT1 expression [73]. Because CRH is produced
locally in the placenta [74], such data is consistent with
autocrine/paracrine regulation of placental glucose transport
mediated by CRH.

Steroid hormones can also affect activity/expression of
placental glucose transporters in term placenta. In studies
measuring glucose uptake in isolated MVM vesicles, estro-
gens and progesterone were found to have a negative impact
on glucose uptake rates [146]. In cultured trophoblast cells,

glucocorticoids reduce the expression of GLUT1 and GLUT3
[147].

The effect of insulin on regulating placental glucose
transport is gestational age dependent, and there are con-
flicting reports on its effects at term. Insulin does not affect
glucose uptake in perfused term placenta [148] or in term
villous fragments [39, 136]. However, other investigators
have reported stimulation of placental glucose uptake by
insulin at term [83, 84]. Ericsson and coworkers found that
insulin stimulates glucose uptake in villous fragments from
first trimester placenta but not from term placenta [136].
This observation could be due to the finding that GLUT4
and 12, two insulin-sensitive isoforms, are expressed in first
trimester [136, 144] but not term placenta. Glucose levels
also affect uptake by altering GLUT expression. Exposing
cultured trophoblast cells to hyperglycemia reduced uptake
rates and GLUT1 expression [76]. Depriving the cells of
glucose has the opposite effect, causing increased uptake and
expression of GLUT1 [76].

Oxidative stress not only affects placental transport of
amino acids [65, 93], but can also influence transport of
glucose. In placental explants, increased oxidative stress
resulted in reduced glucose uptake and lowered GLUT1
expression [94]. In BeWo cells, exposure to hypoxia increases
GLUT1 expression [149]. Chronic hypoxia in vivo with high
altitude pregnancies reduces expression of GLUT1 in BM but
not in MVM [150].

6. Integrating Signals: Nutrient Supply,
Placental Transport, and Fetal Growth

Fetal overgrowth and IUGR are associated with increased
perinatal morbidity and mortality. They are also intimately
linked with increased risk for development of metabolic
disease later in life. Changes in placental nutrient trans-
port capacity with altered fetal growth, and regulation
of placental transport functions by maternal and fetal
signaling molecules, have been extensively studied (in villous
explants, cultured trophoblast cells, and animal models).
Measurements of circulating factors in human pregnancies
complicated by abnormal fetal growth are of particular
interest because, together with the information on factors
regulating placental nutrient transport reviewed here, such
data allows identification of key factors regulating placental
function in vivo. It is important to note that because the
placenta produces many cytokines and hormones that could
act in paracrine or autocrine fashion, the circulating levels
may not be representative of concentrations in the intervil-
lous space. We have proposed that alterations in maternal
nutrient supply, adipokine, cytokine, and hormone levels
such as those found in common pregnancy complications
can lead to modification in placental transport function
and subsequently have effects on fetal growth. Signals of
reduced maternal nutrient availability (e.g., low insulin
and leptin, high adiponectin) lead to an overall reduction
in nutrient delivery to the fetus and slow fetal growth,
while maternal signals of good nutritional status (such as
high insulin and leptin, low adiponectin) stimulate nutrient
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Table 2: Factors altered in pregnancy complications and their effect on placental nutrient transport.

Factor Pregnancy complication Amino acids Fatty acids Glucose Refs.

CRH ↑ IUGR (f)
↑ SGA (m)

↓ System A
↑ GLUT1
↓ GLUT3

[61, 73–75]

Glucose ↑ GDM (m)
↑ System L
↓ Taurine

↓ Uptake [46, 76, 77]

IGF-I ↓ IUGR (m)
↑ LGA (f)

↑ System A ↓ LPL activity [21, 46, 78–80]

IL-6 ↑ Obesity (m) ↑ System A ↑ Lipid accumulation [47, 81, 82]

Insulin ↑ LGA (f)∗∗

↑ GDM (m)
↑ System A
↑ System L

↑ LPL activity∗ ↑ Uptake∗ [21, 43–46, 79, 83–86]

Leptin

↑ LGA (f)
↑ IUGR (m)
↑ Obesity (m)
↑ GDM (m)

↑ System A ↑ FAT [21, 43, 45, 77, 82, 85, 87, 88]

Lipids ↑ GDM (m)
↑ Obesity (m)

↑ System A
↓ LPL activity
↑ FABP4/5

[48, 77, 89–91]

mTOR ↓ IUGR (p)
↑ Obesity (p)

↑ System A
↑ System L
↑ Taurine

[46, 50, 53, 54]

Oxidative stress ↑ IUGR ↓ Taurine ↓ Uptake [65, 92–94]

Increased (↑), decreased (↓), and unchanged (↔) circulatory levels or placental activity/expression of nutrient transporters in pregnancies with IUGR or fetal
overgrowth as compared to normally grown fetuses. Factors altered in maternal (m) circulation, fetal (f) circulation, or placenta (p). The effect of listed factors
on the activity or expression of nutrient transporters has been determined in vitro in term placenta. SGA: small for gestational age. ∗Conflicting findings have
been reported; see text for discussion. ∗∗Conflicting findings have been reported; for instance see [95].

delivery and accelerate fetal growth. Candidate regulatory
factors and their effects on placental macronutrient transport
functions are summarized in Table 2. However, nutrient
transporters are specifically regulated and regulatory factors
may have opposing effects on different transport systems,
while rendering other transporters unaffected. Integration of
multiple stimuli is critical for adjusting placental function to
accommodate maternal supply and fetal demand.

Trophoblast cells must integrate numerous, possibly
divergent, maternal and fetal stimuli and modify cellular
function accordingly. Three examples of key placental sig-
naling pathways involved with integrating multiple signals
and regulating nutrient transport are (1) STAT3, involved in
modulation of amino acid transport by cytokines, (2) PPARγ
affecting expression of FABPs and FATPs, and (3) mTOR
signaling pathway regulating placental amino acid transport
(Figure 2). The importance of these pathways has been exam-
ined using in vitro experimental models. Additionally, altered
activity and/or expression of placental mTOR and PPARγ
have been demonstrated in human pregnancies complicated
by altered fetal growth [50, 51, 53, 151]. The origins of
altered fetal growth are likely multifactorial, investigating
single component effects will shed light on individual
components as potential contributing factors. Yet, how such
components orchestrate a unified response, modify placental
nutrient transport, and regulate fetal growth remains to be
established.

7. Concluding Remarks

Alterations in fetal development and growth have been
associated with lifelong adverse health consequences. Since
fetal growth and placental nutrient transport are closely
linked, a cohesive knowledge of placental nutrient transport
regulation will most certainly bring us closer to under-
standing those mechanisms underlying altered fetal growth.
As reviewed in this paper, research has predominantly
focused upon how individual factors, known to change
in pregnancies complicated by pathological fetal growth,
affect nutrient transport across the syncytiotrophoblast. This
research resulted in the discovery of novel mechanisms
involved in the regulation of placental nutrient transport.
However, further work is needed which elucidates how
multiple fetal, maternal, and placental signals are integrated
and together regulate nutrient transport from mother to
fetus.
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Intrauterine growth restriction (IUGR) is strongly associated with obesity in adult life. The mechanisms contributing to the
onset of IUGR-associated adult obesity have been studied in animal models and humans, where changes in fetal adipose
tissue development, hormone levels and epigenome have been identified as principal areas of alteration leading to later life
obesity. Following an adverse in utero development, IUGR fetuses display increased lipogenic and adipogenic capacity in
adipocytes, hypoleptinemia, altered glucocorticoid signalling, and chromatin remodelling, which subsequently all contribute to
an increased later life obesity risk. Data suggest that many of these changes result from an enhanced activity of the adipose master
transcription factor regulator, peroxisome proliferator-activated receptor-γ (PPARγ) and its coregulators, increased lipogenic
fatty acid synthase (FAS) expression and activity, and upregulation of glycolysis in fetal adipose tissue. Increased expression of
fetal hypothalamic neuropeptide Y (NPY), altered hypothalamic leptin receptor expression and partitioning, reduced adipose
noradrenergic sympathetic innervations, enhanced adipose glucocorticoid action, and modifications in methylation status in the
promoter of hepatic and adipose adipogenic and lipogenic genes in the fetus also contribute to obesity following IUGR. Therefore,
interventions that inhibit these fetal developmental changes will be beneficial for modulation of adult body fat accumulation.

1. Introduction

Obesity refers to excessive adipose tissue accumulation and
is defined by the World Health Organization (WHO) as a
body mass index (BMI: weight (kg)/length (m2)) greater
than or equal to 30 [1]. Obesity has been declared a major
health problem and its incidence has more than doubled
worldwide since 1980 with over 200 million men and
nearly 300 million women being classified as obese in 2008
according to the WHO. Obesity is associated with numerous
adverse health consequences, including type 2 diabetes,
insulin resistance, hypertension, cardiovascular disease, and
certain cancers [2, 3]. The direct costs associated with obesity
were estimated to account for between 0.7% and 2.8% of
a country’s total healthcare expenditures with medical costs
of obese individuals being approximately 30% greater than
their normal weight peers [4]. Thus, social and economic

costs related to obesity in developed countries are now well
recognized.

It has been reported that the current intervention
strategies to prevent and manage obesity and its associated
diseases are limited to postnatal life with focus on exercise,
salt intake, dietary interventions, and smoking cessation
[5]. These interventions have limited success and it is not
surprising that the battle against obesity and its associated
diseases particularly in wealthy industrialized countries is
currently being lost. Gluckman and Hanson [5] suggest that
it is important to refocus on maternal health and nutrition
issues during pregnancy, which are now considered to play a
major role in the onset of obesity.

In this review we summarize epidemiological and animal
studies linking adverse in utero environments, particularly
IUGR, to postnatal adipose tissue accumulation. We also
highlight potential mechanisms underlying links between



2 Journal of Pregnancy

IUGR and the long-term adipose tissue expansion and
emphasize some ideas for further research in IUGR models.

2. The Fetal Programming Concept

The term programming in the broad sense was suggested
by Lucas [6], to name the process by which a stimulus or
insult during critical periods of life results in long-term
consequences such as induction, deletion, or impairment of
a somatic structure or alteration of a physiologic function.
Earlier animal experiments reported the early environment
to be a major determinant of growth and form [7]. Human
cohort studies also reported an inverse association between
birth weight and systolic blood pressure in 36-year-old men
[8]. It was in the early 80s that the “fetal programming” and
“early life origins of adult diseases” concepts as proposed
by David Barker and colleagues really began to cement
the importance of the in utero environment. Barker and
colleagues proposed that environmental factors, particularly
nutrition, act in early life to program the onset of cardio-
vascular disease in early adult life and premature death as
the consequence [9]. This association has been postulated to
be an adaptive response to a suboptimal fetal environment
protecting the growth of key organs such as brain to the
detriment of others such as liver and resulting in an altered
postnatal metabolism. These adaptations, termed the “thrifty
phenotype” [10], serve the purpose of enhancing prenatal
survival under conditions of intermittent or poor nutrition
[11]. However when nutrition is more abundant in the
postnatal environment than in the prenatal environment,
the changes adopted by the fetus before birth may lead to
a nutritional mismatch between energy intake, storage, and
expenditure, resulting in a subsequent increase in disease
risk [11]. Fetal programming is a concept that thus identifies
in utero environmental conditions as key determinants for
the increased risk of diseases later in life. Epidemiological
observations as well as clinical and animal studies worldwide
support the concept of fetal programming as the origin of
a number of diseases including obesity, insulin resistance,
and noninsulin-dependent diabetes [12–15]. Specifically,
the “early life origins of obesity” concept has led to the
hypothesis that exposure to excessive or deficient nutrition
before birth alters the development of the fat cell, the
adipocyte, in utero and results in a permanent increase in the
capacity to form new cells in adipose depots or to store lipid
in existing adipocyte in postnatal life [16].

3. Adipose Tissue

3.1. The Different Types of Adipose Tissue. Two types of
adipose tissue, white adipose tissue (WAT) and brown
adipose tissue (BAT), coexist in most mammalian species.
WAT has an essential role in energy storage by providing
long-term fuel reserve in the form of triacylglycerols, which
can be mobilized during food deprivation with the release
of fatty acids for oxidation in others organs [18]. BAT, on the
other hand, is specialized in the dissipation of energy through
the production of heat [19].

The WAT is made up of unilocular adipocytes, which
contain a single large lipid vacuole that pushes the cell
nucleus against the plasma membrane [20]. The biogenesis
of white adipocytes comprises the generation of committed
adipocyte precursors (or preadipocytes) and the terminal
differentiation of these preadipocytes into mature functional
adipocytes [21]. This is accompanied by the expression of
adipogenic and lipogenic transcription factors including per-
oxisome proliferator-activated receptor-γ (PPARγ), PPARδ,
CCAAT/enhancer binding proteins (C/EBPα, β, δ), and the
sterol regulatory element-binding protein 1 (SREBP1) and
the expression of specific lipid-metabolizing enzymes such
as FAS [22–26]. These transcription factors appear to be
part of a cascade in which PPARγ is the master regulator
with its activity modulated by selecting corepressors and
coactivators including SRC1 (steroid receptor coactivator
1), SIRT1 (an NAD+-dependent histone deacetylase and
chromatin-silencing factor), NCoR (nuclear receptor core-
pressor), and SMRT (silencing mediator for retinoid and
thyroid hormone receptor) [27, 28]. Following this gene
regulation cascade, the adipogenesis process ends with the
establishment of the endocrine function characterised by the
production of the adipocyte-specific hormone, leptin [29].
Leptin circulates at levels proportional to body fat and acts
on the central nervous system to regulate energy intake and
expenditure, through binding with neuropeptide Y (NPY)
neurons producing a feeling of satiety.

In mammals, WAT is distributed unevenly through the
body and is represented by two main fat depots, which are
defined by their location: subcutaneous and visceral [30]. In
humans, subcutaneous depots consist of adipose tissue under
the skin in primarily the buttocks, thighs, and abdomen. Vis-
ceral adipose tissue depots include the mesenteric, omental,
perirenal, retroperitoneal, and pericardial fat stores [31]. In
sheep, a large animal model of adult onset obesity, WAT is
present in the omental, subcutaneous and hindlimb regions
[32–34]. WAT depots in rodents (rats and mice), exist in
two main subcutaneous fat depots, one anterior and one
posterior, lying in discrete anatomical sites [35]. The anterior
depot is complex, occupying the dorsal body region between
and under the scapulae, the axillary and proximal regions
of forelimbs, and the cervical area. The posterior depot
is located at the base of hind legs and at dorsolumbar,
inguinal, and buttock regions. The visceral adipose depots
similarly to humans, are located in thoracic and abdominal
cavities: mediastinic, mesenteric, retroperitoneal, perirenal,
and perigonadal depots.

The second type of adipose tissue, the BAT, is specialized
in the dissipation of energy through the production of heat
[19]. It is characterised by having a dark color compared to
WAT, which arises from its vascularization and numerous
mitochondria [36, 37] and appears to have a denser nerve
supply than WAT [38]. In BAT, multilocular adipose
cells usually contain many small vacuoles of lipid and
large mitochondria with closely packed parallel cristae
[39, 40], where the uncoupling protein 1 (UCP1) is highly
expressed and is regarded as a BAT-specific marker [41]. In
conjunction with UCP1, a number of other genes including
type 2 iodothyronine deiodinase, the transmembrane
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Figure 1: Developmental stages of adipose tissue (adapted from Brooks and Perosio, [17]). Phase 1: emergence of loose connective tissue
composed of an amorphous ground substance and stellate cells (filed). Phase 2: aggregates of mesenchymal cells (filed) are condensed around
proliferating primitive blood vessels (bold ovals). Phase 3: mesenchymal cells differentiating into stellate preadipocytes within a glomerulus.
Phase 4: appearance of adipocytes with multiple small lipid droplets closely packed around the capillaries. Phase 5: fat lobule with many
unilocular cells (clear circles) is evident. This developmental process (phase 1 to 5) occurs between the 14- and 23-week gestation period.
From 23 to 29 weeks, the number of fat lobules is relatively constant. From the 23rd to 29th week and throughout postnatal life, the growth of
adipose tissue is determined mainly by an increase in size of the fat lobules arising from adipocyte hypertrophy and enlargement of adipose
capillaries.

glycoprotein Elovl3, the fatty-acid-activated transcription
factor peroxisome proliferator-activated receptor-α
(PPARα), the nuclear coactivator peroxisome proliferator-
activated receptor-γ coactivator 1α (PGC-1α), and
developmental homeobox genes HoxA1 and HoxC4
are preferentially expressed in BAT [37, 42]. By way of
comparison, expression of leptin, the nuclear corepressor
RIP140, matrix protein fibrillin-1, and developmental
human genes HoxA4 and HoxC8 in BAT are low compared
to their greater expression observed in WAT [37, 42].

It has long been assumed that white and brown
adipocytes share a common developmental origin and
also undergo a very similar program of morphological
differentiation controlled by PPARγ and members of the
C/EBP family of transcription factors [43]. However, recent
studies indicate that brown adipocytes arise from tripotent
engrailed-1-expressing cells in the central dermomyotome
through a dynamic involvement of the PRD1-BF-1-RIZ1
homologous domain-containing protein-16 (PRDM16) [43,
44]. In addition, PRDM16 coactivates the transcriptional
activity of PGC-1α, PGC-1β, PPARα, and PPARγ through
direct interaction and thus drives preadipocytes develop-
ment into brown adipocytes [43]. This differential origin is
probably determinative for the evolutionary role of BAT and
WAT in mammals.

In the human fetus and newborn, BAT is located mainly
in the cervical, axillary, perirenal, and periadrenal depots
[45, 46] and plays an important role in nonshivering heat
production during neonatal life and thus provides protection
against lethal cold exposure (hypothermia). In adults, the
depots of BAT are found in a region extending from the neck
to the thorax, especially in interscapular, supraclavicular,
cervical, axillary, and paravertebral regions [47, 48] and these

depots are now understood to be associated with body weight
regulation [49]. In comparison, BAT in rodents is located
mainly in the upper back region (interscapular BAT) [50]
and first appears during the last days of gestation, matures
during the neonatal period, and remains at a relatively stable
level for the life span of animals [51]. BAT is also visible in the
subcutaneous anterior depot and mediastinic and perirenal
sites in adult rodents maintained in normal conditions [35].
In other species, the situation is quite different. For example,
lambs are born with almost 100% BAT [52, 53], with
majority of this adipose tissue located around the kidneys
[33, 34]. Postnatally in young life, BAT localization becomes
the sternal, clavicular, pericardial, and epicardial depots in
addition to the perirenal depot [34].

3.2. Ontogeny of Adipose Tissues. Adipocytes in WAT are
generally described to be derived from mesenchymal stem
cells (MSCs). These themselves are thought to arise from
mesoderm, although an alternative source of MSCs, as
well as adipocytes, from the neural crest has recently
been demonstrated [21]. Adult adipose tissue develops
as a continuous process; however, prenatal adipose tissue
formation can be divided into five morphogenic phases
strongly associated with the formation of blood vessels
(Figure 1). These five stages include (1) the emergence of
loose connective tissue, (2) proliferation of primitive vessels
associated with mesenchymal condensation, (3) mesenchy-
mal cells differentiating into stellate preadipocytes within a
vascular structure or glomerulus, (4) appearance of fine fat
vacuoles in cell cytoplasm of mesenchymal lobules, and (5)
fat lobules well separated from each other by dense septae
of perilobular mesenchymal tissue [54]. Fat lobules are the
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earliest structures to be identified before the appearance of
typical vacuolated fat cells [55]. In humans, white fat lobules
appear first in the face, neck, breast, and abdominal wall at 14
weeks gestation [55]. By 15 weeks, they are also evident over
the back and shoulders and further development of white
fat lobules in the upper and lower extremities and anterior
chest begins around this time. After the 23rd week, the total
number of fat lobules remains approximately constant, while
from the 23rd to 29th week, the growth of adipose tissue is
determined mainly by an increase in size of the fat lobules.

In comparison, three distinct stages of prenatal WAT
differentiation are postulated in rats [56]. In stage 1, a
sparse network of large capillaries develops. In stage 2,
most of cells are spindle-shaped cells and surrounding
connective tissue contains very few blood vessels followed
by capillary bed formation. Stage 3 is characterized by a
mature capillary bed and rounded adipocytes. The earliest
embryonic subcutaneous adipose cells are detected at days
15-16 of gestation (length of gestation ∼21–23 days) [57].
Perirenal adipose tissue in rat appears mainly around birth,
that is, 12 hours before and after birth [58]. Only two to five
days separate the formation of first perirenal adipose cells
and the appearance of mesenteric fat cells that develop the
last. As a consequence, minimal amounts of adipose tissue
(1%) are deposited prior to birth and maturation of this
tissue primarily occurs postnatally [59].

In rats the brown adipocyte precursors are parenchymal
spindle cells closely related to a network of capillaries
[60]. As the cells and vessels proliferate, they are organized
into lobules by connective tissue septa. When the cells
start accumulating lipid, they initially are unilocular, but
with further lipid accumulation, multiple cytoplasmic lipid
vacuoles appear. BAT formation takes place in the scapula of
rats between day 15 to 17 of gestation [60, 61] and is present
throughout life [50]. Human studies are not as specific as in
rats; however studies suggest that fetal BAT is observed in the
cervical, thoracic, and abdominal viscera and at the shoulder
girdle and neck at approximately 23 weeks of pregnancy [62].

In the postnatal environment, expansion of adipose tis-
sue occurs mainly after birth through increases in adipocyte
size and enlargement of adipose capillaries (Figure 1) under
the actions of enzymes such as lipoprotein lipase, a regulator
of adipocyte lipid filling [63, 64]. Adipocyte hyperplasia
following birth appears limited; however studies do report its
activation for the renewal of adipocytes [65] suggesting that
WAT and BAT in humans, as well as in rodents, still contain
precursor cells capable of differentiating into adipocytes at
adulthood [66–68].

4. Long-Term Consequences of IUGR on
Adipose Tissue Development

IUGR or fetal growth restriction (FGR) which refers to
a fetus that fails to meet its genetic growth potential, is
characterized by a weight at or below the 10th percentile
for gestational age and affects approximately 7–15% of
pregnancies worldwide [69]. The association between IUGR
and the postnatal development of obesity has been reported
in human epidemiological studies and in animal models

[70, 71] and their interaction is postulated to be a major
contributor to the current global obesity epidemic [5, 70].

4.1. Effects of IUGR and Low Birth Weight on Long-Term
Adipose Tissue Expansion in Animal Models. A number of
animal models have been developed to examine the effects of
in utero insults such as maternal undernutrition and placen-
tal insufficiency on the long-term adipose tissue expansion
and function. In the frequently used rodent maternal low-
protein model (50% protein restriction during gestation),
IUGR and subsequent obesity have been reported [14, 72–
75]. While protein restriction in pregnancy itself is sufficient
to lead to obesity, this effect is enhanced by overfeeding
during the suckling, proving the concept of the nutritional
mismatch [74–76]. Further, maternal undernutrition as a
nutritional manipulation is characterized by a global dietary
restriction during pregnancy and also results in low weight at
birth and later obesity in rats [77]. In pigs, low protein diet
(6% protein versus 12%) throughout pregnancy results in
decreased body weight of piglets at birth and increased WAT
percentage at 188 days of age [78]. Moreover, IUGR occurs
spontaneously in pigs and these low-birth-weight piglets also
display significant higher body fat at 12 months compared
to normal-birth-weight piglets [79], highlighting common
mechanisms at play between a reduced protein supply in
utero and a reduced placental exchange capacity as occurs in
spontaneous IUGR [80]. In addition, placental insufficiency
results in reduced birth weight, increased early postnatal
growth, and increased visceral adiposity in adolescent sheep
and in young and adult rat offspring [81, 82].

The idea that BAT deposition may change in response
to suboptimal in utero environment as IUGR and that this
adaptation is perpetuated through the life cycle, thereby
suppressing energy expenditure and ultimately promoting
later obesity, is currently emerging. In the sheep model, pla-
cental restriction alters feeding activity, which increases with
decreasing size at birth and is predictive of increased postna-
tal growth and adiposity including the perirenal adipose tis-
sue [83], a depot that displays characteristic of BAT in young
sheep [34]. Prenatal nutrition regulates BAT development
as studied in fetuses from arginine-treated underfed ewes
compared with fetuses from saline-treated underfed ewes
[84]. Existing data indicate that nutrient availability during
the intrauterine life, independently of fetal growth, deter-
mines BAT development and the control of energy utilization
during postnatal life period. Indeed, it has been demon-
strated that feeding pregnant mice with the low-protein diet
throughout gestation results in an unchanged BAT mass and
a significantly increased expression of UCP1 in interscapular
brown adipose tissue in adult female offspring when com-
pared to normal offspring [85]. It should be noted that in
this study, the protein restricted offspring did not display a
reduced fetal growth or low birth weight. In contrast, in a
female rat offspring born with normal weight, the intrauter-
ine malnutrition resulted in lower BAT deposition accompa-
nied with an increased WAT adiposity at 53 days of age [86].
The programming of BAT is therefore an exciting area that
warrants further studies into the effects of IUGR or low birth
weight upon postnatal BAT growth and metabolism.
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Figure 2: Schematic overview depicting key postulated molecular changes in adipose tissue and in hormonal status in the fetus and that may
be involved in the development of later obesity following intrauterine growth restriction. For full explanation and definitions, see (Section 5).
TGF-α1 (transforming growth factor alpha-1), CTGF (connective tissue growth factor), CYR61 (cysteine-rich, angiogenic inducer, 61),
dermatopontin, and chymase-1.

4.2. Human Low Birth Weight and Later Adipose Tissue Accu-
mulation. The first studies addressing low birth weight as a
result of fetal growth restriction leading to the subsequent
expansion of adipose tissue in adults utilised data obtained
from the studies of the offspring born following the Dutch
famine of 1944-1945 [87]. Exposure to the famine during
the first half of pregnancy resulted in low birth weight and
this was significantly associated with higher obesity rates and
more truncal and abdominal fat distribution in men at 19
years of age. A subsequent study of this cohort reported a
higher BMI and waist circumference in 50-year-old women
exposed to the famine in early gestation (first trimester) com-
pared to nonexposed women [12]. The association between
low birth weight and later adiposity is also highlighted by
studies in a biethnic population (Mexican-American and
non-Hispanic white) in the United States. In these studies,
normotensive and nondiabetic adult individuals whose birth

weight was in the lowest tertile have a significantly greater
truncal fat deposition pattern (+14%, measured through the
subcapsular-to-triceps skinfold ratio) than individuals whose
birth weight was in the highest tertile independently of sex,
ethnicity, and current socioeconomic status [88].

5. Intrauterine Mechanisms behind In Utero
Programming of Later Adiposity

Animal and human studies have focused on several intrauter-
ine mechanisms that may program the fetal adipose tissue
for later obesity. Specifically, changes in fetal adipose tissue
morphology and metabolism, altered pathways regulating
appetite, and modification of hormone levels and epigenome
in the fetus have been highlighted as critical regulators in the
development of obesity following IUGR (Figure 2).
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5.1. The Role of Fetal Adipose Development in the Later Expan-
sion of Adipose Tissue. Emerging evidence from animal
studies indicates that an increased prenatal adipocyte differ-
entiation and lipogenesis likely promotes the development of
later obesity in IUGR offspring [28, 89]. Such effects imply
an early induction of adipose PPARγ activity concomitantly
with an upregulated expression of its coactivator SRC1 and
its downstream regulatory transcriptional factors (CEBPα,
β, δ, and the retinoid X receptor α) and a downregulation
of hormone-sensitive lipase (HSL), an enzyme favouring
adipocyte lipid release [28, 90]. In pigs, metabolic pathways
have been identified that underlie early subcutaneous adi-
pose tissue adaptation to prenatal maternal low-protein diet
and cause later fattening phenotype [91]. These data indicate
that maternal diet restriction during gestation leads to IUGR,
affects fetal adipose tissue development and programs its
later phenotype. In these experiments, 1-day-old piglets
prenatally exposed to low-protein diet displayed an upreg-
ulation of proteins involved in the conversion of glucose
into fatty acids (e.g., transaldolase 1, aldolase C, enolase 1,
and pyruvate dehydrogenase) as well as an increased FAS
activity in subcutaneous adipose tissue [91]. In addition, a
decreased insulin-like growth factor 1 mRNA expression has
been demonstrated in perirenal visceral adipose tissue from
placental restriction in sheep fetuses at day 145 of gestation
[92], which may alter adipocyte proliferation and differentia-
tion [93], increasing their susceptibility for increased visceral
adipose tissue in later life. Moreover, an increased abundance
in the expression of genes, involved in adipogenesis (e.g.,
CEBP-β, -δ, and FAS) and angiogenesis (e.g., leptin TGFα-
1, CTGF, CYR61, dermatopontin, and chymase-1) in adipose
tissue (Figure 1) as molecular mechanisms that underlie the
early programming of later increased visceral adiposity in
rats by maternal protein restriction, has been reported [94].
These data emphasize the involvement of prenatal adipose
tissue development in later life adult obesity. It is however
necessary to note that although an altered metabolism and
morphology of adipose tissue during fetal life participates as
a mechanism in later obesity related to IUGR, rapid postnatal
catch-up growth is also a contributor in such increased
adiposity [74, 75]. Indeed, prenatal growth trajectory in
conjunction with rapid growth in early infancy (catch-up
growth) must be considered to ultimately determine the
origins of later diseases such as obesity [95].

5.2. Leptin, IUGR and Later Adipose Tissue Development.
Leptin, a 16 kDa protein hormone, stimulates a negative
energy balance by increasing energy expenditure and reduc-
ing food intake [96]. Leptin mainly acts by binding to
specific central and peripheral receptors in the hypotha-
lamus, adipose tissue, liver, and pancreatic β-cells [97].
Studies have highlighted the importance of prenatal leptin
in developmental programming of adipose tissue and several
human studies have reported that fetal serum leptin levels are
lower in IUGR babies [98–101]. Thus, leptin may play a role
in the control of substrate utilization and in the maintenance
of fat mass before birth, producing permanent changes
resulting in adiposity in adulthood [102, 103]. Supporting

this idea, it has been demonstrated that neonatal leptin
treatment of IUGR piglets and pups reverses high level of
fetal cell proliferation in adipose tissue induced by IUGR as
well as the associated later increased adiposity [104, 105].
It is possible that in IUGR, the underlying mechanisms of
in utero leptin action in the developing susceptibility to
adult obesity are alterations of the expression of appetite
stimulating neuropeptides, such as NPY in the fetal brain
[103], alterations in adipose sympathetic innervations [106],
as well as an altered hypothalamic leptin receptor (ObRb,
obese receptor b) expression and partitioning among the
different hypothalamic nuclei [107]. Indeed, ObRb, which
is preferentially localized in the arcuate nucleus (ARC) in
animals with normal body weight, was found to be almost
equally distributed between ARC and paraventricular nuclei
(PVN) in IUGR newborn piglets. In addition, a lower
expression of ObRb in the ARC of IUGR versus control
piglets was observed suggesting a lower sensitivity to leptin
action in IUGR leading to altered food intake behaviour
and subsequent obesity [107]. In line with that data, leptin
administration in both pregnancy and lactation has been
shown to provide long-term protection from early maternal
low-protein-associated obesity in rats [108].

5.3. In Utero Exposure to Glucocorticoids and Postnatal
Adipose Tissue. The hypothalamo-pituitary-adrenal (HPA)
axis has been proposed to participate in the pathophysiology
of later life obesity following being born IUGR [109]. The
mechanisms are ill defined, but evidence from animal studies
suggests that adverse events in early life may influence the
neuroendocrine development of the fetus resulting in long-
term alterations in the setpoints of several major hormonal
axes, including an increase in adrenal glucocorticoid secre-
tion. Indeed, the adipose tissue from early nutrient-restricted
sheep fetuses displays alterations in glucocorticoid signalling
(increased glucorticoid receptor and 11-β-hydroxysteroid
dehydrogenase 1 (11β-HSD1) expression, but decreased 11β-
HSD2 abundance) at day 140 of gestation and at 6 months
postnatally [110]. As 11β-HSD2 converts cortisol to its
inactive metabolite cortisone [111] and is thought to protect
certain tissues from excess cortisol exposure [112], these
results suggest that glucocorticoid action may be enhanced
in offspring exposed to nutrient restriction in utero, thereby
increasing their susceptibility to later obesity. Thus, it
has been suggested that this in utero increased adipose
glucocorticoid sensitivity observed near term in maternal
nutrient-restricted sheep fetuses, may subsequently lead to
the pathophysiological development of visceral obesity in
later life by triggering the acquisition of white adipose tissue
characteristics postnatally [110].

5.4. Fetal Epigenome and Postnatal Adipose Development.
Epigenetic modifications alter gene expression without
changes in DNA sequences [113]. Epigenetic systems include
DNA methylations, histone modifications, and microRNAs.
Low levels of DNA methylation, particularly at gene pro-
moter regions, have been proposed to generate active genes
[114]. Elevated DNA methylation at promoter regions may
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however deactivate genes. As the epigenome is established
early in development, during a window in which environ-
mental insults such as in utero stress are able to influence
developmental trajectories, altered epigenetic regulations are
therefore mechanisms which could underlie programmed
adiposity in the offspring. The study of altered chromatin
structure in IUGR, as it relates to later life obesity, is a new
and rapidly evolving field. In maternal low-protein animal
models of later life obesity, alterations of the methylation
status in the promoter of metabolic genes, such as hepatic
PPARα, glucocorticoid receptor (GR), and liver X receptor
(LXR) and hypomethylation of leptin promoter in adipose
tissue have been reported during fetal and postnatal life
[115], highlighting the importance of in utero environment
as a predeterminant of later life chromatin function. In
human studies, investigations of blood samples from the
Dutch Hunger Winter cohort at the age of 60 years, report
an increased DNA methylation induced by periconceptional
exposure to the famine in genes known to be involved in
adipose tissue metabolism, specifically leptin and the fat
mass and obesity associated gene (FTO) [116] suggesting
a possible suppression of its activity. Indeed, modifications
in FTO gene expression are reported to modulate tissue
lipid metabolism [117], and content [118, 119] as well as
lipotoxicity [120] and may be mediated by changes in energy
balance at any stage of fetal development.

6. Conclusion and Perspectives

This paper provides a frame work for how adipogenesis
and lipogenesis processes may be altered in IUGR and low
birth weight, setting the stage for obesity later in life. It
presents evidence from both animal and human studies indi-
cating that an increased lipogenic and adipogenic capacity
of adipocytes, hypoleptinemia, altered glucocorticoid sig-
nalling, and epigenetic modifications during fetal life likely
play major roles in the in utero origins of later life obesity.
Given that discrete molecular changes in fetal adipose tissue
have been shown to adversely affect adipose tissue develop-
ment of IUGR individuals later in life, there is a real need
to undertake longitudinal studies (before birth, during early
postnatal life, and adulthood) on adipose tissue development
and establish definitively which genes and pathways in this
tissue have a causal role in the in utero origins of obesity.
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Glucocorticoids are administered to pregnant women at risk of preterm labour to promote fetal lung surfactant maturation.
Intrauterine growth restriction (IUGR) is associated with an increased risk of preterm labour. Hence, IUGR babies may be
exposed to antenatal glucocorticoids. The ability of the placenta or blood brain barrier to remove glucocorticoids from the fetal
compartment or the brain is compromised in the IUGR fetus, which may have implications for lung, brain, and heart development.
There is conflicting evidence on the effect of exogenous glucocorticoids on surfactant protein expression in different animal
models of IUGR. Furthermore, the IUGR fetus undergoes significant cardiovascular adaptations, including altered blood pressure
regulation, which is in conflict with glucocorticoid-induced alterations in blood pressure and flow. Hence, antenatal glucocorticoid
therapy in the IUGR fetus may compromise regulation of cardiovascular development. The role of cortisol in cardiomyocyte
development is not clear with conflicting evidence in different species and models of IUGR. Further studies are required to study
the effects of antenatal glucocorticoids on lung, brain, and heart development in the IUGR fetus. Of specific interest are the
aetiology of IUGR and the resultant degree, duration, and severity of hypoxemia.

1. Use of Antenatal Glucocorticoids for
Fetal Lung Maturation in Women at Risk of
Preterm Delivery

In Australia, 8% of the 250,000 annual births are preterm,
defined as delivery prior to 37-week completed gestation
[1]. Furthermore, 7% of babies are born with intrauterine
growth restriction (IUGR) [2], defined as a birth weight
<10th centile [3–5] with the incidence of IUGR increasing
with increasing prematurity [6, 7]. Preterm infants represent
75% of all neonatal deaths in Australia, with the vast majority
of these deaths being due to pulmonary disease [1]. The costs
of caring for preterm infants are high, $5.8 billion in the
USA, representing 57% of neonatal care costs in that country

[8]. The cost to support a single infant born at 25 weeks of
gestation is estimated at $US 250,000 [9].

Glucocorticoids are administered [10] to pregnant
women at risk of preterm labour occurring after 24 weeks of
gestation to promote surfactant production and maturation
of the fetal lung in order to make a successful transition
to air-breathing. Experimental studies show improvement
in fetal lung mechanics [11], increases in surfactant lipids
and proteins [12, 13], and concomitant alterations in lung
structure [13]. Antenatal glucocorticoid administration to
women at risk of preterm labour reduces the incidence
of neonatal respiratory distress syndrome (RDS) by ∼35–
45% [14]. Furthermore, antenatal glucocorticoids have been
shown to reduce overall neonatal mortality and the need
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for neonatal respiratory support in preterm infants [15–18].
The effectiveness of antenatal glucocorticoids for promoting
lung maturation declines after 7 days, and thus in practice
women who continue to be at risk of preterm delivery
have in the past been treated with repeated weekly doses of
antenatal glucocorticoid therapy [16]. Despite little evidence
from either clinical trials or animal studies of improved
neonatal outcomes for repeated as opposed to single doses of
glucocorticoid therapy [19], the practice became widespread.
For example, obstetricians in Australia in 1998 [20] and the
UK in 1999 [21] reported that if the risk of preterm delivery
persisted, 85 and 98%, respectively would prescribe multiple
courses of glucocorticoids. In 2001, a National Institutes of
Health Consensus Group questioned the use of multiple-
dose glucocorticoid therapy [22, 23] based on animal and
human studies which indicated adverse effects after repeated
courses of glucocorticoids, including fetal growth restric-
tion and poorer neurodevelopmental outcome [24–29].
The group consequently recommended that prescribing of
multiple doses be restricted to patients enrolled in clinical
trials specifically designed to determine the risk/benefit ratio
of multiple as opposed to single doses of glucocorticoids
[22, 23]. However, more recently, in 2004, an European
study determined that 85% of obstetric units continued
to prescribe multiple courses of antenatal glucocorticoids,
despite the fact that the risk/benefit ratio of multiple versus
single doses was not yet known [30].

Recently, the first results of the randomised controlled
trials of repeat- versus single-dose glucocorticoid therapy
have been released [31]. The latest Cochrane review on the
use of repeat doses of prenatal corticosteroids concludes that
the short-term benefits which include a further reduction
of 17% in the incidence of respiratory distress and a 16%
reduction in serious health problems in the first weeks of life
support the use of repeat doses, despite a small associated
reduction in size at birth [32]. Follow-up studies of babies to
two years of age show no significant harm in early childhood,
but also show no benefit [32]. These results, together with
the already widespread use of repeat antenatal glucocorticoid
therapy, suggest that the practice is likely to continue to
increase. Hence, it would appear prudent to heed the earlier
recommendation that studies in animals be performed
to determine the pathophysiological and metabolic conse-
quences of repeat antenatal glucocorticoid treatment [22,
23]. This may be especially important in a subset of preterm
infants that may be particularly vulnerable to glucocorticoid
therapy.

IUGR due to placental insufficiency occurs when sub-
strate supply is reduced and does not meet fetal demands.
Hence, causes of IUGR include fetal factors (e.g., chromoso-
mal abnormalities), maternal factors (e.g., undernutrition),
environmental factors (e.g., high altitude), placental factors
(e.g., placental infarction), and other factors (e.g., reproduc-
tive technologies) [4, 5, 33, 34]. As IUGR is also associated
with an increased risk of preterm labour [6, 35], IUGR
babies may also be exposed to antenatal glucocorticoids [7].
Recently, we [33, 36] and others [37–42] have asked whether
exposure of IUGR fetuses to antenatal glucocorticoids is
beneficial in terms of their cardiovascular, neurological, and

respiratory development. Early studies demonstrated that
lung growth and surfactant production were each accelerated
in IUGR fetuses in the absence of antenatal glucocorticoid
treatment [43]. This was thought to be a result of the elevated
plasma cortisol levels present in IUGR fetuses [44]. Other
studies have also reported that there is no evidence that the
incidence of RDS is lower in IUGR babies [13, 45, 46], and
conversely others have shown that there is an increased risk
of RDS in IUGR babies [47]. There are conflicting data on
whether antenatal glucocorticoids are [37] or are not [48]
associated with a reduction in the complications associated
with preterm delivery in IUGR fetuses. A large study of
19,759 very-low-birth-weight neonates found that antenatal
glucocorticoids lowered the risk of RDS, intraventricular
haemorrhage, and perinatal death in both normally grown
and growth restricted fetuses [37]. On the other hand, a
study of 1148 neonates found that there was no difference
in the incidence of RDS, intraventricular haemorrhage or
necrotizing enterocolitis in growth-restricted fetuses whether
they were treated with antenatal glucocorticoids or not [48].
The reported differences in the effectiveness of antenatal
glucocorticoids on neonatal outcome in normally grown
compared to IUGR babies may be due to differences in
either the degree or duration of exposure to antenatal
glucocorticoids or the effects of glucocorticoids (endogenous
or exogenous) on the development of organ systems in the
normally grown compared to the IUGR fetuses. In this paper
we examine whether the physiological exposure to, and the
effects of, antenatal glucocorticoids are the same in normally
grown and IUGR fetuses, focusing on a range of animal
studies used in our laboratory. Firstly, this paper will discuss
the effects of reduced fetal growth on the expression of
drug transporters that remove glucocorticoids from the fetal
compartment and, thus, influence the degree and duration
of fetal exposure to glucocorticoids. Secondly, we will review
the effects of IUGR on lung and cardiovascular development
and the impact of glucocorticoids on these key organ systems
in the IUGR sheep fetus.

2. Exposure of the Fetus to
Antenatal Glucocorticoids

Cortisol, the predominant form of active glucocorticoid in
humans, guinea pigs, and sheep, interacts with the gluco-
corticoid receptor (GR) in target cells to ensure functional
maturation of fetal organs such as lung, liver, gut, and kidney
which are necessary for survival of the newborn [49–51]. For
example, cortisol increases pulmonary surfactant synthesis
and secretion as well as structural maturation of the alveoli to
support postnatal lung function [51, 52]. Clinically, women
are treated with either dexamethasone or betamethasone,
both fluorinated corticosteroids that cross the placenta and
have identical genomic effects [53]. However, as betametha-
sone is more potent than dexamethasone in terms of
metabolic nongenomic effects, it is the drug of choice [53].
The synthetic corticosteroids are significantly more effective
than hydrocortisone as they are not inactivated by endoge-
nous dehydrogenase enzymes (see below) [54]. Hence, in
humans a very high dose of hydrocortisone is required
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as an alternative to dexamethasone or betamethasone, and
in sheep high doses of maternal hydrocortisone do not
promote lung maturation [55]. While glucocorticoids are
necessary for survival of the fetus, exposure to excess endoge-
nous or exogenous glucocorticoid in a healthy fetus has
also been associated with fetal growth restriction [56–59],
increased hypothalamopituitary adrenal axis activity [57,
60], hypertension [61], and reduced brain growth with
delayed myelination [62–68].

One of the mechanisms known to regulate fetal exposure
to active glucocorticoid is through the activity of the 11 beta-
hydroxysteroid dehydrogenase (11β-HSD) enzyme family,
which consists of two known isoforms, 11β-HSD-1 and
-2. Transfer of glucocorticoids from the maternal to the
fetal circulation is regulated by the level of activity of 11β-
HSD enzyme isoforms in the placenta [69]. Moreover, local
tissue availability of glucocorticoid in the fetus is regulated
by tissue-specific expression of these enzymes throughout
gestation [70]. 11β-HSD-1 primarily converts biologically
inert cortisone to cortisol (active form) [71, 72]. 11β-HSD-
1 has both dehydrogenase and reductase activity and is pre-
dominantly expressed in tissues with abundant expression of
GR such as brain and liver [73]. Conversely, 11β-HSD-2 has
only dehydrogenase activity and is responsible for convert-
ing cortisol to cortisone, thereby preventing inappropriate
activation of mineralocorticoid receptors by cortisol and
allowing selective access of aldosterone, particularly in the
kidney and colon [74]. Although both isoforms of 11β-HSD
are expressed in the placenta, 11β-HSD-2 is the predominant
form and its gene expression doubles from approximately 29
to 38 weeks of gestation in humans [75]. 11β-HSD-2 appears
to be the predominant form in the placenta of humans
and guinea pigs [76, 77] and, thus, plays an important
role in protecting the fetus from exposure to excess cortisol
from the maternal circulation [78]. In sheep, the 11β-HSD-
1 mRNA transcript predominates over that of 11β-HSD-
2 [79]; however, both isoforms appear to be equally active
in converting cortisol to cortisone in this tissue [80], as in
the sheep placenta, 11β-HSD-1 has mostly dehydrogenase
activity [80]. In the ovine placenta, 11β-HSD2 activity
decreases between 128 and 132 days and term (∼145 days
of gestation) correlating with the normal prepartum increase
in fetal plasma cortisol. Moreover, exogenous administration
of cortisol before the endogenous surge reduces 11β-HSD2
activity [79]. Hence, fetal cortisol regulates placental 11β-
HSD2 activity in fetal sheep during late gestation, which
has important implications for fetal development before
term [79]. Increases in fetal plasma cortisol concentrations
induced by adverse intrauterine conditions before term
may reduce placental 11β-HSD2 activity, thereby enhancing
placental exposure to both fetal and maternal cortisol and
increasing access of maternal cortisol to fetal tissues [79].
For example, inhibition of the 11β-HSD-2 enzyme within
the rat placenta increases maternal cortisol transfer to the
fetus, and this has been shown to lead to hyperglycaemia and
cardiovascular abnormalities in adult rat offspring [81].

Exposure of the fetus to glucocorticoids is also regulated
by specific transporters that actively transport glucocorti-
coids. These are located in the placenta and other organs

such as the liver and brain. Their expression can determine
the degree and duration of fetal or organ specific expo-
sure to glucocorticoids. P-glycoprotein (P-gp, gene symbol
ABCB1/MDR1) and breast cancer resistance protein (BCRP,
gene symbol ABCG2/BCRP1) are members of the ATP
binding cassette (ABC) membrane transporters [82]. P-gp
and BCRP are expressed in multiple organs such as placenta,
brain, liver, and intestine [83, 84], where they are responsible
for facilitating excretion of a broad range of drugs. MDR1 is
present in the human placenta, and its expression decreases
with advancing gestation in humans [85] and guinea pigs
[86]. Studies in mice have shown that knocking out either
P-gp or BCRP results in higher concentrations of their
substrates in the fetus because they are efflux transporters
located on placental trophoblast cells facing the maternal
intervillous space [87, 88]. The substrate specificity of P-
gp is similar, but distinct from that of BCRP [82]. For
example, P-gp transports substrates such as endogenous
glucocorticoids (cortisol and aldosterone) [89] and synthetic
antenatal glucocorticoids (betamethasone and dexametha-
sone) [90], but it is not clear if these are substrates for BCRP
[91]. Glyburide, an alternative to insulin for treatment of
gestational diabetes, is a substrate for BCRP, while selective
serotonin reuptake inhibitors are substrates for P-gp [91].
Due to the different drug transport profile of P-gp and BCRP,
regulation of their expression in response to IUGR may be
different. To understand the degree and duration of exposure
to glucocorticoids in the IUGR fetus, it is necessary to
understand the impact of IUGR on the enzymes that control
cortisol availability and the expression of drug transporters
that remove glucocorticoids from the fetal compartment.

3. Is the IUGR Fetus at Risk of Greater Exposure
to Antenatal Glucocorticoids?

3.1. Alterations in the Placenta of the IUGR Fetus. 11β-HSD-2
plays an important role in protecting the fetus from exposure
to maternal endogenous glucocorticoids, but as stated above,
synthetic antenatal glucocorticoids are not substrates for this
enzyme. Therefore, maternally administered betamethasone
and dexamethasone are able to cross the placenta and act
on fetal organs. Interestingly, decreased placental 11β-HSD-
2 has been reported in response to maternal undernutrition
in rats or maternal hypoxia in humans [93, 94], two causes
of IUGR, suggesting that the IUGR fetus may have increased
exposure to endogenous glucocorticoids. In addition, single
but not repeated doses of dexamethasone result in lower
placental 11β-HSD-2 gene expression in IUGR sheep fetuses
when compared to controls [59], suggesting that exogenous
glucocorticoids may also affect the enzymatic mechanisms
that regulate endogenous glucocorticoids and hence fetal
exposure to glucocorticoids.

Furthermore, work from our laboratory also suggests
that IUGR may alter the expression of placental drug trans-
porters. For example, we have demonstrated that maternal
undernutrition in guinea pigs significantly reduces placental
P-gp protein expression (Figure 1(a)) [92], but does not
change placental BCRP gene expression (Figure 2(a)). The
reduced expression of P-gp protein in the placenta may
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Figure 1: Placental (a) and fetal brain (b) P-gp protein expression in control (open bar, n = 6) and maternal undernutrition (UN; filled
bar, n = 7) at 60–62 days of gestation (term, 69 days) in the guinea pig. P-gp expression (mean ± SEM) was quantified by Western blotting
with monoclonal C219 antibody. There was less P-gp protein in the UN placenta and fetal brain than in controls. ∗P < 0.05. The figure is
reproduced with permission from [92].
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Figure 2: Placental (a) and fetal brains (b) BCRP gene expression in control (open bar, n = 6) and maternal undernutrition (UN; filled bar,
n = 7) at 60–62 days of gestation (term, 69 days) in the guinea pig. BCRP gene expression (mean ± SEM) was quantified by real-time PCR.
There was a decrease in BCRP gene expression in the UN fetal brain but not the placenta compared with controls. P < 0.05.

lead to increased susceptibility to antenatal glucocorticoid
in IUGR fetuses, as a decrease in P-gp protein expression
directly correlates with a decreased ability to remove sub-
strates of P-gp from the fetal compartment [95]. Moreover,
this situation may be further exacerbated as antenatal
glucocorticoids have also been shown to downregulate both
P-gp mRNA and protein expression in mice and guinea pigs
[86, 96]. Similarly, pregnant mice exposed to dexamethasone
have lowered placental BCRP mRNA and protein expression
[96]. While it is not clear how the change in P-gp protein
expression is regulated in the IUGR fetus, particularly as
there is no effect of maternal undernutrition on MDR1
gene expression [92], it is clear that antenatal glucocorticoid
treatment of the IUGR fetus is likely to lead to a significant

overexposure. Currently, it is unknown whether there are
changes in other transporters that regulate transfer of sub-
stances between the mother and the IUGR fetus.

3.2. Alterations in the Blood Brain Barrier in the IUGR
Fetus. Exposure of the normally grown fetus to antenatal
glucocorticoids can cause a decrease in brain growth and
maturation [65, 68, 97, 98], but not in nutrient transport
[99, 100] or protein synthesis [66]. In sheep, both exogenous
and endogenous glucocorticoids decrease blood brain barrier
permeability in the sheep fetus at 60% but not 90% of
gestation [101]. In addition to its role in the placenta, P-
gp is an important component in protecting the fetal brain
from exposure to drugs [102]. Brain sparing, defined as
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an increased brain to body weight ratio, is a notable
characteristic of IUGR babies; yet little is known about the
impact of IUGR on the expression of drug transporters on
the blood brain barrier. In contrast to the effects in the
placenta, dexamethasone increases P-gp mRNA and protein
expression in rat brain endothelial cells in vitro [91, 103].
Similarly, BCRP mRNA and protein expression in rat brain
endothelial cells increases in response to dexamethasone in
vitro [103]. However, it is not known whether there will be
similar changes in P-gp expression in the brain of IUGR
fetuses because they already have elevated plasma cortisol
concentrations [44, 104]. If P-gp expression in the blood
brain barrier is altered by IUGR, this has implications for
the potential toxicity of drugs used in the management
of preterm delivery, maternal hypertension, gestational dia-
betes, and viral infections. For example, we have shown that
IUGR as a result of maternal undernutrition before concep-
tion and throughout pregnancy in the guinea pig results in
decreased P-gp protein [92] and BCRP; mRNA expression
in the brain (Figures 1(b) and 2(b)). Hence, administering
dexamethasone or betamethasone to the preterm IUGR fetus
may further decrease the protective effects of P-gp and BCRP,
although, further studies are required to verify this.

In conclusion, the ability of the placenta or the blood
brain barrier to remove glucocorticoids from the fetal
compartment or the brain may be compromised in the IUGR
fetus. As a result, depending on the cause of IUGR, that is,
maternal undernutrition or placental insufficiency, the IUGR
fetus may be exposed to higher endogenous glucocorticoids,
as a consequence of IUGR or due to less removal from the
brain or fetal compartments, and higher concentrations of
antenatal glucocorticoids for a longer period of time than the
normally grown fetus. We now turn our focus to the impact
of this potentially higher glucocorticoid exposure on organ
development in the IUGR fetus.

4. Controversy Regarding the
Effectiveness of Antenatal Glucocorticoids
on Neonatal Cardiorespiratory Outcomes in
the IUGR Fetus

Despite the established benefits of antenatal glucocorticoids
for neonatal lung function in normally grown premature
infants, there is considerable controversy about their effec-
tiveness in IUGR fetuses as outlined in the introduction.
Moreover, antenatal glucocorticoid therapy applied to the
normally grown premature infant is also associated with neg-
ative cardiovascular outcomes in later life, as evidenced by an
increased blood pressure, in adolescents [105]. This is sub-
stantiated by animal studies which demonstrate an increased
vascular resistance, fetal blood pressure and a concomitant
decrease in cerebral blood flow [106–109]. However, the
IUGR fetus adapts to a decreased substrate supply by slowing
its growth and undergoing important cardiovascular adapta-
tions [5, 110]. These adaptations are in opposition to those
that occur in response to antenatal glucocorticoids. Hence,
the question arises as to whether antenatal glucocorticoid
therapy of IUGR fetuses will firstly provide the same lung

maturational benefit as for normally grown fetuses and
secondly whether it will compromise their cardiovascular
development.

Below we first examine the role of glucocorticoids in lung
development, focusing particularly on surfactant production
in both the normally grown and IUGR fetus, before we turn
our attention to their role in cardiovascular development,
focusing on blood pressure regulation and cardiomyocyte
development in the normally grown and IUGR fetuses.

4.1. Mechanism of Glucocorticoid-Induced Surfactant Protein
Production. In both the sheep and human fetuses, plasma
cortisol concentrations increase with gestational age [113]
and cortisol binds to GR in many target tissues, including
the lung. Once the receptor-ligand complex is formed in
the cytosol, it translocates to the nucleus where it has the
ability to bind to glucocorticoid response elements (GREs)
on target genes to alter their expression. Surfactant protein
genes contain highly conserved DNA sequences upstream
of the transcription site, which are necessary for promot
activity in lung epithelial cells in vitro [114, 115]. Since the
promoters for the surfactant protein genes do not contain an
GRE, the stimulatory actions of glucocorticoids on surfactant
production are indirect. An alternative indirect response to
glucocorticoid signalling may be due to altered transcription
factor and/or cofactor activity which is vitally important
to surfactant protein regulation [116, 117]. The promoter
regions of the 4 surfactant protein genes contain some
regulatory elements that are similar among, and others that
are different between and hence specific to, the genes. A
potential mechanism may be via thyroid transcription factor-
1 (TTF-1), a transcription factor that is vital for normal lung
development [118]. TTF-1 is primarily expressed by type
II alveolar epithelial cells in the fetal lung at term and in
postnatal life, and this expression profile is consistent with
the developmental pattern of surfactant protein-B expression
[119]. It has been proposed that TTF-1 interacts with various
cofactors and binds to TTF-1 binding elements (TBEs)
expressed on the promoter region of SP-A, -B, and -C
gene constructs (Figure 3) [120–122]. In the case of SP-D,
TTF-1 regulates gene transcription indirectly via interaction
with nuclear factor of activated T cells (NFATs) and other
transcription factors [123]. A reduction in TTF-1 abundance
has been observed in areas of haemorrhage and atelectasis
in infants with RDS and bronchopulmonary dysplasia [119].
Interestingly, in parallel to induction of surfactant protein
expression, glucocorticoids have been shown to induce TTF-
1 expression in the lung. In a model of fetal rat lung
hypoplasia, prenatal dexamethasone treatment significantly
increases TTF-1 and SP-B mRNA expression and is associ-
ated with increased TTF-1-binding activity to the SP-B prox-
imal promoter [124]. Thus, TTF-1 is an activator of lung-
specific genes [125], suggesting an important role for TTF-
1 as a transcriptional regulator of indirect glucocorticoid
responsiveness in the fetal lung.

4.2. Controversy Regarding the Expression of Surfactant Protein
in the Fetal Lung in Sheep Models of IUGR. There has
been significant controversy about the impact of IUGR
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Figure 3: Diagrammatic representation of the mechanism by which endogenous (circulating or locally produced) cortisol and antenatal
glucocorticoids act in the lung to increase the gene and protein expression of surfactant protein. GC: glucocorticoid; GR: GC, receptor;
TTF-1: thyroid transcription factor-1; TBE: TTF-1 binding element; x, y, and z indicate cofactors for different SP genes.

on surfactant maturation [33]. Early studies suggested the
possibility that the elevated plasma cortisol in IUGR fetuses
[44, 104] may represent the mechanism for the stimulation of
surfactant maturation. However, different models of IUGR
lead to different outcomes in terms of surfactant maturation,
some of which correlate with changes in cortisol and
others which do not [126]. For example, IUGR induced by
uteroplacental embolisation for 21 days during late gestation
(∼109–130 days; term 150 days) resulted in a decrease in
fetal and lung growth and in lung DNA content. However,
gene expression of surfactant proteins SP-A and -B in the
fetal lung was significantly increased and strongly correlated
with fetal plasma cortisol concentrations measured during
the last two days of the protocol [127]. In direct contrast,
another study on the effect of uteroplacental embolisation
for 20 days during a later window in gestation (120–140
days) found that there was no change in gene expression of
SP-A, -B, or -C in the fetal lung [128]. In this later study,
there was also no correlation between surfactant gene or
protein expression and plasma cortisol concentrations. In
a third model of IUGR in the sheep fetus, single uterine
artery ligation (SUAL) was associated with increased plasma
cortisol concentrations, but not with changes in surfactant
protein gene expression [129]. Clearly the timing of the insult
relative to gestational age, the duration of hypoxemia, and
the magnitude and timing of the cortisol response, are all
crucial in eliciting the SP or SP mRNA expression response.
Given the lack of a relationship between the cortisol and
the SP responses, it is possible that the impact of IUGR on
lung surfactant protein production may be more dependent
on the frequency, degree, and duration of hypoxemia that is
induced by different experimental models (Figure 4) rather
than the hypercortisolemia induced by the experimental
protocol.

4.3. Impact of Chronic Hypoxemia throughout Gestation
on Lung Surfactant Protein Production. Our laboratory has

extensive experience using a sheep model of IUGR in
which most of the potential placental implantation sites are
removed from the uterus of the ewe (carunclectomy) prior
to mating, resulting in the subsequent restriction of placental
growth and substrate supply, including oxygen and glucose,
to the fetus [5, 110]. As a result, the placentally restricted
(PR) fetus is chronically hypoxemic, hypoglycaemic, and
smaller, although brain growth is spared. This profile directly
parallels that observed in the growth-restricted human fetus
[110, 130]. Our published work shows that these chronically
hypoxemic PR fetuses have lower gene and protein expres-
sion of lung SP-A, -B, and -C in late gestation (133 and 140
days of gestation, Figure 5) [126]. Hence, there may be factors
present in the lung of the PR fetus which suppress surfactant
synthesis.

4.4. Role of Endogenous and Potential Risk of Exogenous
Glucocorticoids on Surfactant Protein Production in the IUGR
Fetus. Acute increases in plasma cortisol after 21 days of
umbilicoplacental embolisation are associated with increased
surfactant protein in the lung; however, the timing of this
increase may not relate to the timing of preterm birth
and thus may not improve neonatal outcomes. Similarly,
the PR fetus has higher plasma cortisol concentrations in
late gestation compared to the normally grown fetus [104,
111, 129] (Figure 6). However, our data suggest that the
increased plasma cortisol concentrations are not sufficient
to increase surfactant protein gene or protein expression
in the lung of the PR fetus. Hence, further treatment
with exogenous glucocorticoid is unlikely to be effective
in these fetuses. In contrast, in significantly younger SUAL
fetuses (114 days of gestation), betamethasone increases SP-
A, -B, and -C mRNA expression despite increased plasma
cortisol concentrations [129], but these fetuses may not be
chronically hypoxemic. The impact of placental insufficiency
on the expression of 11β-HSD-1 and -2 or on the GR,
and hence the exposure of the lung to glucocorticoid, is
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Figure 4: Fetal arterial oxygen content (mmol O2/L blood) in two sheep models of human IUGR. The uteroplacental embolisation model
of IUGR in the sheep fetus results in periods of fluctuating hypoxemia over the 20-day experimental period starting at 110 days of gestation
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Figure 5: There is a decrease in gene (a) and protein (b) expression of SP-B (as well as for SP-A and -C, data not shown) in the lung of the
chronically hypoxemic, PR sheep fetus (black bars) relative to the normally grown sheep fetus (open bars). ∗P < 0.05 control versus PR;
#P < 0.05 gestational age. PR: placental restriction. The figure is reproduced with permission from [126].

currently not known. However, maternal undernutrition
increases GR and 11β-HSD-1 [132], but umbilical cord
occlusion increases 11β-HSD-1 and decreases 11β-HSD-2
mRNA expression in the lung of sheep fetuses [133]. Further
studies are required to elucidate the regulatory mechanisms
of surfactant protein gene and protein expression in response
to antenatal glucocorticoids in different models of IUGR.

4.5. Impact of Antenatal Glucocorticoids on Cardiovascular
Development in the Normally Grown Fetus. Antenatal gluco-
corticoids can compromise cardiovascular function depend-
ing on the type of glucocorticoid and the dose. In sheep,
glucocorticoids decrease fetal cerebral blood flow and oxygen
delivery due to increased cerebrovascular resistance, and this
may explain the decreased brain growth observed at term in
human fetuses following either single or repeated glucocor-
ticoid administration [64]. Infusion of glucocorticoids for 48

hours results in peripheral vasoconstriction and an increase
in blood pressure of 8–10 mmHg in the late gestation sheep
fetus [134, 135]. Furthermore, cortisol infusion to the fetus at
129 day for 5 days increases blood pressure to a level observed
in 140-day gestation fetuses as well as increasing plasma
concentrations of the vasoconstrictor, angiotensin II [136].
The immediate rise in blood pressure is renin-angiotensin-
independent, but thereafter is renin-angiotensin-dependent
[137]. Cortisol increases both fetal blood pressure and the
reactivity of the fetal vasculature to increasing doses of
angiotensin II [138], but dexamethasone does not change
vascular reactivity to angiotensin II [134]. Thus exposure of
the sheep fetus in late gestation to either excess endogenous
or exogenous glucocorticoid changes the vascular reactivity
to vasoconstrictors. This leads to increased fetal blood
pressure and human newborns exposed to multiple courses
of glucocorticoids to have elevated blood pressure in the first
week of life [139], which persists into adolescence [105].
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Figure 6: The chronically hypoxemic PR sheep fetus (black bars) has higher plasma cortisol concentrations than the normally grown fetus
(open bars) (a). Relative surfactant protein B (SP-B) mRNA expression is inversely correlated with plasma cortisol concentration (b). The
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4.6. Alterations in Regulation of Blood Pressure in the IUGR
Fetus and the Potential Risk of Antenatal Glucocorticoids.
We have reported that although there was no difference in
the mean arterial blood pressure between normally grown
and IUGR fetal sheep [39], there was a direct relationship
between blood pressure and the mean gestational PO2

in control animals, which was not present in the IUGR
group [140, 141]. Following infusion of phentolamine, an
α-adrenergic antagonist, in IUGR and control fetuses, we
demonstrated that the maintenance of mean arterial pressure
in the IUGR fetal sheep depended to a significantly greater
extent on the sympathetic nervous system than in control
fetuses. This is seen by the direct relationship between
the magnitude of the fetal hypotensive response and the
fetal arterial PO2 (Figure 7). Furthermore, the hypotensive
response to α-adrenergic blockade was present before the
onset of the prepartum cortisol increase [140].

Similarly, the maintenance of arterial blood pressure in
the IUGR sheep fetus is also more dependent on the renin-
angiotensin system than in the normally grown fetus [140,
141]. Infusion of an angiotensin converting enzyme inhibitor
after the onset of the prepartum increase in fetal cortisol
concentrations from around 135 days of gestation resulted
in a greater hypotensive response in IUGR fetal sheep when
compared with control fetuses [141]. An earlier activation
of glucocorticoid receptors by betamethasone may augment
this increase in angiotensin receptors and result in elevated
fetal blood pressure that persists into adult life.

A further adaptation of the IUGR fetus is brain spar-
ing possibly due to the redistribution of blood flow that
maintains substrate supply to the brain, adrenals, and heart
at the expense of the peripheral organs and tissues [110].
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Figure 7: Although blood pressure is the same in the normally
grown and the IUGR fetus, the drop in blood pressure in response to
an α adrenergic antagonist, phentolamine, is related to fetal arterial
PO2 in control (open circles) and PR (closed circles) fetal sheep
(y = 0.87×−27.01, r2 = 0.78, P = 0.003) [5, 131].

However, it appears that antenatal glucocorticoid exposure
alters the fetus’ ability to maintain this adaptation to reduced
substrate supply. In a recent study in the SUAL sheep model
of IUGR, betamethasone caused an equivalent (relative to
control) fall in carotid artery blood flow in IUGR fetuses but
a large rebound increase in carotid blood flow that was not
observed in control fetuses [39]. There was also an increase
in cardiac output and blood flow to all organs, particularly
the brain in the IUGR fetus [106]. Furthermore, there is also
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a relationship between cerebral reperfusion and oxidative
damage in the brain [39]. These results suggest that the IUGR
fetus may be at a greater risk of brain reperfusion injury after
treatment with synthetic glucocorticoid than the normally
grown fetus [39] due to the cerebral vasodilatory response.

In summary, therefore, antenatal glucocorticoids may
severely compromise the mechanisms established in the
IUGR fetus to maintain blood pressure and cerebral blood
flow. The ability of the IUGR fetus to survive within a
suboptimal environment and to respond appropriately to
further impositions is dependent upon the capacity of the
fetal cardiovascular system to respond appropriately. The
key elements in this response include altered regulation of
fetal blood pressure and blood flow to maintain the growth
and function of the fetal brain, adrenals, and heart. Any
compromise of the fetal cardiovascular system to adapt
will clearly have detrimental effects on fetal outcome and
challenge fetal survival.

4.7. Alterations in Regulation of Cardiomyocyte Development
in the IUGR Fetus. Studies of sheep fetuses provide conflict-
ing results regarding the regulation of cardiomyocyte growth
by cortisol. In humans, sheep and guinea pigs, the majority
of cardiomyocytes present throughout life are present at
birth, and, therefore, alterations to cardiomyocytes in late
gestation may have a lifelong impact. A comprehensive study
of sheep fetuses identified cortisol as a potent cardiomyocyte
mitogen [142]. In contrast, a similar intrafetal infusion of
cortisol has been reported to decrease DNA content in
the left ventricle [143], and adrenalectomized sheep fetuses
exhibit greater cardiomyocyte proliferation, thus suggesting
that cortisol inhibits progression through the cell cycle [144].
The signalling pathway that links cortisol to proliferation of
cardiomyocytes and the question of whether plasma cortisol
concentrations which play a role in signalling binucleation
[145] remain unclear.

Studies using two different sheep models of IUGR, both
induced by placental insufficiency, have investigated car-
diomyocyte development. In both models, placental insuf-
ficiency caused a delay in the transition of mononucleated
to binucleated cardiomyocytes [146–148] and this is not
related to plasma cortisol concentrations in late gestation
(140 days, Figure 8). This delay in maturation is in direct
conflict with the results from maternal hypoxia studies in
rats, which demonstrated an acceleration of binucleation
[149]. The difference in findings between the two species
reflects the importance of the timing of cardiomyocyte
maturation in relation to birth between these species. The
use of both sheep models of placental insufficiency highlights
how differences in the degree and timing of fetal insults can
result in different cardiomyocyte phenotypes. Furthermore,
there is an increase in the relative size of cardiomyocytes in
the IUGR fetus [148], possibly due to an increase in gene
expression of insulin-like growth factor (IGF)-1 receptor and
IGF-2 receptor [150], which have hypertrophic effects in
cultured cardiomyocytes from the sheep fetus [151]. The
added effects of antenatal glucocorticoids on the regulation
of cardiomyocyte development in the IUGR fetus remain to
be investigated.
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Figure 8: There is no relationship between fetal plasma cortisol
concentration and the percentage of mononucleated cardiomy-
ocytes in either control (open circles) or PR (closed circles, carun-
clectomy model of IUGR in sheep) sheep fetuses.

5. Conclusions

Evidence from our group [92, 126, 140, 141, 148] and others
[39, 106, 129, 146, 147] suggests that antenatal glucocorti-
coids may not have the same effects in IUGR preterm fetuses,
as they do in normally grown preterm fetuses. The different
responses of the IUGR fetus are likely related to its altered
neurohormonal status and the adaptations that the fetus
must undergo in the face of reduced substrate supply. There-
fore, the effects of antenatal glucocorticoids on the fetus may
be dependent on the timing, degree, and duration of hypox-
emia, hypercortisolemia, and hypoglycaemia. Furthermore,
it is not clear if the benefits of antenatal glucocorticoids
outweigh the costs for all fetuses. Of particular concern is
the controversy about the effects of antenatal glucocorticoids
on lung and cardiovascular function in the IUGR fetus, as
the physiological adaptations that this group experiences in
response to nutrient and oxygen restriction appear to alter
the fetus’ ability to regulate endogenous glucocorticoid avail-
ability. As a result, these fetuses may be exposed to higher
antenatal glucocorticoid concentrations for longer, which
may result in an exacerbation of the potentially negative
neurological and cardiovascular side effects of antenatal
glucocorticoid treatment, possibly without the full capacity
to benefit from the lung maturational effects.
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Placental insufficiency, maternal malnutrition, and other causes of intrauterine growth restriction (IUGR) can significantly affect
short-term growth and long-term health. Following IUGR, there is an increased risk for cardiovascular disease and Type 2 Diabetes.
The etiology of these diseases is beginning to be elucidated, and premature aging or cellular senescence through increased oxidative
stress and DNA damage to telomeric ends may be initiators of these disease processes. This paper will explore the areas where
telomere and telomerase biology can have significant effects on various tissues in the body in IUGR outcomes.

1. Intrauterine Growth Restriction and
Placental Insufficiency

The World Health Organization (WHO) estimates that the
incidence of infants born low birth weight (LBW) in
North America is approximately 7% [1] and is commonly
characterized as a birth weight under 2500 g. A further sub
classification within the LBW classification is that of intrau-
terine growth restriction (IUGR) where a fetus fails to reach
its genetic growth potential, as a result of a compromised
intrauterine environment and is generally defined as being
less than the 3rd percentile of normal birth weight. IUGR
can be caused by a heterogeneous mix of fetal, placental
and maternal factors. Fetal factors include genetic abnormal-
ities, multiple gestation, and infections [2], while maternal
contributing factors for IUGR include malnutrition, drug
intake, hypertension, Type I or gestational diabetes, and
persistent hypoxia due to cardiovascular disease or high
altitude [2]. Placental insufficiency is a common cause of
IUGR, accounting for ∼60% of IUGR and includes reduced
placental development, abnormal trophoblast invasion into
the maternal decidua, placenta previa, and placental infarcts
[3, 4]. Human studies and animal models of placental
insufficiency have demonstrated a decreased rate of nutrient

transfer across the placenta. Specifically, IUGR fetuses are
characterized by alterations in oxygen supply [5–7], glucose
and amino acid supply [8–10], and with increased fetal
triglycerides [11, 12]. Due to the lack of oxygen and
altered nutrient balance, the fetus redirects these scarce
resources to the brain, heart, and adrenal glands, leaving
other tissues in the body more severely growth restricted,
resulting in asymmetric IUGR [13, 14]. This redistribution
of nutritional supplies leads to a decrease in muscularity and
an increase in the percentage of body fat in these infants that
persists throughout childhood and adult life [15, 16] and is
commonly associated with changes in insulin sensitivity and
other markers of the metabolic syndrome [17, 18]. These
observations and others set the stage for the idea that changes
in growth during in utero life may predispose offspring to
increased risk of disease in later life, or the concept of the
developmental origins of health and disease (DOHaD).

2. Developmental Origins of Health and Disease

LBW infants primarily present an increased risk for perinatal
morbidity and mortality [19]. However, through the work of
David Barker and colleagues, the concept that there further



2 Journal of Pregnancy

exists a relationship between birth weight and an increased
risk for developing diseases including coronary heart disease,
Type 2 Diabetes, and hypertension in later life has been gen-
erally accepted as a secondary concern for LBW infants [20,
21]. Since the early observations, this relationship between
low birth weights, followed by a rapid catch up growth
leading to increased risk of adult disease has been reported in
a number of human population studies and in many animal
models of IUGR [22, 23].

Barker and colleagues theorized that there are critical
periods during development when the fetus adapts and is
programmed to its in utero surroundings, and after which the
fetuses phenotype is established [24]. This is the basis of the
“thrifty phenotype” hypothesis, where there is a mismatch
between the intrauterine environment the fetuses encoun-
ters, and the exuterine environment an individual grows
up in [25]. This can cause a relative over compensation in
glucose and insulin pathways promoted by an affluent adult
environment which makes the offspring more susceptible to
adult disease [25].

To study this phenomenon, several IUGR animal models
have been developed, most commonly carried out in the
monkey, pig, sheep, and rodents [26]. The animal models
use different intervention strategies to cause IUGR and
some of the most widely used methods include nutritional
models with decreased caloric or protein intakes; surgical
or utero-placental blood flow alterations such as uterine
artery ligations; glucocorticoid treatment; and increased
maternal stressors such as high heat [26]. These animal
models have shown offspring to be IUGR, but do not
exhibit the same adult disease manifestations, which may
depend on the particular IUGR model utilized [27]. While
these models have given insight into disease progression
correlated with LBW, there is still much to be understood
about the molecular pathways that can lead to adult disease.
Recent studies have indicated telomere length and telomerase
activity to be affected in various tissues, and this may affect
disease progression and accelerated cellular aging in post-
natal life.

3. Telomere Biology and Cellular Senescence

Cellular senescence can be triggered by “critically” short
or uncapped telomere(s) [28]. Telomeres are comprised of
tandem DNA repeats (TTAGGG)n found at the ends of
chromosomes to protect them from inappropriate DNA
fusions, DNA breaks and to prevent DNA shortening into
coding DNA [29]. They protect DNA ends by forming a pro-
tective cap with a single strand telomere overhang and telom-
ere binding proteins including TRF1, TRF2, and shelterin
among others [30]. Telomeres are maintained in cells by the
holoenzyme, telomerase. It consists of an enzymatic protein
component, telomerase reverse transcriptase (TERT) and
an RNA template component, telomerase RNA component
(TERC). TERC is widely expressed, but TERT expression is
tightly regulated and is only found highly expressed in germ
cells, stem cells, and ∼90% of cancer cell lines contain a
functional telomerase [31]. Without a functional telomerase,

a cell undergoing cell division will have progressive telom-
ere shortening, resulting in telomere-dependent replicative
senescence and an inability to divide further when a “criti-
cally” short telomere length is reached [32, 33]. Premature
senescence can occur without critically short telomeres
when cells encounter stressors including oxidative stress
that can cause telomere dysfunction, telomere uncapping
or other DNA damage. These stressors can trigger DNA
damage response or senescent pathways, including p53-p21
ARF pathways and p16INK4a-Rb pathways [34, 35]. Average
telomere length of circulating leukocytes has been shown to
be a good indicator of aging and age-related diseases [36], but
only one critically short telomere can initiate a DNA damage
response to become senescent or apoptotic [37].

Telomerase may also exhibit other extra-telomeric func-
tions involved in gene expression, DNA damage response,
apoptosis regulation and a possible role in mitochondria and
oxidative stress protection [38–40]. The role of telomerase
in the mitochondria is an emerging topic, as recent studies
have shown telomerase to translocate out of the nucleus to
the mitochondria under oxidative stress conditions, leaving
the genome vulnerable to telomeric DNA shortening and/or
damage that could lead to premature cellular senescence
[40]. Due to its role in apoptosis and senescence, telom-
erase/telomere biology has been explored for its roles in
reproduction, placental development, and premature aging
following IUGR [41–47]. These topics will be explored
further in this paper.

4. Functions of Telomeres and
Telomerase in Germ Cells

Germ cells are important as they determine the telomere
length set for all the cells in our bodies and for the next gen-
eration [48]. Ovarian development is also greatly influenced
by maternal nutrition and early growth, and it has been
shown that undernutrition can affect ovarian size, follicular
development and onset of puberty [49–52]. In the oocyte,
high telomerase activity is present in the developing oocyte
but significantly diminishes upon maturation [53, 54]. Once
fertilization takes place telomerase activity dramatically rises,
but is downregulated when cells go through differentiation
[53–55]. To demonstrate the importance of telomerase
activity in the oocyte, mice that are mTert−/− have been
used to show that it is imperative to have a functional telo-
merase enzyme for proper germ cell formation and fertility.
Tert−/− mice display infertility due to numerous causes that
are present in the human populations including impaired
meiotic synapsis and recombination, with more germ cells
preferentially arresting in early meiosis [56, 57]. Similar
problems can occur in human infertility, which may show
a link between telomerase activity, telomeres, and germ cell
health [58]. In fact, there appears to be a direct link between
high telomerase activity in luteinised granulosa cells, higher
rates of embryo implantation, and pregnancy during in vitro
fertilization [42].

Today, women are delaying becoming pregnant and may
also therefore encounter difficulties trying to conceive [59].



Journal of Pregnancy 3

This decrease in fertility could be due, in part, to telo-
mere dysfunction and DNA damage, as the germ cells have
been exposed to a lifelong accumulation of possible reactive
oxygen species (ROS)- induced damage upon the telomeric
ends. Indeed, ROS-induced telomere shortening/uncapping
has been observed in oocytes and/or preimplantation
embryos leading to apoptosis or senescence at relatively long
telomere lengths [60, 61]. Furthermore, oogenesis begins
during early fetal life, where it can be exposed to an
aged maternal environment. A recent paper has shown that
maternal undernutrition can significantly affect primary,
secondary, and antral follicle numbers in the adult rat
offspring, with decreased factors involved in folliculogenesis,
ovarian steroidogenesis, and ovulation [52]. Furthermore,
female rats that have been exposed to undernutrition during
development have been shown to go through reproductive
senescence at an earlier age compared to the control
counterparts [62]. It has been suggested these effects could
be due to increased oxidative stress, as there was increased
ovarian protein carbonyl content and hyperoxidized Prx3
[52]. Treatments with an antioxidant N-acetyl-L-cysteine
(NAC) has been shown to delay oocyte aging, and increase
oocyte quality and litter sizes [63]. Additionally, telomere
length was elongated and telomerase activity greater in
ovaries with this short term NAC treatment [63].

Stem cells are also susceptible to aging and ROS damage.
In human and mice, telomeres shorten in stem cell popula-
tions as an organism ages [63, 64]. Over a lifespan, telomere
shortening and increased oxidative stress can significantly
reduce the self-renewal and proliferative capacity of a stem
cell compartment [65, 66]. This has recently been shown
to occur early in development, as stem cell populations
from LBW infants show altered abilities compared to normal
stem cells. Low birth weight endothelial colony forming
progenitor cells (LBW-ECFCs) taken from cord blood have
been shown to form fewer colonies compared to controls and
take longer to appear, and show alterations in their ability
to proliferate, migrate, and form sprouts and tubes in vitro
[67]. LBW-ECFCs also displayed reduced capillary networks
in vivo when injected in matrigel plugs in mice and was likely
the result of an increase in gene expression of antiangiogenic
genes including thrombospondin 1 (THBS1) compared to
controls [67]. In addition, studies have found that there is
a relationship between birth weight and the concentrations
of endothelial progenitor cells in the cord blood, where LBW
infants have the lowest concentrations compared to higher
birth weight infants [68].

These studies suggest that telomere health may begin
during germ cell development, when a fetus is still develop-
ing. These tantalizing outcomes show that an adverse intrau-
terine environment can negatively affect telomere health for
future generations.

5. Telomeres and Telomerase in the Placenta

The placenta is an organ that is designed to be invasive
into the maternal tissue to allow for an adequate supply of
maternal blood for delivery of oxygen and nutrients to the
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Figure 1: Telomere length and stability decrease throughout a
lifespan. In utero stress can cause premature telomere shortening
and destabilization that will cause cells to age and become senescent
compared to normal individuals. This can be further exacerbated
with poor post-natal nutrition. With new molecular modifiers of
telomerase becoming available, it may soon be possible to rescue
cells and reduce premature aging in a tissue. Cells that have
a functional telomerase can maintain telomere integrity and be
immortalized, such as stem cells and germ cells.

fetus. To achieve this, extravillous trophoblast cells migrate
and invade the maternal spiral artery walls in decidua and
myometrium [69]. In the first weeks of pregnancy, there is
rapid growth of the cells in a relatively hypoxic environment.
Telomerase activity is the highest in placental trophoblast in
the first trimester, and activity decreases through the dura-
tion of pregnancy to term [41, 70, 71]. Normal telomerase
activity is correlated with HIF-1α expression, and it was
shown to induce hTERT expression by binding to two HIF-
1α consensus-binding sites in the hTERT promoter [72]. As
the maternal arterial circulation is initiated, there is three-
fold rise in intraplacental oxygen concentration [73], which
could explain the normal decrease in telomerase activity
through HIF-1α from 93.5% positive telomerase activity
in first trimester chorionic villi versus 62.5% from second
and third trimester chorionic villi [71]. Interestingly, in
pregnancies complicated with IUGR and/or preeclampsia
there is decreased telomerase activity and hTERT staining
in placental trophoblasts compared to controls between 26
and 39 weeks [71, 74]. Additionally, decreased or absent
telomerase activity can also be found in association with
unfavourable outcomes of pregnancy such as spontaneous
abortions and intrauterine fetal death [41]. Conversely, in
hydatidiform molar pregnancies there is an increase in
telomerase activity and hTERT staining that accompanies
uncontrolled cell growth and division in the formation of a
mass [70, 75].

To further demonstrate a relationship between placental
telomerase activity and low birth weights, Kim and col-
leagues carried out a discordant twin study, where the smaller
twin was found to have significantly decreased placental
telomerase activity in relation to the normal birth weight
twin [43]. Normal pregnancies were found to have long
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Endothelial and neural progenitor cells
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Germ cells
-Increased oxidative stress
-Decreased ovary size and follicular growth
-Premature reproductive senescence
-Telomere dysfunction without shortening
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Premature aging and disease
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Figure 2: Various tissues in the body are affected by IUGR and have shown measurable changes in oxidative stress, telomerase activity,
telomere shortening, and increased markers of senescence. These tissues can have a role in the development of adult diseases such as type 2
diabetes, cardiovascular disease, and metabolic syndrome.

telomeres [76], and pregnancies complicated with IUGR
and/or preeclampsia were found to have shortened placental
telomeres compared to controls, but this shortening was
not apparent in the cord blood [44, 74]. In association
with telomere shortening, studies have found decreases in
antiapoptotic protein Bcl-2 and upregulation of senescent
markers p16 and p21 in the IUGR placenta [44]. These effects
may be due to increases in oxidative stress markers in the
cord blood and DNA damage in the IUGR placenta [77].

6. Telomeres and Telomerase in
the Developmental Origins of
Health and Disease

Placental insufficiency resulting in LBW and IUGR can
have a wide range of detrimental effects on a developing
fetus, in addition to just being born small. Many studies
are currently focusing on the “programming” or epigenetic
modifications that can occur in utero and persist long term
[78] but other disturbances are also taking place including

increased oxidative stress which can have widespread effects.
Interestingly, recent studies have implicated ROS in altering
chromatin remodelling enzymes and histone modifications
that control gene expression [79]. In humans, pregnancy
complications including IUGR and preeclampsia have been
shown to increase markers of oxidative stress and antioxidant
defences in the mother and in neonates [80–83]. Oxidative
stress can lead to lipid peroxidation, protein damage and
DNA damage and can cause apoptosis if severe, or cells
can exit the cell cycle and enter into premature senescence.
There has been increasing evidence that cellular senescence
contributes to the onset of disease, and is perhaps beginning
in utero. Low birth weight studies in animals have indicated
an increase in cell cycle inhibitors p16 and p21 along with
alterations in the methylation and expression of p53 in
various tissues including the kidney and pancreatic β-cells
[45, 47, 84, 85]. Higher levels of ROS have been measured
in these tissues, including an increase in the stress adaptor
protein p66Shc, which has been shown to have significant
impact on decreasing longevity [45, 86]. ROS in these
tissues could contribute to DNA damage, and a study has
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shown a greater amount of DNA single strand breaks,
shortened telomeres and increased oxidative stress in aortic
tissues of maternal low protein recuperated pups [46]. This
type of DNA damage can activate DNA damage responses,
including the p16-Rb pathway and p53-p21 pathway to
remove damaged cells from the replicating population to
deter mutations from arising and being replicated. Telomere
shortening or breaks can also turn on these responses in a
cell, and studies have found an association between adverse
intrauterine environment and shorter telomere length later
in life in both human and animal studies [46, 87, 88].
Telomere attrition is also associated with cardiovascular
disease and atherosclerosis [89–93] and type 2 diabetes [94–
96].

As a person ages, they acquire more senescent cells
and accompanied by various aging pathologies including
atherosclerosis [89]. If this accumulation begins at a younger
age these senescent cells could not only intrinsically age
organs more quickly, but they may affect neighbouring cells
by secreting altered cytokines, extracellular matrix proteins,
and growth factors that lead to further changes within aging
organs and tissues [97]. Baker and colleagues designed an
inducible transgenic system in a progeroid mouse model
that eliminated p16 expressing senescent cells in vivo. The
loss of senescent cells was sufficient to delay the onset of
age-related pathologies in adipose, skeletal muscle, and eye
tissue of these mice [98]. Furthermore, when this clearance
of p16 expressing senescent cells occurred later in life, the
progression of various aging diseases was attenuated [98].
This study demonstrates that the accumulation of senescent
cells in tissues is involved in generating age-related organ
pathologies and that their removal can prevent or delay tissue
dysfunction and extend healthspan. This could be achieved
with the maintenance of telomeres and telomerase activity to
aid and repair oxidative stress and DNA damage, which could
decrease senescent cells in a tissue (Figure 1).

7. Perspectives

There is accumulating evidence that points to premature
cellular aging as being a contributor to the poor postnatal
outcomes of IUGR patients that can lead to increased risk for
adult disease. Questions may arise whether early senescence
onset is a cause or effect of IUGR? Nevertheless, telomere
length and integrity is becoming a strong molecular marker
of cellular aging in many studies including cardiovascular
disease, type 2 diabetes, and overall health and longevity [95,
96, 99] (Figure 2). The shortened telomere lengths observed
in young adults after intrauterine stress exposure [88] may
predispose these individuals to early onset of various age-
related diseases. Increased shortening of telomeres may be
a result of the rapid postnatal catch up growth in tissues
that have downregulated telomerase activity levels or due to
the redistribution telomerase out of the nucleus in stressed
tissues. Altered cellular metabolism is a hallmark of IUGR
[100] and these metabolic shifts that elevate ROS production
can increase telomere shortening or induce telomere dys-
function leading to premature senescence, [101] that may

remain permanently damaged in a cell [102]. Conversely,
telomere dysfunction itself induces altered metabolic and
mitochondrial functions that may in turn cause further
metabolic and oxidative stress deregulations in various
tissues [103]. The induced metabolic syndrome observed in
various IUGR models may be due to the early and increased
accumulation of senescent cells within certain tissues. The
pro/antioxidant balance is significantly affected in IUGR
pregnancies [81, 83]. Postnatal antioxidant treatment with
resveratrol prevents diet-induced metabolic syndrome in
IUGR rats [104]. Future studies characterizing the role of the
uterine environment on telomere and telomerase dynamics
with premature senescence will lead to new knowledge on
the etiology behind the developmental origins of health
and disease leading to novel treatments such as telomerase
therapy as a possible means to ameliorate the premature
onset of adult disease in IUGR outcomes.
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Epidemiological studies have suggested that metabolic programming begins during fetal life and adverse events in utero are a critical
factor in the etiology of chronic diseases and overall health. While the underlying molecular mechanisms linking impaired fetal
development to these adult diseases are being elucidated, little is known about how we can intervene early in life to diminish the
incidence and severity of these long-term diseases. This paper highlights the latest clinical and pharmaceutical studies addressing
how dietary intervention in fetal and neonatal life may be able to prevent aspects of the metabolic syndrome associated with IUGR
pregnancies.

1. Introduction

Clinical studies in humans have demonstrated that an
adverse in utero environment (i.e., placental insufficiency-
intrauterine growth restriction (IUGR)) contributes to long-
term programming events leading to the metabolic syn-
drome, and ultimately, cardiovascular disease (CVD) [1–3].
This is of great interest considering that the incidence of
IUGR (defined as birth weight below the 10th percentile)
worldwide is estimated to be 15.5%, and that number is
greatly underestimated [4]. Moreover, the incidences of
noncommunicable diseases such as heart disease, type II
diabetes, hypertension, obesity are on the rise in North
America [5–7], with more than one in three Americans
exhibiting obesity [8]. Although the prevalence of these
chronic and noncommunicable diseases puts tremendous
strain on the health care system and society, intervention
with diet or drugs may play a significant role to reduce their
incidence. For example, a meta-analysis study, using data
from 58 clinical trials as well as nine cohort studies, indicates
that in patients with vascular disease, a 1.8 mM reduction
in LDL cholesterol by statins resulted in a 17% reduction
in stroke and a 60% reduction in the risk of ischemic heart
disease [9].

The problem is that current treatment for these diseases
relies on the long-term use of pharmaceuticals in adults,

which are not always efficacious for all individuals. For
example, therapies using the statin class of lipid-lowering
drugs to reduce hepatic cholesterol production have been
successful in lowering LDL cholesterol by 24–61% [10].
However, while statin therapies are considered safe and
effective in high doses, statins can lead to side effects
including rhabdomyolysis, renal dysfunction, diabetes, and
elevated liver enzymes [11]. This implies the need for
additional strategies in disease prevention, not treatment.

Experiments of intrauterine growth restriction (IUGR)
in animal models provide further evidence to support
the hypothesis that impaired growth in utero via various
maternal deficiencies leads to impairment of glucose, choles-
terol, and triglyceride metabolism in adulthood [12–15].
In utero deficiencies that can lead to impaired growth in
humans and animals include hypoxia [16], deficiencies in
essential vitamins and minerals [17], diminished protein
[15], caloric restriction [18], and excess glucocorticoids
[19, 20]. Although the correlation between impaired fetal
growth and the risk for developing chronic disease in
adulthood is undoubtedly strong, emerging human and
animal studies are now investigating how we might be able
to intervene in early life to reduce or prevent these long-
term programming events. This paper aims to look at the
current literature to highlight the possible pharmaceutical
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and dietary intervention strategies to reduce the incidence
of the metabolic syndrome long-term in patients from
complicated pregnancies (i.e. low birthweight).

2. Ascorbic Acid (Vitamin C)

The maintenance of adequate antioxidant systems in cells
and tissues is essential to the defense system against free
radicals and reactive oxygen species (ROS) [21]. When free
radical generation overcomes the protective systems of the
cell, it can lead to changes in DNA structure, enzyme activity,
and distortion of cell structures [21, 22]. Vitamins are a
nonenzymatic and modifiable component of a cell’s defense
system. Vitamin C, a water-soluble vitamin, directly protects
against aqueous peroxyl radicals, inhibiting initiated lipid
peroxidation, and scavenges free radicals [23–25]. Vitamin E,
a lipid-soluble vitamin, is able to prevent lipid peroxidation
and can act as an inhibitor of free radical chain reactions
[26]. Moreover, vitamins C and E have been shown to act
synergistically, as vitamin C is able to help to regenerate and
maintain levels of vitamin E [27].

Vitamins C and E have been investigated for use as an
intervention method with the goal of preventing adverse
pregnancy outcomes. Poor maternal environments including
malnutrition and preeclampsia which have both been linked
to IUGR, all have characteristically been shown to increase
oxidative stress [28]. IUGR offspring have also been found
to exhibit significantly lower expression of antioxidants [29].
Interestingly, in a prospective cohort study, after adjusting
for factors such as vitamin supplementation, vitamins C
and E have been positively correlated with birth weight and
length [30]. Although, a direct causation between increased
oxidative stress and adverse pregnancy outcomes has not
been fully established, improving the defense systems of cells
and tissues appears to be a logical first step in pregnancy
intervention [29].

In a rodent model of diabetes-induced growth restric-
tion, supplementations of vitamins C and E during preg-
nancy led to a decrease in markers of oxidative stress in
offspring, but did not equally prevent fetal growth restriction
[31]. Interestingly, in a rodent model of lipopolysaccharide
(LPS) mediated IUGR, pre- or post LPS injection with
vitamin C administration alleviated IUGR and attenuated
lipid peroxidation. Pre-LPS treatment with vitamin C had
a stronger effect by decreasing fetal death as well [32].
However, researchers noted that the timing of vitamin
C administration was seemingly important, as vitamin C
administration post-LPS injection decreased the effective-
ness of a pre-LPS injection with vitamin C [32]. Vitamin C
intervention appears to produce more promising outcomes
when given prior to LPS-induced IUGR in rodent pregnan-
cies.

Similarly, vitamin C has been pursued in human
pregnancy trials. The majority of studies focused on a
subpopulation of women at risk of preeclampsia; a maternal
inflammatory response is believed to be mediated by a
ROS imbalance [33, 34]. It should be noted that IUGR
is often a severe consequence associated with preeclampsia
[35]. However, when vitamins C and E interventions were

given to pregnant women, the results did not support
the use of vitamins as a viable intervention in pregnancy.
Researchers did not consistently find a difference in the risk
of preeclampsia and did not observe a change in birth weight
or risk of IUGR [33, 34, 36–38]. Interestingly, a decrease for
the risk of developing preeclampsia and markers of oxidative
stress was restricted to a population of high-risk pregnancies
[39].

Finally, the safety of vitamin supplements during preg-
nancy remains questionable as two separate studies suggest
intervention with vitamins leads to an increase in LBW and
preterm births [33, 38]. Thus, it still remains premature
to determine the universal effectiveness of vitamin C or E
supplementation during pregnancy for all populations of
women.

3. Folic Acid

Folate, and its synthetic form, folic acid, acts as necessary
cofactors for biochemical reactions, namely, the formation
of S-adenosylmethionine, the main methyl donor for methy-
lation. Folate plays an important role in cell growth and
replication, as folate deficiency has been associated with
inhibited cell growth, DNA repair, and the potentiation of
oxidative stress leading to chromosomal abnormalities [40,
41]. The importance of folic acid during pregnancy was first
discovered when it was found to substantially reduce the risk
of developing neural tube defects if 400 μg of folic acid was
taken daily during the periconceptional period [42, 43].

Given its key role as a methyl donor, intervention with
folic acid may initiate a possible epigenetic mechanism of
early programming. In a rodent model of maternal protein
restriction, hypomethylation of hepatic genes was observed,
followed by a subsequent increase in gene expression levels.
Folic acid supplemented to the restricted diet was able
to prevent these epigenetic changes from occurring. It is
conceivable that folic acid supplementation increases the
availability of methyl groups for methylation [44]. Although
providing additional methyl donors appears to prevent
aberrant epigenetic changes, it is still important to determine
whether additional methylation consistently translates into
beneficial outcomes. For instance, Steegers-Theunissen et al.
found that periconceptional intake of folic acid in mothers
was directly related to an increase in methylation of the
insulin growth-like factor 2 differentially methylated region
(Igf2DM), which led to phenotypic consequences such as low
birth weight [45].

Since folic acid during pregnancy has been incorporated
into Western diet, research has expanded to determine
whether there are additional benefits conferred to pregnant
women and their offspring [46]. Using a retrospective
database, one study observed that women exposed to folic
acid antagonists were found to be at a greater risk for severe
preeclampsia, fetal growth restriction, and even death [47].
Thus, the availability of folic acid during pregnancy appears
to be critical in obtaining positive pregnancy outcomes.
For example, an observational study of 832 women high-
lighted that folate intake of less than or equal to 240 μg
from diet and/or supplements during pregnancy, doubled
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the risk of bearing a child with LBW [48]. This relationship
remained significant even after controlling for confounding
variables such as low-energy intake and maternal age [48].
Furthermore, in a subpopulation of women from Crete,
Greece, it was found that daily intake of 500 μg/day of
folic acid during early to midgestation presented another
window of opportunity to lower the risk for preterm delivery,
LBW (<2500 g) and IUGR births, all risk factors for early
programming of adult onset diseases [49]. Interestingly,
when folic acid supplementation was consumed before
conception, it also decreased the risk of LBW and IUGR
births [50].

In light of these arguments, it is still important to look
at the long-term health outcomes of offspring exposed to
maternal folic acid supplementation. The Pune Maternal
Nutrition Study, a community-based prospective study,
investigated a group of 1102 pregnant rural Indian women,
of which the majority exhibited low vitamin B12 levels [51].
Yajnik et al. found that in offspring at six years of age from
mothers who had low vitamin B12 levels during pregnancy
and were concomitantly exposed to high levels of folate had
children that were more insulin resistant [51]. The authors
studied other imbalances and found that children born to
mothers with higher folate levels were associated with greater
adiposity and insulin resistance, while low maternal vitamin
B12 levels during pregnancy were attributed to children who
became insulin-resistant long-term. Their study elegantly
highlight a surprising and possibly harmful role of folic acid
intervention during gestation and the early programming of
type 2 diabetes.

To date, controlled studies involving folic acid inter-
vention have produced variable results. For example, a
double-blind trial by Fletcher et al. demonstrated that
there was no difference observed in birth weight, placental
weight, or gestational duration between a folic acid and
iron supplementation compared to an iron supplementation
alone in a population of English women [52]. Similar
findings demonstrating a lack of association between folic
acid and LBW have also been established in a nonanemic
subpopulation of pregnant women [53]. Therefore, care
must be taken when drawing conclusions from controlled
studies investigating links between folic acid supplementa-
tion and pregnancy outcomes because many studies involve
different interventions, subpopulations, and methodology.
Baumslag et al. most vividly demonstrated this phenomenon
through an early study, where folic acid intervention was
administered to two different subpopulations, consisting
of Bantu and Caucasian pregnant women in South Africa
[54]. The Bantu women exhibited a decrease of almost
four times the risk of delivering a child less than 5 lbs
upon administration of 200 mg of iron and 5 mg of folic
acid during pregnancy compared to an iron intervention
alone. Interestingly, there were no benefits conferred to
the Caucasian subpopulation on an average Western diet.
The authors further suggest that folic acid supplementation
would be most beneficial to target subpopulations with
suboptimal diets [54].

Although much research must still be pursued before
folic acid intervention is used in complicated pregnancies,

understanding the molecular mechanisms of folic acid
actions will help to characterize its promising and beneficial
effects. Given the key roles that folic acid play in cell
growth, it has been hypothesized to play a role in early
programming of long-term modifications. Hypomethylation
of genes involved in cardiovascular and metabolic control
in the liver following weaning was observed in a rat model
of maternal protein restriction. However, supplementation
with folic acid prevented hypomethylation and subsequent
expression of these genes. It is conceivable that folic acid
supplementation did increase the availability of methyl
groups available for methylation [44].

Having said that, it should be put into perspective that
just because supplementation of folate in animal studies can
improve a particular health-related outcome, it should not be
concluded that supplementing folate will have an impact in
the global prevalence of the problem. In addition, the toxicity
of folic acid supplementation must also be considered before
encouraging widespread use during pregnancy. High folate
levels have been associated with decreases in nonspecific
immunity and cancer promotion [55, 56].

4. Multiple Micronutrients

Maternal health and nutritional status have been considered
one of the largest categories linked to perinatal morbidity
[57]. Specifically, the level of micronutrients in the maternal
diet can affect several pregnancy outcomes such as birth
weight, gestational age at delivery, and perinatal mortality
[58]. Often depending on the region, micronutrient defi-
ciency may stem from an inadequate intake of animal source
foods, an avoidance of milk or the influence of genetic
polymorphisms that impair absorption or metabolism of
nutrients [59]. Individual nutrient deficiencies have been
explored including anemia development stemming from a
lack of iron [60]. In addition, zinc deficiency is associated
with preterm delivery and congenital abnormalities [60, 61].

There are several approaches that can be undertaken to
improve maternal nutritional status, including an increase
in foods that are high in micronutrient content or nutrient
supplements, the latter of which are mainly employed in
research [59]. However, micronutrient deficiencies often
coexist, particularly in developing countries [62]. This
feature has led to the development of multiple micronutrient
(MMN) supplements in hopes of providing multiple benefits
through a single intervention [62]. UNICEF, United Nations
University, and the World Health Organization have pro-
duced supplements containing 15 micronutrients present at
doses that are sufficient to meet the needs of pregnant women
in developing countries [63].

Intervention studies using MMN supplementations have
been pursued largely in developing countries and have
produced mixed results. In Tanzania, 1075 HIV-1-infected
pregnant women received daily MMN supplementation
without vitamin A or vitamin A supplementation alone dur-
ing gestation [64]. The multivitamin supplementation was
able to decrease the risk of preterm births, LBW and IUGR
at birth, while vitamin A alone did not affect these outcomes.
Women who consumed multivitamins gave birth to heavier
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babies compared to those receiving vitamin A alone [64].
In Nepal, daily MMN supplementation led to an increase in
body weight of offspring when compared to folic acid and
iron supplementation alone. Multivitamin supplementation
was associated with higher birth weight of offspring while
gestational duration was unaffected [65]. This study targeted
a mix of both rural and urban individuals likely representing
a more common subgroup of the population. In a follow-
up study in Nepal, children who were exposed to MMN
prenatally were evaluated two to three years later. The weight
gain observed at birth persisted into childhood [66]. In
contrast, in a study carried out in Mexico, among a subgroup
of relatively healthy women exposed to nearly daily MMN
supplementation, the birth size of offspring was no larger
compared to iron alone [67]. Although these results directly
contradict previous studies, it is important to note that the
formula of MMN supplementations differed slightly making
direct comparisons complex. For example, in the Tanzanian
study, the supplements included zinc, which was not present
in the Mexican study.

In contrast to previous studies, Mathews et al. under-
took a large-scale observational study on a population of
pregnant women from an industrialized country, England
[68]. Researchers observed no clinical effect of maternal
nutrition on placental or birth weight at term. Moreover,
vitamin C was the only nutrient that was found to have
a positive correlation with placental and birth weight.
However, researchers were skeptical that placental weight
gain was clinically relevant. Together, these studies highlight
the difference in efficacy of MMN supplementations and
bring to light the importance of the population of women
being studied.

Interestingly, researchers have begun focus on micronu-
trient rich foods and pregnancy outcomes. In a prospective
study of 797 rural Indian women, Rao et al. demonstrated
that birth size was related to intake of green leafy vegetables
at 28 weeks of gestation and milk consumption at 18 weeks
of gestation [69]. In the same way, a study on women
in Burkina Faso observed beneficial effects such as an
increase in birth length and an insignificant increase in
birth weight of babies born to mothers who consumed
fortified food supplement in addition to MMN supplements
compared to consuming MMN supplements alone [70].
Yet, fortified food supplements were unable to prevent
IUGR (<10th percentile) or LBW (<2500 g) in offspring.
Although causation was not established in either study, food-
based intervention should also be considered an attractive
intervention method, providing another avenue and possibly
more accessible methods to improve maternal nutritional
status.

5. Omega-3 Fatty Acids

Omega-3 (ω-3/n-3) and omega-6 (ω-6/n-6) fatty acids can
be obtained from the diet in their derivative forms, α-
linolenic acid (ALA) and linoleic acid (LA), respectively.
These later become converted by the body into longer
chain fatty acids including docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA), and arachidonic acid (AA)

[71]. The conversion process is quite slow in humans, and
it has since been discovered that EPA and DHA are present
in fish oils and AA is present in the phospholipids of
grain fed animals [72, 73]. Fatty acids possess a critical
structural role in cell membranes and are the parent
compound for eicosanoid production [71]. Depending on
the parent compound for eicosanoid production, omega-3
and -6 fatty acids play opposing physiological roles. Large
amounts of eicosanoids production derived from omega-6-
derived LA leads to biologically active metabolic products
and upon accumulation can contribute to the formation of
thrombus and inflammatory disorders [71], while omega-3
fatty acids derived from fish oils have been shown to exhibit
anti-inflammatory effects [71, 74]. One of the first health
benefits stemming from its consumption was observed in
a study demonstrating an inverse relationship between fish
consumption and the risk of coronary heart disease [75].
Subsequent studies treating hyperlipidemic patient popu-
lations with high doses of fish oil have also demonstrated
the lipid lowering effects of omega-3 fatty acids [76]. The
collective and pervasive actions of omega-3 fatty acids may
contribute to the prevention of coronary heart disease and
hypertension [72].

Interestingly, omega-3 fatty acids have also been shown
to be critical in fetal growth and essential for the devel-
opment of the retina and brain [77]. Furthermore, in a
community-based cohort study of healthy women, an asso-
ciation was found between low maternal concentrations of
EPA and DHA and high concentrations of AA and a decrease
in both fetal growth and birth weight of approximately 50–
60 g and increase risk of IUGR [78]. Researchers emphasized
the importance of a balanced fatty acid profile in early
pregnancy.

Controlled studies using omega-3 or fish fatty acids
oil intervention during pregnancy have found moderately
positive benefits. In a study of 533 healthy Danish women,
daily consumption of fish oil tablets appeared to increase
the length of gestation without impairment of parturition
or growth [79]. Daily fish oil consumption from 20 weeks
of gestation until delivery also appeared to decrease preterm
delivery and extend the gestational period, in a European
multicenter study of high-risk pregnancies [80]. Moreover,
DHA supplementation during gestation in a large controlled
trial significantly decreased the amount of births before 34
weeks of gestation, but increased the number of postterm
births [81]. In an Indian population, with normally poor
fish intake, an increase risk for LBW was observed in
women who did not consume fish in their third trimester
of pregnancy [82]. While Rogers et al. found a statistically
significant decrease in the odds of IUGR reduction and
omega-3 fatty acid consumption, no association was found
between consumption and birth weight [83]. Surprisingly,
the beneficial effects did not appear in a group of high-
risk pregnancy cases as Onwude et al. found that DHA
supplementation did not show a significant improvement in
gestational length or birth weight [84].

Overall, fish oil supplementation during pregnancy
appears to have moderate beneficial effects on pregnancy,
especially on the length of gestation by two to three days
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which could potentially be a method for the prevention of
preterm birth [85]. However, researchers warn that increas-
ing gestational period may not be desirable if gestation
is prolonged beyond term. The 2010 study by Makrides
et al. indicated a decrease in preterm birth with omega-3
fatty acids, but a concomitant increase in the occurrence
of postterm pregnancies [81]. Postterm pregnancies are also
associated themselves with complications such as increased
risk of stillbirth [86]. Secondly, studies have suggested that
disproportionate high level of fish intake may decrease birth
weight [87, 88]. Collectively, these studies indicate that
while omega-3 fatty acid supplementation appears to be a
favourable intervention, the dosing of intervention must still
be validated.

6. Resveratrol

Resveratrol, a polyphenol, is a protective molecule pro-
duced in response to stress by plants [89]. It is found
in foods (i.e. grapes and berries), is readily absorbed and
can be measured in human plasma [89–91]. It possesses
several biological properties including antioxidant activities,
vasorelaxant effects, and anticancer functions [92]. More
importantly, postnatal resveratrol treatment has shown to
prevent symptoms of the metabolic syndrome in hypoxia-
induced IUGR from developing in adulthood [93].

Given the protective effects of postnatal resveratrol treat-
ment, studies have been aimed at intervening at an earlier
time point. Maternal resveratrol supplementation during
gestation decreased fetal death by approximately 40% in a
severe hypoxemia model in rats [94]. However, the surviving
offspring that were growth restricted did not experience
a change in fetal weight compared to control. Notably,
resveratrol under normoxic conditions led to a decrease in
placental weight also suggesting possible placental dysfunc-
tion [95]. Resveratrol intervention during pregnancy appears
less effective in preventing the development of metabolic
syndrome compared to postnatal intervention, but it conveys
other protective properties to offspring.

Resveratrol has also been considered to help alleviate
preeclampsia, and thus decreasing the risk of associated
adverse outcomes. In vitro studies have demonstrated that
resveratrol decreased the amount of soluble fmls-like tyro-
sine kinase (SFl-T) or vascular endothelial growth receptor-1
release from placental tissues, trophoblasts, and endothelial
cells which are known to be elevated in preeclampsia [95].
Levels of SFl-T under a critical threshold are unable to elicit
preeclampsia, thus highlighting a novel target of intervention
[96].

In summary, resveratrol appears to be a safe therapeutic
agent as no severe adverse outcomes were observed in
human volunteers and demonstrated lack of teratogenicity
in pregnant mice [97, 98].

7. Melatonin

Melatonin, N-acetyl-5-methoxytriptoamine, was first impli-
cated in diurnal patterning and more recently found
expressed at high levels in peripheral tissues [99]. Melatonin

is considered an important antioxidant, capable of stimulat-
ing antioxidative enzymes, scavenging free radicals including
superoxides, hydroxyl radicals, and hydrogen peroxide, and
possessing repair capabilities [99–104]. Melatonin does not
appear to adversely affect prenatal growth or viability in
offspring following short-term exposure after pregnancy
has been established [99]. With its widespread antioxidant
abilities and lack of apparent toxicity, melatonin appears
to be an ideal candidate for intervention use in adverse
pregnancies.

Richter et al. investigated whether the protective effects
of melatonin could improve placental antioxidant capacity
in rat pregnancies complicated by undernutrition [105].
Melatonin administration during gestation demonstrated
restored body weight of offspring at birth and an increase
in some antioxidative enzymes, including manganese super-
oxide dismutase and catalase [105]. In an ovine model,
melatonin promoted vasodilation of umbilical blood flow,
which may be a mechanism by which fetal growth could be
rescued during a complicated pregnancy [106]. In a second
ovine model of under nutrition-induced IUGR, short-term
exposure to melatonin during gestation was similarly able
to increase umbilical cord blood flow [107]. However, mela-
tonin intervention did not rescue fetal weight in nutrient-
restricted ewes. The timing of melatonin administration was
also investigated in a rodent model of LPS-induced IUGR
[108]. In this study, melatonin was administered either post-
LPS injection alone or before and post-LPS injection. It
was found that posttreatment with melatonin alone led to
a decrease in intrauterine fetal death (IUFD) in a dose-
dependent manner while administration of both pre- and
postinjections almost completely ablated the risk of IUFD
and reversed LPS-induced skeletal development retardation.
Although the benefits of melatonin were unquestionable,
there was still minimal effect observed on recovering fetal
weight [109].

8. Exendin-4

Exendin-4 (Ex-4) is a 39 amino acid peptide and shares 53%
homology with glucagon-like peptide 1 (GLP-1) [108]. GLP-
1 stimulates insulin secretion and inhibits glucagon secretion
and gastric emptying [110]. GLP-1 has also been found to
be essential for normalizing fasting glucose levels in diabetic
patients [111, 112]. However, GLP-1 agonists themselves are
inefficient at maintaining long-term activation, and other
analogues have been since investigated have been more
resistant to degradation [113, 114]. Ex-4, an analog of GLP-
1, has been shown to exert antidiabetic functions such
as decreasing plasma glucose concentration, food intake,
body weight, and fasting triglyceride levels [114]. Moreover,
Ex-4 is able to elicit an approximately ten-fold greater
maximal insulinotropic effect compared to GLP-1 [115, 116].
Ex-4 also binds to endogenous GLP-1 receptor (GLP-1R)
expressed in β-cells and is a more potent agonist compared
to GLP-1 [115, 117].

The astounding effects of Ex-4 were observed following
an increase in pancreatic neogenesis and differentiation of
β-cells in rats after a partial pancreatectomy [118]. Clearly,
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Ex-4 is an extremely appealing therapeutic agent for the
treatment of diabetes. Ex-4 has been used to treat type
II diabetes patients that were previously unable to reach
normal glycemic control even when using maximal dosages
of metformin [119]. Exenatide, a synthetic form of Ex-4, was
able to improve glycemic control, proinsulin to insulin ratio,
without any of the risks of other antidiabetic drugs [119].
Furthermore, it was shown that exenatide led to a prompt
reduction in both fasting and postprandial glucose levels
in diabetic patients [120]. The insulinotropic effects and
suppression of glucagon observed appeared to be glucose-
dependent, negating the risk of hypoglycemia and improving
the safety of exenatide use [120]. Interestingly, IUGR rat
offspring have been shown to be at risk of developing type
II diabetes in adulthood and have a decreased amount of β-
cells long-term [121]. The use of Ex-4 could theoretically
ameliorate glucose regulation and decrease the risk of
developing type II diabetes in these offspring.

Using rodent models, short-term administration of Ex-
4 immediately following birth demonstrated normalization
of glucose tolerance and rescue of eventual β-cell mass
decline [122]. These findings were encouraging, and the
mechanisms underlying the prevention of diabetes in an
IUGR rat model have been investigated. Ex-4 was able to
normalize Pancreatic and duodenal homeobox 1 (Pdx-1)
transcription, which is a transcription factor necessary for
β-cell function and development, while also permanently
reversing an aberrant Pdx-1 chromatin environment [123]. It
has also been shown that Ex-4 is able to regulate the vascular
environment surrounding β-cells. The vascular environment
plays an important role in normal pancreatic function
through its ability to produce signals for differentiation
and development, and the delivery of nutrients to β-cells.
IUGR offspring have decreased islet vascular density, weeks
before a loss of β-cell mass [124]. Researchers suggested
that the vascularity of the pancreas is extremely important
in determining the amount of β-cells present in offspring.
Following short-term neonatal exposure to Ex-4 in IUGR
rats, islet vascularity was promptly restored to control levels
[124]. It is clear that Ex-4 and exenatide as therapeutic agents
should be further explored in the prevention of developing
diabetes from an adverse in utero environment.

9. Nuclear Receptor Agonists

Nuclear receptors represent the largest family of tran-
scription factors found in metazoans, binding to steroid
hormones, fat-soluble vitamins, along with oxysterols and
bile acids from the diet. Although the roles of many
nuclear receptors are well defined in adults, very little is
known about their role in fetal development and long-term
disease. The use of nuclear receptor agonists as therapeutic
intervention in animal models of IUGR is a novel approach
that is only just being explored. The peroxisome proliferator-
activated receptor gamma (PPARγ), another lipid-sensing
nuclear receptor, has been investigated as a target for
intervention in neonatal life. PPARγ is a key target of
insulin-sensitizing drugs thiazolidinediones and is involved
in adipocyte differentiation [125]. PPARγ agonist-treated

IUGR female offspring showed insulin-sensitizing effects;
however, offspring exhibited severe hypoglycemia as well
[126].

Our recent studies have demonstrated that in maternal
protein restriction (MPR) in rats during pregnancy and
lactation, the offspring are low birth weight offspring, with
permanent elevation in circulating cholesterol and impaired
glucose homeostasis [15, 127]. Moreover, these MPR off-
spring were characterized by a diminished expression of
the nuclear receptor, LXRα, and therefore, deregulated
expression of LXRα-target genes [15, 127]. Given the regu-
latory role of LXR in cholesterol, triglyceride, and glucose
homeostasis [128–131], it is conceivable for the use LXR
agonists in vivo to improve the expression of LXR target
genes and rescue the offspring from undernutrition. In hopes
of ameliorating LXR target genes, LXR agonists (GW3695)
were administered from postnatal day 5 to 15. Interestingly,
by three weeks of age posttreated, LXR agonist-treated
offspring had decreased circulating cholesterol : HDL ratios,
concomitant with increased LXRα and Cyp7a1 expression,
and the critical LXR-target enzyme involved in cholesterol
catabolism [132]. Furthermore, this was also associated
with a more permissive chromatin environment at the
promoter region of Cyp7a1 [132]. These results suggest that
maternal protein restriction insults in utero are reversible
and future studies will focus on the effects of neonatal LXR
agonist intervention in adulthood along with the possibility
that glucose impairment could be reversed as well. To
date, our preliminary data highlights the promising role of
nuclear receptors as therapeutic agents in reversing early
programming of long-term disease.

10. Conclusion

As we elucidate the molecular mechanisms underlying the
early programming of adult disease, we come closer to not
only understanding the development of these diseases but in
preventing their onset as well. This paper highlighted some
of the current nutritional and pharmacological approaches
to date, indicating their short- and long-term beneficial and
detrimental effects. Most likely, the most promising targets
for the investigation of early programming in the near future
will be compounds, which will target common transcription
factors (e.g., nuclear receptors) involved in multiple path-
ways. For example, given that LXRα plays a major role in
cholesterol, lipid, and glucose homeostasis, it becomes an
attractive auspicious candidate for therapeutic targets. In the
meantime, known dietary supplements appear promising,
even while the dose and frequencies of intervention are still
under great investigation. The onus for us remains to further
understand the window of opportunity in perinatal life for
intervention, which can vary depending on the pregnancy-
associated insult.
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Fetuses at risk of premature delivery are now routinely exposed to maternal treatment with synthetic glucocorticoids. In
randomized clinical trials, these substantially reduce acute neonatal systemic morbidity, and mortality, after premature birth
and reduce intraventricular hemorrhage. However, the overall neurodevelopmental impact is surprisingly unclear; worryingly,
postnatal glucocorticoids are consistently associated with impaired brain development. We review the clinical and experimental
evidence on how glucocorticoids may affect the developing brain and highlight the need for systematic research.

1. Introduction

Since Liggins and Howie [1] showed that antenatal glu-
cocorticoids play an important role in the prevention of
respiratory distress syndrome in premature infants, antenatal
glucocorticoids have been increasingly given to women at
risk of premature delivery. In 1994, the National Institutes
of Health Consensus Conference stated that all fetuses
between 24 and 34 weeks of gestation at risk of premature
delivery should be considered candidates for treatment with
antenatal glucocorticoids [2]. Meta-analysis of randomized
clinical trials suggests that maternal treatment with antenatal
glucocorticoids substantially reduces acute neonatal systemic
morbidity, and mortality, after premature birth and reduces
intraventricular hemorrhage [3]. There is some evidence
from individual studies that treatment may also reduce the
risk of white matter injury [4, 5].

2. Cause for Concern?

There is limited information on the short-term and long-
term effects of antenatal glucocorticoids on the brain. From
animal studies there is some evidence that antenatal gluco-
corticoids may cause impairment of neural development [6].
These side effects include alterations of neuronal cytoskele-
ton and presynaptic terminals [7–9], delay in myelination
[10, 11], alterations in proliferation [12], decrease in cerebral

blood flow [13], alterations in neuronal activity [14], and
brain growth retardation [15].

In humans, antenatal glucocorticoids were associated
with an increased risk of disorders in aggressive destructive
behaviour, hyperactivity, and distractibility [16]. However,
results are not consistent in different studies. MacArthur
and colleagues [17, 18] found no effect of betamethasone
treatment on cognitive development of 4-year-old children
and cognitive development and school progress of 6-year-old
children. After a 10- to 12-year followup, children who were
treated with antenatal glucocorticoids did not differ from
controls in growth, lung function, development of sexual
characteristics, sleep quality, incidence of physical anomalies,
and neurological status [19]. Murphy found no brain growth
retardation in babies delivered preterm who died [20].

In contrast, there is now considerable experimental and
clinical evidence that postnatal administration to preterm
infants is consistently associated with impaired brain devel-
opment [21]. In rodents glucocorticoids are associated with
reduced proliferation and a decrease in total cell numbers,
leading to impaired brain growth and development [5, 7–
9, 12, 15, 22–28]. Indeed, in rodents exposure to glucocor-
ticoids before or immediately after birth may be associated
with marked upregulation of neuronal and progenitor cell
apoptosis, particularly in the hippocampus where they
deplete the pool of neural progenitor cells and reduce
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hippocampal growth [29–31]. In turn, there is increasing
evidence that exposure of neonates to exogenous glucocor-
ticoids impairs memory and increases the risk of CP [32].

Pragmatically, the effects of prenatal and postnatal
exposure are of course unlikely to be identical. The duration
of maternal treatment is much shorter (typically 2 to 4
doses over 24 h versus 3 to 42 days of daily treatment
[33]) and given the role of the placenta, it is likely that
the profile of fetal plasma concentrations would be lower
than after maternal administration compared with postnatal
treatment. Nevertheless, these data strongly suggest that it is
vital to understand how glucocorticoids affect the developing
brain [22].

3. Cerebral Palsy after Preterm Birth

Cerebral palsy (CP) associated with premature birth now
accounts for over a third of total cases [34]. The costs to
society are huge. CP has one of the very highest indices of
burden of disease from loss of potential productive members
of society and direct burdens on the individual, family, and
social institutions that last the entire life [35]. In the USA,
13% of all births are preterm, costing over $26.2 billion in
2005 alone [36]. There has been little or no reduction in
the incidence of CP of perinatal origin, and the risk may
even have increased in some Western countries [36], despite
35 years of advances in perinatal care. Most of these costs
are related to long-term neurodevelopmental disability in
surviving infants, rather than acute care after birth [37–
39]. Although there has been a reduction in the most severe
form of cystic white matter injury over time [40], even
subtle injury is associated with impaired brain development
and disability [38, 41]. It is striking that risk of injury
and disability are increased sevenfold even in “late preterm”
infants of 34 to 36 weeks gestation [42–45]. Thus, even small
changes in the risk of disability would have substantial real-
world impact.

4. What Causes Injury after Preterm Birth?

Although the etiology of neurodevelopmental disability
after preterm birth is undoubtedly multifactorial, there is
considerable evidence that exposure to perinatal hypoxia-
ischemia (HI) is a major trigger [46]. In turn, this may
be augmented or modulated by prior exposure to hypoxia,
infection/inflammation, seizures, and placental damage [47–
52]. In addition, babies are exposed to many clinical
interventions. Notably, unborn children are now routinely
exposed to maternal treatment with potent synthetic gluco-
corticoids. Although steroid treatment is one of the most cost
effective, live-saving treatments in fetal medicine, it is not
without potential risks for some fetuses.

5. Betamethasone versus Dexamethasone

It has been much debated whether there is any material
difference in neonatal outcomes between two major syn-
thetic glucocorticoids used for antenatal treatment, despite

these compounds differing only in the orientation of one
methyl group. For example, it has been suggested that
betamethasone, but not dexamethasone can reduce the risk
of periventricular leukomalacia in very premature infants
[4]. Further, betamethasone has been associated with better
survival and reduced risk of adverse outcomes [53], and
with better neurodevelopment and fewer hearing problems
[54]. In contrast, others found no differences [55, 56], and
one study suggested that dexamethasone reduced the risk
for intraventricular hemorrhage more than betamethasone
[56]. Conversely, betamethasone may have more pronounced
effects to suppress fetal movements and heart rate variation
[46, 47]. Overall, there is a striking lack of information about
the effects of these steroids on neural outcomes or fetal
responses to hypoxia, and few formal comparisons have been
performed.

6. The Effects of Glucocorticoids on Postnatal
Hypoxic-Ischemic Brain Injury

The effect of glucocorticoids during and after HI in rodents
appears to be rather variable. Clinically, glucocorticoids are
used therapeutically to reduce brain edema, but clinical
trials of glucocorticoids in ischemic stroke, intracerebral
haemorrhage, aneurysmal subarachnoid haemorrhage, and
traumatic brain injury have not shown any clear therapeutic
effect [57]. Experimental studies of ischemia in adult rats
or in vitro have generally suggested increased injury when
glucocorticoids are given before the insult (range 1 to 48 h
beforehand) [58–65]. Immediate pretreatment was reported
to have no effect, whereas chronic postinsult treatment
reduced injury in the caudate nucleus, but had no effect on
other brain areas [60].

In contrast, in newborn rats at postnatal day 7 (P7), when
brain maturation is equivalent to the mildly preterm infant
[66, 67], preinsult treatment (4 to 48 h beforehand) signif-
icantly reduced injury [68–74]. In contrast, glucocorticoids
were not protective if given just before (0 to 3 h) or after
HI [68, 75], and post-HI treatment increased mortality [75].
Antenatal treatment (on embryonic days 17, 18, and 19) has
also been associated with reduced survival during hypoxia on
the day after birth [76].

Injury may be mediated by reduced glucose uptake and
energy utilization, accelerated ATP loss, and excessive Ca2+

mobilization during ischemia, and augmented excitotoxic
and inflammatory responses post-ischemia [59, 61, 62, 77–
80]. Conversely, neuroprotection has been related to stabi-
lizing ATP production, with maintenance of glycolytic flux
[70, 81, 82]. There may be maturation dependent responses
to glucocorticoids, dependent in part on cerebral metabolism
[83–85]. In support of this, preischemic hyperglycemia
reduced injury in P7 rats due to energy preservation [86–88].

However, this may well be a species dependent response
as hyperglycemia increased injury in newborn piglets, despite
energy preservation [89]. Postischemic hyperglycemia was
not protective in either species [90, 91]. In adult animals
glucose can increase, reduce or have no impact on injury
[58, 59, 92–99], and clinically it remains highly controversial
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Figure 1: Time sequence of changes in mean arterial pressure
(MAP), fetal heart rate (FHR), carotid blood flow (CaBF), and
carotid vascular resistance (CaVR) in 0.7 gestation fetuses after two
maternal intramuscular injections of either saline (open squares,
n = 7) or dexamethasone (filled squares, n = 8). Dexamethasone
induced a significant increase in MAP after each injection, and
pressure was elevated for 50 hours. FHR fell acutely after each
injection, and there was a sustained period of tachycardia after the
second injection. There was a tendency for CaBF to fall initially, and
this was associated with a significant rise in resistance. However,
overall there were no marked differences in cerebral perfusion and
resistance. Data are shown from six hours before the first injection
to 120 hours afterwards. The dashed arrows show the timing of
injections. Data are one hour averages, mean (SEM), ∗P < 0.05.

whether controlling glucose affects outcomes after ischemia
[100]. Nevertheless, maternal diabetes is associated with
adverse neurodevelopmental outcomes in children, and this
is strongly correlated with maternal hyperglycemia [101].
Further, hyperglycemia in preterm infants is associated with
increased morbidity and mortality [102].

7. How Do Glucocorticoids Affect the Fetus?

Glucocorticoids are well documented to acutely affect fetal
behaviour and cardiovascular function [103–106]. For exam-
ple, a single clinical course of maternal dexamethasone in
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Figure 2: Time course changes in EEG power (dB, decibels) before
and after two injections of dexamethasone (filled squares) or saline
(open squares) 24 hours apart. The injections for each group
are marked by dotted lines (DEX-1 and DEX-2). A significant
increase in EEG power was seen after both DEX-1 and DEX-
2, but the effects of DEX were most significant after the first
injection. Peak amplitude changes were around 12 hours, and the
increase in amplitude was mediated by an overall increase in normal
sleep architecture waveforms and the appearance of seizures (see
Figure 3). Data are one hour means ± SEM from six hours before
until 120 hours after DEX-1.

sheep at 0.7 of gestation, when brain development is broadly
consistent with the 28 to 32 week human fetus [107], was
associated with an acute, transient increase in mean arterial
blood pressure with a rise in carotid and femoral vascular
resistance, a fall in femoral arterial blood flow, and a brief fall
in fetal heart rate followed by tachycardia (Figure 1) [106].
There was a persistent loss of the circadian pattern of fetal
heart rate variability 3 days after maternal dexamethasone.
Similarly, in pregnant sheep near-term, when fetal brain
development is broadly comparable to the term human
[107, 108], a clinical regime of betamethasone was associated
with reduced fetal cerebral perfusion and increased cerebral
metabolic activity [109]. In preterm fetal sheep, a clinical
dose of maternal dexamethasone reduced the number and
duration of interburst intervals [110], with a commensurate
increase in the continuity of the fetal EEG, suggesting that
glucocorticoid exposure increased the functional maturation
of the brain (Figures 2 and 3). Other effects include the
intriguing finding in near-term fetal sheep that exposure
to dexamethasone increased Na-K-ATPase activity and tight
junction expression [111, 112]. This may be of significance,
since in neonatal rats, treatment with dexamethasone before
HI was associated with both reduced blood brain barrier
leakage and reduced HI brain injury at P7 and P14, but not
P21 [103].

There are no data on whether glucocorticoid exposure
may affect the preterm fetal ability to adapt to hypoxia.
However, in near-term fetal sheep maternal dexamethasone
(2 maternal injections 24 h apart) before moderate isocapnic
hypoxia, which does not cause overt neural injury, was
associated with impaired cardiovascular responses, with sig-
nificant bradycardia and increased acidosis during hypoxia 8
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Figure 3: Example of sleep state architecture in a 0.7 gestation preterm fetal lamb before exposure to maternal dexamethasone (panel (a)) and
after dexamethasone (panel (b)). The normal sleep patterns of fetal sheep at this age is composed of mixed EEG amplitudes and frequencies,
with mean amplitude typically around 60–70 µV. Transient waveforms (fast, sharp, and slow waves between 70–400 ms) are seen as part of
this normal EEG patterns and their amplitude is typically between 70–150 µV. After dexamethasone exposure, there is a significant change
in sleep architecture characterised by a significant increase in EEG amplitude (with background amplitudes increased to above 100 µV and
spikes ranging between 200–600 µV), and a general reduction in high-frequency activity. Seizures and seizure-like activity is also observed
and an example of this is shown in panel (c). While many of these seizures were high amplitude, it is notable that many were relatively low
amplitude. All figures are raw data from one animal.

hours after the second injection, whereas there was no effect
3 days after the second injection [113, 114]. Despite sup-
pression of hypothalamic-pituitary axis function [115], low
doses of dexamethasone augmented the glycemic response to
hypoxia in near-term sheep fetuses [116].

8. The Effects of Glucocorticoids on
Brain Activity in Preterm Fetal Sheep:
A Potential Role for Conditioning?

We recently demonstrated that a clinical course of maternal
dexamethasone was associated with significant dysregulation
of brain activity in healthy preterm fetal sheep, including
a loss of the normal gating of EEG waveform amplitude,
and induction of seizures (Figures 2 and 3) [110]. In this
paradigm, fetal blood glucose transiently increased, peaking
∼4–6 h after maternal DEX treatment [106, 110]. There was
no cerebral injury after 5 d of recovery. Seizures in early
life in the rat [117], and other settings [118], can induce
neuroprotection against later injury through precondition-
ing mechanisms, for example, by inducing protective gene
changes. Thus, it is plausible that this activity could be
beneficial given the serious neural risks of preterm birth [36].

The caveat to this reassuring hypothesis is that after
exposure to preconditioning insults, such as seizures, it
typically takes several days before protection is established

[119–122]. If there are only a few hours between the stimulus
and the HI insult, then sensitization occurs [119–122]. Thus,
injury may occur with an otherwise noninjurious insult. In
this setting both hyperglycemia and greater transient activity
after glucocorticoid exposure could make the brain more
vulnerable to HI. Epileptiform transients are associated with
greater injury after HI in the preterm fetal sheep [123], likely
by increasing the metabolic stress of injured cells making
them vulnerable to further hypoxia [124]. Hyperglycemia
increases glucose utilisation in the fetus [125], increasing
neural metabolism and the metabolic demand on sick cells
[126, 127]. Again, although these data are not definitive, they
suggest potential for risk.

9. Glucocorticoids and HI in the Fetus

Rather remarkably, given the established clinical use of
glucocorticoids for threatened premature delivery, we have
been able to identify only one study of their effects on
HI injury in the fetus. In near-term fetal sheep, Ellit and
colleagues reported that chronic pretreatment (48 h before
ischemia induced by carotid artery occlusion) had no effect
on subsequent ischemic brain injury [128]. In contrast,
in cultured embryonic rat basal forebrain cells, exposure
to dexamethasone before oxygen-glucose deprivation was
associated with increased injury [77]; this damage could be
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negated by glutamate receptor blockade. Potentially these
contrasting results between protection in rats, no effect in
sheep, and increased injury in vitro, might be related to
species or to the specific model of brain injury, or to lower
plasma levels after maternal treatment compared to direct
neonatal injection. It is also critical to appreciate that the
dose response for the glucocorticoid effects on neuronal cell
viability and survival is both narrow and U-shaped [129].

10. Conclusions

Given the frighteningly limited information on whether glu-
cocorticoids protect or sensitise to HI brain injury in
preterm fetuses [130] it is of considerable concern that
glucocorticoids have been suggested to be potential perinatal
neuroprotection agents [84, 85]. The recent finding discussed
above that a clinical course of maternal dexamethasone
exposure triggers major changes in brain activity, including
epileptiform events now raises the possibility that maternal
glucocorticoids may well be both protective and damaging,
depending on the precise timing before the preterm fetus and
infant are exposed to an HI insult. These concepts suggest
that as with so many aspects of neonatology timing is every-
thing! [131] In turn, variations in timing of exposure may
well explain the rather variable effects of maternal treatment
in human clinical trials suggested above. Further systematic
clinical and basic science studies are essential to tease out
these factors.
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Adverse uterine environments experienced during fetal development can alter the projected growth pattern of various organs
and systems of the body, leaving the offspring at an increased risk of metabolic disease. The thrifty phenotype hypothesis has
been demonstrated as an alteration to the growth trajectory to improve the survival and reproductive fitness of the individual.
However, when the intrauterine environment does not match the extrauterine environment problems can arise. With the increase
in metabolic diseases in both Westernized and developing countries, it is becoming apparent that there is an environmental
disconnect with the extrauterine environment. Therefore, the focus of this paper will be to explore the effects of maternal
malnutrition on the offspring’s susceptibility to metabolic disorders such as obesity, cardiovascular disease, and diabetes with
emphasis on programming of the neuroendocrine-immune system.

1. Introduction

Early life events such as those experienced in utero have
the ability to shape the phenotype of an individual in an
effort to prepare the fetus for extrauterine life. This is
typically referred to as developmental or fetal program-
ming and suggests that adverse uterine environments can
“permanently” alter the metabolic, endocrine, and immune
function parameters of individuals well into adulthood.
There appear to be critical windows during development
in which the fetus is most sensitive to environmental
cues, altering the projected plan of growth. For instance,
maternal adversity experienced during gestation will convey
signals to the fetus that the environment in which it is
to live is less than optimal, altering the developmental
programming of the various organs and systems in the body
to better match life outside the uterus. As various tissues
and systems in the body mature and differentiate at different
rates during fetal development, there appear to be critical
periods in development when they are most sensitive to this
adversity. The hypothalamic-pituitary-adrenal axis (HPAA),
for example, undergoes much growth and differentiation
during early and late gestation in species such as humans,

primates, and sheep, and these are the periods when it is most
sensitive to developmental programming alterations [1–3].
Alterations in metabolic function such as glucose tolerance
and insulin sensitivity are greatly affected during mid- and
late gestation as metabolic parameters are undergoing much
differentiation during this period [4].

The alterations in developmental programming trajec-
tories are assumed to provide an adaptive advantage for
the individual to its new environment, referred to as the
“thrifty phenotype”. A reduction in birth weight has been
one alteration observed following adverse changes in the
uterine environment. It is postulated that this alteration in
growth pattern allowed the fetus to reallocate the available
energy to more vital processes such as organ function [5].
The Leningrad wartime famine cohort of 1941 to 1944 is a
classic example of the thrifty phenotype, demonstrating that
maternal malnutrition during gestation primed the fetus by
repartitioning metabolic energy for life in a malnourished
society, ensuring survival and reproductive fitness [6].
However, when the developmental programming does not
match the environment in which the individuals are to live,
problems can arise.
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2. Environmental Mismatch

Adverse uterine environments can occur for a variety of
reasons such as maternal under- or overnutrition, maternal
illness, or psychological stress that occurs during the critical
windows in development. The amount of mismatch between
the intrauterine and extrauterine environment can predict
the individual’s susceptibility to disease later in life [7].
Barker and colleagues were among the first to discover
this association, coining the “Developmental Origins of
Health and Disease” (DOHaD) hypothesis. They predicted
that babies born with the lowest birth weight had the
greatest risk of metabolic disease later in life, indicated by
increased incidences of hypertension, obesity, and insulin
resistance [8–10]. This hypothesis implies that adverse
events that occur during fetal and neonatal development
can increase susceptibility to adulthood diseases such as
metabolic disease, although additional associations are being
discovered. However, it should also be noted that the
postnatal environment such as lifestyle (diet and exercise)
as well as genetics play a large role in programming the
offspring’s susceptibility to disease; but will not be the focus
of this paper.

The Dutch winter famine of 1944-1945 is a classic
example of the DOHaD hypothesis. By using records from
individuals whose mothers experienced the Dutch winter
famine, researchers were able to make associations between
individuals who experienced the famine during early ges-
tation and increased susceptibility to hypertension, while
those that experienced the famine during late gestation
had an increased risk of impaired glucose tolerance and
obesity during adulthood [4, 11]. These results emphasized
how insults at various time points during gestation can
differentially impact the various organs and systems of the
body. Although the insult during gestation was the same
as the Leningrad cohort, those that experienced the Dutch
winter famine are a classic example of an environmental
mismatch, as they were born into an environment in which
nutrition had become abundant following the termination
of war and therefore their metabolic “reprogramming” was
deemed unnecessary for the environment in which they were
to live.

An environmental mismatch is also becoming apparent
in countries such as India as Westernized diets infiltrate the
country. Typically, Indian babies are born small, ranging in
birth weight between 2.6 and 2.7 kgs, and are thought to have
an adaptive thrifty phenotype that is matched to their scarce
food environment [12–14]. However, India is currently
facing an epidemic crisis of adulthood type II diabetes
and coronary heart disease (CHD) that is being linked
to mismatched fetal and neonatal metabolic programming
[15]. Indian children as young as 8 years of age, for example,
have increased adiposity and insulin resistance putting them
at increased risk of adulthood CHD [12].

Interestingly, this phenotype is also observed in individ-
uals born to obese mothers. The rise in obese individuals
in the population and the speculation that 68% of the US
adult population has been reported to be obese has sparked
interest into its effect on the programming of the fetus

[16, 17]. Therefore, it is not surprising that offspring from
obese mothers are more susceptible to childhood obesity,
hypertension, insulin resistance, and type II diabetes [18–
21].

Metabolic diseases have recently been classified as
inflammatory disorders because they are accompanied by
elevated concentrations of proinflammatory cytokines such
as IL-1, IL-6, and TNF-α, as well as increased concentrations
of glucocorticoids (GCs) in circulation [22–24]. Crosstalk
between the innate immune system and the neuroendocrine
system (i.e., HPAA) play an important role in regulating
homeostasis in the body. For example, the excessive nutrients
supplied to the hypothalamus in patients with metabolic
disease have been implicated in causing inflammation and
activation of the hypothalamus. These nutrients have been
shown to induce oxidative stress, mitochondrial dysfunction,
and stress in the endoplasmic reticulum triggering the
activation of proinflammatory kinase pathways such as c-
Jun N-terminal kinase (JNK) and inhibitor of B kinase
(IKK). Excess nutrients have also been shown to activate
Toll-like receptors (TLR) which also lead to the upregulation
of JNK and IKK [25]. The increased concentrations of
proinflammatory cytokines in individuals with metabolic
disease may also act to stimulate the hypothalamus by
crossing the blood-brain barrier leading to activation of
the JNK and IKK pathways. Subsequent phosphorylation
through JNK and IKK pathways leads to the induction
of nuclear factors NFκB and AP-1. NFκB is an important
regulator of inflammatory response genes leading to the
activation of numerous proinflammatory cytokines, cytokine
receptors as well as suppressor cytokine signaling 3 (SOC3),
cyclooxgenase-2 (COX-2), and lipoxygenase [22]. Addi-
tionally, activation of the hypothalamus by these various
mechanisms will also trigger the release of adrenal GCs. GCs
play an important role in regulating the homeostasis in the
body. GCs are released from the adrenal gland following
activation of the HPAA. Briefly, during periods of perceived
threats the HPAA becomes activated in order to achieve
homeostasis. Once the body has recognized the threat it
acts by secreting two neuropeptides corticotrophin releasing
hormone (CRH) and arginine vasopressin (AVP) from the
hypothalamus. These neuropeptides are then secreted into
the hypophyseal portal to activate the pituitary for the
production of adrenocorticotropin hormone (ACTH) from
the anterior pituitary. Once produced ACTH can travel
through the circulation to the adrenal cortex to activate
the production of GCs. GCs play many important roles in
the body from regulating fetal growth and development,
mobilizing glucose and fat stores, controlling inflammation,
and modulating the immune response [26–28]. Therefore,
fetal programming-induced alterations in any aspect of
these pathways have the ability to alter metabolic function
leaving individuals susceptible to a variety of adult metabolic
disorders.

Although metabolic diseases such as obesity, diabetes,
and even cardiovascular disease have gained much attention
in connection with the DOHaD hypothesis, various other
diseases and disorders such as allergies, asthma, Alzheimer’s
disease, and psychological disorders are now also being



Journal of Pregnancy 3

linked with adverse uterine environments, although not
covered in this paper. Therefore, the focus of this paper will
be to examine the incidences and hypothesized mechanisms
surrounding fetal programming of metabolic disorders.

3. Metabolic Disease

Metabolic disease encompasses a variety of different disor-
ders, such as obesity, cardiovascular disease (CVD), and type
II diabetes. With CVD and type II diabetes among the top
ten leading causes of death in the United States, it is apparent
that metabolic disease is quickly becoming an epidemic
in the Westernized as well as the developing countries
[29]. As metabolic diseases continue to climb within the
world population, focus is being placed on their association
with adverse uterine environments. Metabolic diseases were
among the first recognized disorders associated with adverse
uterine environments. Barker and colleagues first made
this association by examining poverty stricken areas of
England and Wales between 1968 and 1978, linking those
individuals born with low birth weight to having an increased
susceptibility to CHD as adults [30]. These associations were
also confirmed through examination of individuals that lived
through the Dutch famine of 1944-1945.

The Dutch famine provided a unique opportunity to
examine the effect of undernutrition during different periods
of gestation on the susceptibility to adulthood disease. Indi-
viduals born during the famine were typically lighter, shorter,
and thinner than babies that were not exposed, representing
an intrauterine growth restricted (IUGR) phenotype [31].
One of the concerns with IUGR individuals is that they may
experience “catch-up” growth when exposed to an abun-
dance of nutrition. Catch-up growth has been thought of
as an adaptive survival mechanism, however, the long-term
activation of both the growth and neuroendocrine systems
increases the risk of metabolic diseases in adulthood [32]. For
example, adults who were exposed to the famine during mid-
or late gestation showed reduced glucose toleration, while
those exposed during early gestation were shown to have
a greater atherogenic lipid profile, higher body mass index
(BMI), and a greater risk of CHD [33–36]. Type II diabetes
was also more prevalent among the individuals who were
exposed to the famine in utero, marked by reduced glucose
tolerance and raised insulin concentrations among middle-
age individuals [36, 37]. In support of this hypothesis recent
work has demonstrated that children who were born small
for gestational age (SGA) and experienced catch-up growth
without obesity had higher rates of insulin resistance than
children born appropriate for gestational age, suggesting
that it is the uterine programming itself that influences
the future outcome of disease [38]. Therefore, these studies
suggest that alterations in uterine environment can influence
the individual’s susceptibility to metabolic disease on into
adulthood; this will be more closely examined below.

4. Obesity

Ironically, both maternal under- and overnutrition has been
shown to result in a similar obese offspring phenotype.

This is becoming more and more apparent in developing
countries such as India [39]. It has been discovered that
although these children are born with the lowest birth
weight, they have the smallest abdominal circumference, and
a normal head circumference, they also surprisingly have
the thickest skin-fold measurements suggesting that these
babies are thin but with the greatest distribution of fat
[40]. Work from Yajnik and colleagues [40] has shown that
Indian babies tend to deposit fat tissue during development
but have relatively poor tissue growth and protein turnover.
What is of greatest concern, however, is that these children
appear to retain this adiposity throughout childhood and
into adulthood which could increase their susceptibility to
other metabolic disorders [41].

Over the past few years overnutrition in both West-
ernized societies and developing countries has also become
a concern as it is altering the metabolic programming of
individuals making them more susceptible to obesity. With
approximately two-thirds of American women being over-
weight, research is desperately needed in order to understand
and prevent detrimental programming of the fetus [42].
Typically, offspring of obese mothers are born large and tend
to have increased adiposity, making them further susceptible
to metabolic diseases [43]. It has been speculated that
maternal transfer of lipids is altered during an obesogenic
pregnancy, often resulting in an earlier increase in lipid trans-
fer compared to that of the pregnancy of a lean woman [44].
Briefly, in normal pregnancies, lipogenesis is greatest during
early gestation in order to accumulate the fat stores required
for a successful pregnancy [45]. Since obese mothers do not
need to accumulate as many fat stores as leaner mothers, the
process of lipid mobilization occurs much earlier in gestation
and this means that more lipids can reach the fetus and
this affects the programming of many organs and systems
in the body associated with metabolism [44]. Additionally,
the pregnancy of obese women has been shown to increase
the hydrolysis of triglycerides and the concentration of free
fatty acids as well as their transport across the placenta, once
again leading to an increase in lipid exposure to the fetus
[44]. Not surprisingly, the placentas from obese mothers also
tend to support a proinflammatory environment as exhibited
by increased expression of proinflammatory cytokines IL-
1, TNF-α, and IL-6, as well as an increase in the accumu-
lation of macrophages [46]. A recent study by Hayes and
colleagues, [47], also demonstrated that an unfavourable
uterine environment in rat dams fed a high-fat diet during
pregnancy altered the placental vasculature which led to
increased hypoxia during gestation, affecting not only the
health of the offspring but also their viability. Under normal
circumstances pregnancy is considered an inflammatory
event associated with proinflammatory cytokines infiltrating
the placenta. However, these cytokines are further increased
in the obese mothers potentially due to the increase in both
leptin and insulin concentrations [48]. Additionally, obese
woman have an increase in the expression of CD14+ and
CD68+ cells; two markers that define macrophages, and
support the observed increase in proinflammatory cytokines
[48]. The mechanisms behind placental lipid transport in
obese pregnancies are generally understood; however, the
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mechanisms behind how it influences the fetal programming
of metabolic states are generally not known.

The hypothalamus appears to be quite sensitive to
nutritional programming as demonstrated through various
animal models. This is not surprising as the hypothalamus
houses the arcuate nucleus that contains the neurons for
stimulating and suppressing appetite. Neurons containing
neuropeptide Y (NPY) and GABA are found in the arcuate
nucleus and are important in regulating appetite behaviour.
Leptin and insulin, however, can inhibit the hormones of
these neurons, thereby, suppressing an individual’s appetite.
Therefore, alterations in hormones and their receptors of this
region of the hypothalamus can have a profound influence
on the appetite behaviour of the individual. Alterations in
the functioning of the leptin receptors as well as its secretion
have been associated with obesity, overeating, and other
metabolic diseases. For example, maternal high-fat diets
have been demonstrated to induce leptin resistance in the
hypothalamus of rat offspring, which led to an increase
in body-weight gain during adulthood [49]. Other studies
have also demonstrated increased concentrations of leptin
in circulation of rats born to calorie-restricted mothers
leading to leptin resistances and alterations in their feeding
behaviour [50]. Additionally, male offspring born to the
calorie-restricted mothers tended to consume more calories
and gain more weight than control offspring [50]. The
authors suggest that these effects could be explained by the
lack of leptin surge that is normally observed between 6–
14 days of postnatal development that is responsible for
developing and differentiating the appetite control pathways
in the hypothalamus. Other studies also support these
findings as the mRNA expression levels of the leptin receptor
in the hypothalamus of female rats born to mothers fed
a high fat diet have been shown to increase, which is
thought to be one reason for the observed increase in leptin
levels [51]. However, it should also be noted that obese
mothers or mothers with gestational diabetes have a higher
concentrations of leptin in circulation that can reach the
fetus affecting their programming [52].

The high level of triglycerides has also been proposed
to play a role in altering the leptin profile of the fetus
and increasing their susceptibility to adulthood disease.
Studies have found that offspring leptin levels dramatically
decline following parturition, possibly due to the higher
concentration of maternal triglycerides in circulation [52].
Triglycerides have been shown to limit the amount of leptin
crossing the fetal blood-brain barrier, creating somewhat of
a leptin deficiency in these offspring [52]. This is concerning
as studies have found that offspring with low postnatal
leptin levels also tend to deposit fat tissue faster and gain
more weight during lactation compared to their control
counterparts [53].

Other studies have also reported changes in the STAT-3
pathway affecting the production of leptin [54]. The effects
of leptin on other appetite controlling proteins such as
neuropeptide Y are controlled through STAT-3. Briefly,
once leptin is released from the adipose cell, it travels
through circulation across the blood-brain barrier to bind
to the leptin receptor in the hypothalamus. The intracellular

domain of the leptin receptor can then bind to the STAT-3
resulting in its phosphorylation and activation of SOCS3
[55]. SOCS3 becomes an important regulator of the pathway,
as it is capable of working through a negative feedback
loop to downregulate the expression of leptin. Alterations
in the STAT-3 pathway have been implicated in leptin
resistance, which is commonly observed in obese individuals.
Researchers have found significant decreases in the protein
level of STAT-3 in the female rats from obese mothers,
regardless of an increase in mRNA expression of STAT-3 and
therefore alterations in this signal transduction pathway may
affect appetite control [51].

Glucocorticoids have also been shown to be involved in
fetal programming caused by maternal malnutrition. Higher
levels of maternal GCs, for example, have been observed
following gestational malnutrition, resulting in an increased
concentration of GCs reaching the fetus and altering the
HPAA programming [56, 57]. In a recent study by Belkacemi
and colleagues [56], it was observed that undernourished rat
dams had increased levels of plasma GCs in comparison to
the control dams and this was accompanied by a reduction in
fetal and placental weights. Furthermore, it was observed that
there was an increased expression of 11beta-hydroxysteroid
dehydrogenase (11beta-HSD) type 1 in the labyrinth zone
of the placenta and a reduction in the expression of 11beta-
HSD type 2, suggesting that there is an upregulation of active
cortisol reaching the fetus [56]. An increase in GCs reaching
the fetus has been associated with hypoleptinaemia and
therefore may be one mechanism by which the hypothalamus
is being reprogrammed [58, 59]. Interestingly, high-fat diets
coupled with maternal stress appear to further exacerbate
weight gain in rat offspring [60]. Offspring demonstrated
an increased adiposity and a reduction in lean mass when
their mother was fed a high-fat diet and stressed during
gestation compared to offspring born to mothers fed the
high-fat diet alone [60]. This trend continued following
weaning with offspring experiencing a greater amount of
weight gain compared to the control offspring. This is
not surprising as GCs have been shown to increase the
synthesis of endocannabinoids and their receptors, resulting
in an increased appetite [61]. On the other hand leptin
has been shown to block the endocannabinoid receptor
downregulating appetite. Therefore, it appears that GCs and
a high-fat diet may be working synergistically preventing
leptin inhibition of this receptor. Overall, it is apparent that
maternal under- and overnutrition play a large role in the
development of the obesogenic phenotype. What is most
concerning is that the obese phenotype observed in the
offspring not only affects their overall quality of life but
also increases their susceptibility to other metabolic disorders
such as cardiovascular disease (CVD) and diabetes.

5. Cardiovascular Disease (CVD)

Cardiovascular disease was one of the first recognized
disorders associated with adverse uterine environments.
Fetally programmed individuals are more susceptible to
hypertension and CHD and develop these disorders at much
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younger ages. For example, it was demonstrated using a rat
model that offspring born to protein-restricted mothers had
elevated systolic and diastolic blood pressures as early as four
weeks of age, suggesting early development of CVD [62].

An increase in the occurrence of hypertension is
commonly observed in offspring that were subjected to
malnutrition during gestation. Individuals who were small
for gestational age (SGA) at birth have been shown to
have increases in blood pressure throughout childhood
and adulthood, a trend that is interestingly not carried
forward throughout adolescence [63]. In a recent study by
Khoury and colleagues [64], it was demonstrated that waist-
to-height ratios need to be considered when examining
the susceptibility to hypertension and metabolic disease,
as those individuals with increased weight-to-height ratios
had greater adiposity and were more at risk of developing
hypertension. It has been suggested that increased elasticity
in vessel walls as well as alterations in placental enzyme
11beta-hydroxysteroid dehydrogenase type 2 (11beta-HSD2)
may also be behind the increase in the susceptibility to
hypertension [63, 65].

Glucorticoids as mentioned earlier, are typically elevated
in mothers exposed to some degree of malnutrition during
gestation, which increase fetal exposure to GCs [66, 67]. GCs
play an important role in regulating cardiovascular function
creating an environment that favours tissue sensitivity to
vasoactive hormones [68]. GC actions are regulated by the
enzyme 11beta-HSD, either promoting the active form of
cortisol through enzymatic actions of 11beta-HSD1 or ren-
dering cortisol inactive through 11beta-HSD2. The enzyme
11beta-HSD2 is an important regulator during pregnancy
and is found in abundance at the level of the placenta where
it protects the fetus from an overexposure to maternal GCs
by rendering them inactive before they have the chance to
cross the placental barrier. However, studies examining the
effect of malnutrition on the development of offspring have
demonstrated an inhibition in the activity of 11beta-HSD2
at the level of the placenta [67, 69]. In fact rat offspring born
to mothers subjected to low-protein diets during gestation
often exhibit an increase in glucocorticoid receptor (GR)
expression and an attenuation in 11beta-HSD2 expression
in various tissues of the body, such as the kidney, liver, and
lungs which can be upwards of a two-fold increase compared
to the control offspring [65]. Another research group has
shown that dexamethasone administration to pregnant ewes
in early pregnancy leads to reprogramming of the HPAA
in the offspring, making them susceptible to hypertension
approximately 5 years after the point of insult [70]. The
impairment in both GR and 11beta-HSD2 in malnutrition-
programmed individuals have the potential to influence
sodium uptake, fluid-electrolyte homeostasis, and vascular
tone; all of which have the potential to promote a favourable
environment for hypertension in adulthood [65, 71, 72].

Subsequent studies have also demonstrated alterations
in the renal-angiotensin system of offspring born to mal-
nourished mothers. The renin-angiotensin system is an
important regulator of cardiac function more specifically
blood vessel constriction. Briefly, renin is a catalytic enzyme
overseeing the conversion of angiotensinogen to angiotensin

I, and subsequently angiotensin II. Angiotensin II is a potent
vasoconstrictor leading to an increase in blood pressure, as
well as the stimulation of aldosterone from the adrenal gland,
which acts to increase the reabsorption of sodium and water.
Maternal malnutrition has been shown to cause alterations in
the gene and protein expression in many of the components
of this system. For example, there is a decrease in both
angiotensin I and II receptors in the kidneys of offspring
born to low-protein-supplemented mothers [73]. When rat
pups experienced IUGR due to maternal caloric restriction
during gestation there was a significant upregulation in the
angiotensin II in the kidney as well as a reduction in kidney
weight [74, 75]. Therefore, it is not surprising that there are
also increases in the angiotensin-converting-enzyme (ACE)
and angiotensin-converting-enzyme 2 (ACE2) in rat off-
spring from undernourished mothers [75]. The increase in
expression in both the enzyme and hormones responsible for
vasoactivity nurture an environment supporting the grounds
for hypertension. Alterations in the genes involved in sodium
regulation such as renal Na/K-ATPase-alpha1 have also been
observed to be affected by maternal malnutrition in the rat
model; supporting the observation of elevated levels of renal
Na/K-ATPase-alpha1 expression, in the offspring rats born
to dexamethasone challenged mothers [76]. Similar results
have been observed in sheep demonstrating a reduction
in nephron number as well as alterations in the renin-
angiotensin system of the brain [70]. Taken together these
studies demonstrate associations between fetal programming
of the renin-angiotensin system and the development of
hypertension.

Placental insufficiency has also been shown to increase
the susceptibility to adulthood CHD. In a cohort out of
Helsinki Finland it was observed that individuals whose
placenta measured less than 225 cm2 had an odds ratio of
developing chronic heart failure if 1.7 compared to those
individuals who had a normal placental distribution [77].
The odds were further increased in these individuals if the
individual experienced rapid body-weight gain after the age
of 2 and an increased body mass index at 11 years of age [77].
This seems to be further emphasized in the male population
of the Helsinki cohort. When males were born SGA and
remained small in infancy but had accelerated weight gain
later in life, they had the greatest odds of developing CHD
compared to the control men [78]. Similar results have been
observed in a population of low and high birth weight boys. It
was observed that boys who were born with a below-average
ponderal index and rapid weight gain during childhood had
a high rate of CHD among the study population; however,
those boys who were born with an above-average ponderal
index and experienced rapid weight gain during childhood
did not show an association with CHD [79].

The increase in proinflammatory cytokines in obese
individuals has also been shown to play a role in the
development of CVD. For example, IL-1, IL-6, and TNF-α
have been found to be increased in the circulation of obese
people, which is not surprising as both have also been found
to be produced in the adipose tissue [80]. Both cytokines
promote an insulin resistant, high-triglyceride environment
resulting in increased blood pressure and potentially CHD
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[81]. These cytokines have also been shown to increase the
formation of plaque in the development of atherosclerosis as
well as furthering the progression of the disease [82]. Fur-
thermore, the amount of free fatty acids and TNF-α present
in circulation of obese individuals increase the adhesion
of monocytes to the endothelial monolayer which authors
suggest could be influencing the inflammatory process and
dictating the early development of artherosclerosis [83].

Lastly, fetal hypoxia has been shown to be associated
with cardiovascular disease. As mentioned earlier, maternal
obesity can lead to hypoxic conditions in the labyrinth of the
placenta [47]. These hypoxic changes have the ability to alter
the cardiovascular function in the offspring. For example,
rats that were exposed to in utero hypoxic conditions demon-
strated an increased susceptibility to ischaemia-reperfusion
injury as adults [84]. Additionally, the cardiomyocytes of
these rats were also enlarged with fewer numbers found in
the heart [84]. In a recent study, increased likelihood of
ischaemic injury caused by fetal hypoxia has been associated
with an increase in the gene expression of angiotensin type
II receptor (AT(2)R) in the rat [85]. Interestingly, there
was a 50% decrease in the GR binding to glucocorticoid
response elements in the AT(2)R promoter region in the
hearts of these offspring [85]. Authors suggest that epigenetic
mechanisms may be at play; however, the exact mechanisms
are still unknown.

Overall, fetal programming appears to increase the
susceptibility to cardiovascular disease. Although the exact
mechanisms are unknown it is becoming clearer that both
physiological mechanisms as well as alterations in genetic
components are at play.

6. Type II Diabetes

Diabetes is also programmed by both over- and undernu-
trition and is currently reaching epidemic levels worldwide.
Insulin sensitivity and resistance appears to be influential in
the development of glucose tolerance and ultimately type II
diabetes. Insulin sensitivity has been shown in many models
of fetal origins of disease and appears to be a quite common
consequence of malnutrition during gestation. Many of the
studies of children who were born SGA have demonstrated a
reduction in insulin sensitivity following a period of rapid
catch-up growth during childhood. Insulin sensitivity in
these children usually occurs in the presence of other factors
such as increased adiposity and hypercholesterolemia [12, 86,
87]. Rapid catch-up growth appears to be one of the deter-
mining factors behind the development of insulin resistance
in children born SGA. Children born in the Danish cohort
study and who experienced rapid weight gain from birth to
three months of age had higher insulin resistance at 1 year
of age and higher basal insulin concentrations at 17.6 years
of age, demonstrating that this alteration in metabolism is
maintained [88]. Similarly, insulin concentrations were also
observed to be higher in a cohort of healthy individuals born
SGA compared to AGA [89]. Additionally, insulin resistance
has also been shown to occur during fetal development in
obese women compared to that of lean women suggesting

that metabolic alterations are already apparent at the time of
birth [90].

Various molecular mechanisms have been suggested for
the increased susceptibility to insulin resistance and type
II diabetes. For example, beta-cell development appears to
be impaired following caloric restriction during pregnancy;
this is exacerbated to the point of a permanent reduction in
function if the mother is further restricted during lactation
[91]. Similarly, rats whose mothers were fed a high-fat diet
throughout gestation also demonstrated impairment in the
beta-cell function, which was exacerbated in the female
offspring compared to the males [92]. Epigenetic alterations
have also been shown to be associated with reduction in beta-
cell mass due to hypomethylation in the GR gene increasing
the sensitivity to GCs [93]. Additionally, the promoter region
of the PDX-1 gene, important for the normal differentiation
of the beta cells, has been shown to undergo deacetylation
at the histone complexes altering beta-cell development
in IUGR rat pups [94]. Abnormalities in mitochondria
may be to blame for these alterations in islet function.
Mitochondria are imperative in the detection of glucose by
beta cells and therefore alterations in their function can
lead to impairments in this system [92, 95]. Gestational
diabetes appears to further increase the susceptibility of type
II diabetes in the offspring by targeting the beta cells [96].
Gestational diabetes also shows morphological impairment
of the islets in the offspring, demonstrated through abnormal
islet shape as well as hyperplasia and hypertrophy [97].

Islet function was also shown to be impaired in this
rodent model [92]. Under normal circumstances islets
increase the release of insulin upon an increase in the con-
centration of glucose found in the body. However, offspring
born to both nutrient-restricted and high-fat supplemented
mothers did not show an increase in insulin release following
glucose stimulation indicating impairment in their function
[92]. Glucose-stimulated insulin secretion was also impaired
in islets from 9-month-old offspring born to dams that were
fed a high-fat diet throughout gestation [98]. This study
also revealed a reduction in expression of the mitochondrial
genome in various tissues of the offspring.

Additionally, maternal obesity or high-fat diet during
pregnancy has been associated with inflammation in the
hypothalamus of the offspring, altering the TLR4 sig-
naling cascade and increasing the offspring’s susceptibil-
ity to diabetes. When TLR4 becomes activated following
ligand binding, it subsequently activates both JNK and
IKK pathways. Through multiple phosphorylation events
in the IKK pathway NFκB is produced from IκB, which
promotes the transcription of proinflammatory cytokines
[99]. On the other hand phosphorylation of JNK will lead
to the inhibition of insulin receptor substrate 1 (IRS-1) and
ultimately insulin resistance in the host [100]. Therefore,
these pathways play an important role in the development of
insulin resistance and diabetes, and tend to be quite sensitive
to fetal programming through maternal malnutrition. For
example, a mouse study demonstrated that when dams
were fed a high-fat diet from conception to weaning, their
offspring had increased activation of JNK 1 and IkB kinase
[101]. Additionally, tissue samples collected from rats fed
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a Westernized diet demonstrated an increase in insulin
resistances in tissues that had the greatest JNK activity and
IRS-1 phosphorylation [102]. Although the mechanisms by
which alterations in the TLR4 signaling cascade can lead to
insulin resistance and type II diabetes is not known, it is
becoming increasingly apparent that it plays a role in the
susceptibility. A mouse strain, CeH/HeJ, further supports
this idea, as these mice have a mutation causing loss of
function in TLR4 protecting them from diet-induced obesity
and insulin resistance [103, 104].

Therefore, it appears that the intrauterine environment
can increase the susceptibility of diabetes later in life due
to alterations in insulin sensitivity and changes in beta-cell
expression and mass.

7. Summary

It is becoming more apparent that adulthood metabolic
disease is associated with adverse uterine environments.
Although adversity is thought to prime the offspring for life
outside the uterus the diverse phenotypes in the offspring
from malnourished mothers is increasing their susceptibility
to adulthood metabolic diseases such as obesity, CVD, and
diabetes. With metabolic disorders reaching epidemic levels
in the world population, future research is required in
order to understand the underlying mechanisms leading to
alterations in the programming of the fetus and subsequent
development of adulthood disease. What is apparent is
that the neuroendocrine-immune system interactions play a
key role in the development of metabolic disease. With an
increase in knowledge of these interactions future emphasis
can be placed on the treatment and prevention of metabolic
disorders of fetal origin.
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Fetal adaptations to placental insufficiency alter postnatal metabolic homeostasis in skeletal muscle by reducing glucose oxidation
rates, impairing insulin action, and lowering the proportion of oxidative fibers. In animal models of intrauterine growth restriction
(IUGR), skeletal muscle fibers have less myonuclei at birth. This means that myoblasts, the sole source for myonuclei accumulation
in fibers, are compromised. Fetal hypoglycemia and hypoxemia are complications that result from placental insufficiency.
Hypoxemia elevates circulating catecholamines, and chronic hypercatecholaminemia has been shown to reduce fetal muscle
development and growth. We have found evidence for adaptations in adrenergic receptor expression profiles in myoblasts and
skeletal muscle of IUGR sheep fetuses with placental insufficiency. The relationship of β-adrenergic receptors shifts in IUGR
fetuses because Adrβ2 expression levels decline and Adrβ1 expression levels are unaffected in myofibers and increased in myoblasts.
This adaptive response would suppress insulin signaling, myoblast incorporation, fiber hypertrophy, and glucose oxidation.
Furthermore, this β-adrenergic receptor expression profile persists for at least the first month in IUGR lambs and lowers their
fatty acid mobilization. Developmental programming of skeletal muscle adrenergic receptors partially explains metabolic and
endocrine differences in IUGR offspring, and the impact on metabolism may result in differential nutrient utilization.

1. Introduction

Intrauterine growth restriction (IUGR) affects 10–15% of all
infants born in the USA and as many as 24% of babies born in
developing countries [1, 2]. Worldwide, IUGR is the second
leading cause of perinatal morbidity and mortality behind
premature birth [3] and is a major predisposing factor to
metabolic disorders throughout postnatal life [4, 5]. Chil-
dren born SGA due to IUGR are more likely to develop
insulin resistance and obesity at young ages [6–8]. As adults,
these individuals face greater incidence of type 2 diabetes,
hypertension, and other health issues [9–12]. In fact, IUGR
offspring are 18 times more likely to develop metabolic syn-
drome than offspring born at an appropriate size for their
gestational age (AGA) [10, 13]. Preterm infants may also be
predisposed to metabolic disorders later in life. Though AGA
at birth, these infants are often growth-restricted between

birth and term because their oral intake of protein cannot
match the levels supplied by the placenta [14]. Skeletal mus-
cle accounts for ∼40% of the body’s mass and thus plays a
major role in metabolic homeostasis. Growth and metab-
olism of skeletal muscle are influenced by a number of fac-
tors, including nutrient availability, growth factors, and
endocrine signals. In this paper, we will focus on the role
of the adrenergic system in fetal adaptations to intrauterine
insults alter growth, development, and metabolic set-points
in skeletal muscle during late gestation and throughout
postnatal life.

2. IUGR Conditions: Hypoxemia,
Hypoglycemia, and Hypercatecholaminemia

A frequent cause of IUGR is placental insufficiency [15],
which can occur spontaneously and from undiagnosed
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etiology. As the fetus grows, the stunted placenta cannot
keep up with the increasing nutritional demands of the
fetus, resulting in chronic fetal hypoglycemia and hypox-
emia throughout late gestation. These conditions elevate
circulating catecholamine concentrations [16]. Plasma nore-
pinephrine and epinephrine concentrations are modestly
elevated by fetal hypoglycemia [17–19] but greatly elevated
by hypoxemia [20, 21]. Fetal adrenal chromaffin cells contain
oxygen-sensitive K+ channels that stimulate catecholamine
secretion in response to low blood oxygen content, while the
splanchnic nerve develops [21, 22]. In IUGR human and rat
fetuses, hypoxemia increases catecholamine concentrations
in plasma and amniotic fluid by as much as 5-fold [23–25].
Plasma epinephrine and norepinephrine are also elevated in
IUGR fetal sheep where placental insufficiency is the known
etiology [26–28]. Catecholamines act via the G-protein
coupled receptors, Adrα and Adrβ [29, 30], which express
multiple subtypes (α1A, α1B, α1D, α2A, α2B, α2C, β1, β2,
and β3) with distinct physiological and pharmacological
properties [31]. Receptor expression patterns determine
how tissues respond to catecholamines, and skeletal muscle
predominantly expresses Adrβ1 and Adrβ2 subtypes, but
Adrβ3 and Adrα subtypes are also present. Even in healthy
pregnancies, brief cord occlusions and Poseiro effects cause
transient periods of fetal hypoxemia and hypoglycemia [32,
33], making it necessary for the fetus to have a protective
mechanism to conserve glucose and oxygen. Skeletal muscle
accounts for ∼65% of fetal glucose consumption and its
metabolic functions are responsive to endocrine regulation
[34], making it a prime site for glucose and oxygen conserva-
tion.

3. Fetal Adaptive Response to IUGR Conditions

Both hypoxemia and hypoglycemia can impact global fetal
metabolism, and the response depends upon the duration
of the insult. We have shown that acute (<1 hour) fetal
hypoxemia suppresses glucose-stimulated insulin secretion
by increasing circulating norepinephrine and epinephrine
(Yates and Limesand, unpublished), which then activate
inhibitory Adrα2 receptors on pancreatic β-cells [20, 26, 35,
36]. The combination of high circulating catecholamines and
low insulin concentrations contributes to hyperlactatemia,
acidosis, and hypocarbia in the fetus [37] (Yates and
Limesand, unpublished). We postulate that this reflects a
temporary reduction in skeletal muscle glucose oxidation to
spare glucose and oxygen for neural tissues. This transient
coping mechanism is accompanied by increased utilization
of nonglucose substrates for energy production. To illustrate,
skeletal muscle enzymes associated with fatty acid oxidation
are upregulated in fetal rats 24 hours after uterine artery liga-
tion [38], and fatty acid mobilization rates in the sheep fetus
increase after six hours of hypoglycemia [17]. Additionally,
a greater proportion of amino acids are diverted for oxi-
dization in these fetal sheep [39, 40]. Placental insufficiency
causes a chronic state of fetal hypoxemia and hypoglycemia,
and therefore hypercatecholaminemia and suppression of
glucose oxidation are sustained. As a result, endocrine and
metabolic adaptations develop to conserve fetal nutrients

by lowering skeletal muscle energy requirements for protein
synthesis and growth [41–43]. Accordingly, amino acid oxi-
dation rates in the fetal sheep return to normal after the 8th
week of hypoglycemia [41]. Similarly, the ability to mobilize
fatty acids is reduced in the IUGR sheep fetus near term [44–
46]. In addition to lower oxidative metabolism, the IUGR
fetus induces hepatic glucose production and the Cori cycle
[47], which utilizes lactate produced by anaerobic glycolysis
in skeletal muscle as a substrate for glucose [47, 48]. Lactate
clearance by the liver stabilizes plasma lactate concentrations
in IUGR fetuses, creating only mild hyperlactatemia [47]
compared to acutely hypoxemic fetuses. Thus, long durations
of nutrient or oxygen deprivation produce a metabolic shift
that may be explained by adaptations to catecholamine levels
in fetal circulation.

Comparisons between fetal sheep made chronically hyp-
oglycemic and those with placental insufficiency (hypoxemic
and hypoglycemic) show that hypoxemia has a greater
propensity than hypoglycemia for inducing metabolic adap-
tations, possibly due to greater adrenergic activity associated
with hypoxemia. Chronic hypoglycemia increases protein
breakdown and rates of amino acid oxidation, lowers plasma
insulin and glucose uptake, and slows fetal growth rate,
but the response is transient and euglycemic recovery
normalizes these parameters within a few days [39, 49].
Conversely, in fetal sheep with placental insufficiency, eug-
lycemic correction fails to restore glucose homeostasis or
improve growth rate and in fact worsens hypoxemia and
hypoinsulinemia, resulting in acidosis [50]. Therefore, the
metabolic changes associated with placental insufficiency
are dependent on placental oxygen supply and cannot be
alleviated by removing just the nutrient deprivation.

4. Skeletal Muscle Developmental Adaptations
to IUGR Conditions

The trajectory of skeletal muscle development and growth
is slowed in IUGR fetuses. Ultrasonic measurements of
IUGR fetuses show that muscle mass is reduced [51, 52],
and animal studies show that nutrient restriction impairs
fiber formation [53, 54]. Muscle fiber numbers, size, and
metabolic phenotypes develop at distinct fetal stages and
thus these aspects of muscle formation and growth are
affected differently depending upon the timing of the
fetal insult (Figure 1). Fiber numbers are determined by
myogenesis (formation of new fibers), which occurs in 3
distinct phases and is completed early in the third trimester
[55, 56]. Primary myotubes are generated from the fusion of
progenitor cells midway through the first trimester, creating
the scaffold around which smaller, secondary myotubes form
near the end of the first trimester. A final wave of secondary
(sometimes called tertiary) myotubes fills in the spaces not
already occupied by existing fibers and completes myogenesis
early in the third trimester. Nutritional insults during early or
mid-gestation interfere with myotube formation and reduce
fiber density in skeletal muscle. For example, maternal
nutrient restriction between the mid-first and mid-second
trimester in sheep lowers the number of secondary fibers
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Figure 1: The stages of skeletal muscle formation relative to gestational age are depicted by the horizontal arrows and schematic diagrams
(fascicular cross-sections) for the developmental process. The vertical dashed line represents the completion of myogenesis (new fiber
formation) and onset of hypertrophic fiber growth. The timing, duration, and type of nutritional insult (red boxes) reported in various
studies are presented below the gestational timeline, along with the fetal consequences (blue boxes).

per fasciculi in the fetal longissimus dorsi muscle [57]. In
pregnant ewes recovering from malnourishment at peri-
conception, secondary fiber density was also lower in the
fetal semitendinosus muscle [58]. Although IUGR can result
from maternal nutrient restriction during early gestation,
placental insufficiency does not cause fetal hypoxemia and
hypoglycemia until later stages of gestation, most likely
after myogenesis is complete [53, 54]. As a result, placental
insufficiency would reduce muscle mass by impairing fiber
growth to a greater extent than total fiber number.

After myogenesis, muscle growth continues via fiber
hypertrophy and requires myoblast incorporation to increase
genomic DNA content [59–65]. Myonuclei incorporation
precedes protein accumulation, and the size of a muscle fiber
is dependent on DNA content [59–63]. Because muscle fiber
myonuclei are postmitotic, DNA accumulation depends on
incorporation of new nuclei from myoblasts [66]. In fact,
50–99% of total skeletal muscle DNA content accumulates
postnatally [60]. In fetal sheep with placental insufficiency,
skeletal muscle fibers contain fewer myonuclei than fibers
from control fetuses, resulting in 33% less DNA, 40% less
RNA, and 76% less protein per fiber [53, 54]. Human
fetuses diagnosed as IUGR also have reduced skeletal muscle
DNA content in late gestation but have normal protein-
to-DNA ratios [67]. Our preliminary evidence indicates
that myogenic cell populations are smaller in IUGR fetal
skeletal muscle and that myoblasts isolated from IUGR fetal

sheep may proliferate and differentiate at slower rates than
those isolated from control fetuses (Yates, Limesand, and
Rhoads, unpublished). This scenario would indicate that
lower myonuclei content is a major limiting factor in IUGR
skeletal muscle fiber growth and that IUGR myoblasts are
impaired.

Histological measurements reveal a smaller proportion
of oxidative-to-glycolytic muscle fibers in some skeletal
muscles, which is another mechanism by which fetal devel-
opmental adaptations reduce muscle oxidative metabolism.
In the ovine tibialis cranialis, newly forming secondary fibers
express myosin-heavy chains for type II (glycolytic) fibers
exclusively, but under normal conditions, ∼60% of these
fibers stain positive for type I (oxidative) myosin-heavy
chains by the start of the third trimester [56]. The fiber-
type ratio continues to shift toward oxidative fibers until a
few weeks after birth [54, 68]. Together, these data reveal a
multifaceted defect in IUGR skeletal muscle growth, which
manifests in myoblast developmental programming that
lowers myonuclei content and alters fiber phenotypes, thus
preventing normal metabolic regulation.

5. Adrenergic Intervention: Catecholamines
Change the Regulatory Signals

Adaptations in skeletal muscle growth and metabolism
appear to be facilitated by chronic exposure to circulating
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Figure 2: Impact of placental insufficiency on endocrine responsiveness in fetal myoblasts and myofibers. Adrenergic activity increases due to
greater circulating catecholamines. Adrenergic receptor β subtype-specific desensitization results in a greater proportion of signaling through
Adrβ1 and Adrβ3 because Adrβ2 expression is reduced. Insulin signaling is reduced due to adrenergic suppression of insulin secretion
in pancreatic β-cells and by muscle adrenergic signaling that negatively influences the insulin-Akt2 intercellular signaling pathway. These
developmental adaptations reduce rates of myoblast proliferation and differentiation as well as glucose metabolism in skeletal muscle.

catecholamines (Figure 2). In fact, intravenous infusion of
norepinephrine or epinephrine for 8 days reduces plasma
insulin and blood CO2, increases plasma lactate, and slows
hindlimb muscle growth rate in otherwise uncompromised
fetal sheep [69]. Catecholamines affect skeletal muscle
directly by selectively impairing insulin signaling and indi-
rectly by suppressing insulin secretion from pancreatic β cells
[70, 71]. Under normal conditions, insulin regulates muscle
metabolism by stimulating glucose uptake, glycogenesis,
glucose oxidation, and protein synthesis via the Akt2 and
MAPK-Erk1,2 signaling pathways [72–74] and by stimulat-
ing lipid metabolism via Akt1 [73]. Insulin also promotes
myoblast proliferation and differentiation [75–77] by activat-
ing Akt2 via IRS1 [73, 77–79], and increases protein synthesis
in fetal skeletal muscle [80, 81] and in myotubes derived
from isolated fetal myoblasts [82]. However, placental insuf-
ficiency in fetal sheep reduces plasma insulin by 78% [20, 26,
69, 83] and skeletal muscle Akt2 content by 40% [48]. Fur-
thermore, in adult rats chronically infused with epinephrine,
insulin administration is less effective in stimulating IRS1
tyrosine phosphorylation, IRS1 complex with PI3K and
SHP2, and Akt phosphorylation in skeletal muscle [84].
In adult humans, infusion of dobutamine (Adrβ1 agonist)
acutely reduces glucose oxidation rates and increases lipid
oxidation rates in skeletal muscle [85]. Salbutamol (Adrβ2
agonist) has no effect on glucose oxidation rates but slightly
increases lipid oxidation [85]. Furthermore, catecholamines
activate hormone-sensitive lipase to release fatty acids from
fat stores [86, 87], which may help replace glucose as a
metabolic substrate in muscle (Akt1 expression is not altered
by catecholamines [48]).

One major developmental adaptation in response to
chronic catecholamine exposure is modified adrenergic sig-
naling via alteration of Adrβ expression. Findings in other
tissues show that Adrβ1, Adrβ2, and Adrβ3 have subtype-
specific effects on insulin signaling. In adipocytes, Adrβ1 and
Adrβ3 stimulation reduces insulin signaling by uncoupling
IRS1 phosphorylation [88, 89] and Adrβ1 suppresses insulin
activation of Akt in cardiac muscle [90]. Conversely, Adrβ2
amplifies insulin activation of MAPK-Erk1,2 in ovarian cells
[91] and has been shown to stimulate myoblast proliferation
directly in chicks and mice [92, 93]. However, we have found
that expression of Adrβ2 is reduced in myoblasts isolated
from IUGR sheep fetuses (Table 1; Limesand and Yates, un-
published findings), meaning that adrenergic enhancement
of insulin signaling is reduced. Meanwhile, myoblast Adrβ1
and Adrβ3, which inhibit insulin-stimulated proliferation
and differentiation, are expressed normally. Likewise, Adrβ2
mRNA expression is reduced in hindlimb skeletal muscle
of IUGR fetal sheep and in those administered 7-day nore-
pinephrine infusions, but Adrβ1 and Adrβ3 expression
remain normal (SW Limesand and X Chen, unpublished
data). The end result is a greater inhibitory effect on skele-
tal muscle insulin signaling which, along with reduced
insulin secretion, would impair myoblast proliferation and
incorporation into muscle fibers and insulin-driven glucose
metabolism. Furthermore, skeletal muscle Adrβ2 continues
to be reduced in placental insufficiency-compromised lambs
at one month of age, showing that the adaptive Adrβ
profile may be a contributing factor in postnatal metabolic
disorders.
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Table 1: Adrenergic receptor β (Adrβ) mRNA expression determined by quantitative PCR in placental insufficiency-induced IUGR1 and
norepinephrine-infused2 sheep fetuses relative to control fetuses.

Treatment Age at necropsy Tissue
Adrβ

Adrβ1 Adrβ2 Adrβ3

PI-IUGR
Fetus, 134 dGA Myoblasts3 ↑28% ↓25% ↑800%

Fetus, 134 dGA Skeletal muscle4 NC ↓64% NC

Neonate, 28 days Skeletal muscle4 — ↓44% —

NE-Infused Fetus, 140 dGA Skeletal muscle4 NC ↓47% NC
1
Hyperthermia from 40 to 95 days of gestation (term ∼145 days).

2Intravenous norepinephrine (NE) infusions from 130 to 137 days of gestational age.
3Isolated from hindlimb skeletal muscles. n = 3/treatment.
4Pooled semitendinosus and biceps femoris. n = 6/treatment.
NC: no change; ↑: increased relative to controls; ↓: decreased relative to controls. Constitutive control was s15 for all samples.

6. Fetal Adaptations Persist in Postnatal Life

Hypoglycemia and hypoxemia are alleviated by birth, but
the thrifty metabolic adaptations persist into postnatal life
[4, 5]. Children born with SGA have less skeletal muscle
mass as infants and skeletal muscle mass grows at a slower
rate through four years of age compared to their AGA
counterparts [94–96]. Arm muscle size is reduced in infants
at birth and at 3, 6, and 9 months of age [97] and upper-arm
circumference and muscle area is less at 8 years of age [98].
Similarly, IUGR lambs have substantially reduced weight
and protein content in the semitendinosus muscles at birth
[53, 99], and daily protein accretion over the first few months
of life is slowed [53]. As adults, SGA-born individuals have
less lean muscle, greater fat-to-muscle ratios [100–103], and
reduced muscle strength [102, 104]. Abdominal and leg
muscle mass is reduced in otherwise healthy men at 19
and 22 years of age [105], and total lean muscle is lower
at 50, 68, and 70 years of age [103, 106, 107]. In lambs
and piglets, IUGR also impairs perinatal development of the
vascular architecture [68, 108]. This may reflect an inability
of myocytes to stimulate angiogenesis [109, 110] and is likely
the origin of altered perfusion characteristics associated with
metabolic syndrome, including vascular resistance, reduced
responsiveness to adrenergic regulation, and endothelial
dysfunction [111]. After birth, myoblasts form solely from
the populations of quiescent satellite cells that develop
along the basal lamina of muscle fibers [54, 112]. These
populations, which control lifetime muscle growth and
repair, accrue during fetal development and are subjected
to IUGR conditions. Thus, the impairment of myoblast
proliferation and differentiation responsible for slowing fetal
skeletal muscle growth would also explain slower muscle
growth rates in children and reduced lean mass in adults.

The thrifty metabolic phenotype that develops in utero
also persists after birth. At 12 years of age, SGA-born children
exhibit similar basal metabolic rates compared to AGA-born
counterparts, but a smaller fraction of energy production is
due to glucose oxidation and a larger fraction is from lipid
oxidation [113]. Persistence of limited glucose oxidation
rates in IUGR skeletal muscle can be associated with a
combination of factors. First, less total lean muscle mass
requires less energy. This scenario explains lower rates of

systemic glucose oxidation but does not explain reduced
muscle-specific glucose uptake [113, 114]. Dulloo [115,
116] postulates a second factor for reduced skeletal muscle
glucose oxidation: glucose is preferentially redistributed
to adipose tissues to replenish depleted fat stores. This
“glucose redistribution hypothesis” has been applied to
the perinatal period after IUGR as well as recovery from
prolonged nutrient restriction at older ages [117]. However,
SGA-born individuals continue to exhibit thrifty glucose
metabolism throughout their lives, well after fat reserves are
replenished, which indicates that the timing of the insult
is important for persistence of the metabolic phenotype.
Evidence for the permanence of developmental adaptations
includes decreased oxidative-to-glycolytic fiber proportions
in 8-month-old sheep exposed to fetal nutrient restriction
and in mature pigs classified as runts (much smaller than
littermates) at birth [45, 118]. Skeletal muscle biopsies from
young-adult men born SGA reveal reduced insulin-signaling
enzymes (e.g., PI3K, p85α, p110β, PKCζ , Glut4) despite
normal insulin receptor content [119]. In rats, insulin sig-
naling via Akt is reduced in offspring from dams exposed to
a hypoxic or malnourished environment during pregnancy
[120]. Together, these studies indicate that the sustained
response is not completed after adipose stores are replenish
but is rather a product of a new nutrient utilization set-
point established by fetal developmental programming to
IUGR conditions. This phenomenon was described by Hales
and Barker [4, 5] as “metabolic dysregulation,” but the
connotation of a disorder may only apply because these
individuals are subjected to a lifetime of diets that exceed
their nutritional requirements.

7. Summary

Placental insufficiency results in conditions that restrict fetal
skeletal muscle development and growth by reducing the
capacity of the myofiber to maintain glucose homeostasis.
Altered adrenergic receptor expression profiles in myoblasts
and skeletal muscle of IUGR sheep fetuses indicate that
slower growth rates and thrifty metabolism are the result
of fetal adaptations to chronic catecholamine exposure in
utero. As the proportion of Adrβ2 to Adrβ1 declines in IUGR
skeletal muscle, adrenergic regulation promotes insulin
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resistance, reduced myoblast incorporation, less fiber hyper-
trophy, and lower rates of glucose oxidation. Developmental
programming of skeletal muscle adrenergic receptors in
utero helps explain metabolic and endocrine differences in
IUGR offspring as well, and the impact on metabolism may
result in differential nutrient utilization and requirements.
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The placenta represents a key organ for fetal growth as it acts as an interface between mother and fetus, regulating the fetal-maternal
exchange of nutrients, gases, and waste products. During pregnancy, amino acids represent one of the major nutrients for fetal life,
and both maternal and fetal concentrations are significantly different in pregnancies with intrauterine growth restriction when
compared to uncomplicated pregnancies. The transport of amino acids across the placenta is a complex process that includes the
influx of neutral, anionic, and cationic amino acids across the microvilluos plasma membrane of the syncytiotrophoblast, the
passage through the cytoplasm of the trophoblasts, and the transfer outside the trophoblasts across the basal membrane into the
fetal circulation. In this paper, we review the transport mechanisms of amino acids across the placenta in normal pregnancies and
in pregnancies complicated by intrauterine growth restriction.

1. Introduction

The placenta represents a key organ for fetal growth as it acts
as an interface between mother and fetus regulating the fetal-
maternal exchange of nutrients, gases, water, ions, and waste
products; moreover, it is capable of metabolic, immunologic,
and endocrine functions.

In humans, the hemochorial placenta includes the syncy-
tiotrophoblast (a continuous, uninterrupted, multinucleated
surface that covers the villous tree), the cytotrophoblast (a
second layer of mononucleated trophoblasts that become
discontinuous as pregnancy progresses), the connective
tissue of the villous tree, and the endothelium of the fetal
capillaries. During pregnancy, the placenta grows in volume,
weight, and in terms of development and maturation of the
type of villi, to allow the optimal fetal-maternal exchange
[1]. Terminal villi are the final ramifications of the villous
tree, characterized by a very thin syncytiotrophoblastic layer
facing the fetal capillaries with the least maternal-fetal dis-
tance. The syncytiotrophoblast, therefore, is the key structure
in regulating transplacental exchange across its maternal and
fetal facing: the microvillous plasma membrane (MVM) and
the basal membrane, respectively (BM).

During pregnancy, amino acids represent one of the
major nutrients for fetal life; they are important precursors
for fetal development and growth, for the biosynthesis of
proteins, nucleotides (purine and pyrimidine), neurotrans-
mitters, and so forth. The transport of amino acids across
the placenta is a complex process mediated by transporters
located on the MVM and BM of the syncytiotrophoblast.

The purpose of this paper is to review the transport
mechanisms of amino acids across the placenta in normal
pregnancies and in pregnancies complicated by intrauterine
growth restriction (IUGR).

2. Maternal and Fetal Concentrations

The fetal plasma concentration of most amino acids does
not change during pregnancy and is significantly higher than
maternal concentration [2–5], indicating an active transport
across the placenta, from the maternal to the fetal circulation.
In addition, in normal pregnancies, between maternal and
fetal concentrations, there is a significant linear relationship
for most amino acids leading to an increase in the umbilical
venous concentration as maternal concentration increases
[5, 6].
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3. Placental Amino Acid
Transport and Metabolism

The concentration of free amino acids in the placental tissue
is higher than the concentration both in fetal and maternal
plasma [2]; the placenta not only transports amino acids
to the fetus, but its production and/or utilization of an
amino acid plays an active role in determining its flux into
the fetal circulation. In vivo animal studies have shown
that the placenta is an extremely active organ metabolically
with a very high rate of protein turnover and with some
amino acids produced/utilized at very high rate. In addition,
the presence of interorgan cycles of some nonessential
amino acids between the placenta and fetal liver has been
demonstrated: fetal glutamine and glycine are metabolized in
the fetal liver and released to the placenta as glutamate and
serine, respectively [7–11]. Studies performed in pregnant
women with stable isotopes suggest that a similar interaction
is present also in human pregnancies [12].

Many types of amino acid transport systems have been
identified in the placenta [13] (Table 1). Each transporter is
highly stereospecific, but different transporters have overlap-
ping substrate specificity, with the possible compensation of
one transporter activity by another [14].

Two major classes of amino acids transporters have been
described: Na+-dependent transport systems (that mediate
amino acids influx and lead to increased concentration of
amino acids within the cell) and Na+-independent systems
[19–21] (Table 1, Figure 1).

As mentioned earlier, the syncytiotrophoblast is the key
structure in regulating transplacental amino acids passage.
The transport through the syncytiotrophoblast includes
the influx of neutral, anionic, and cationic amino acids
across the MVM, the passage through the cytoplasm of the
trophoblasts, and the transfer outside the trophoblasts across
the basal membrane into the fetal circulation. Placental
amino acids transporters are present both at the microvillous
and basal membrane levels. Whereas the transport across
the MVM has been well studied, that across the BM is less
understood: the transport into the MVM of the syncytiotro-
phoblast almost always requires energy to act against the
concentration gradient (Na+-dependent transport systems);
on the contrary, in the outflux of amino acid across the
BM, Na+-independent systems have an important role [21].
The transport across the BM may be mediated by amino
acid exchangers (that take one amino acid molecule from
outside the cell and one from inside the cell and switch their
position); moreover, recently, the presence and efficacy of
some efflux transporters (TAT1, LAT3, LAT4) in the human
BM have been reported in isolated perfused human placental
cotyledons [22] suggesting that facilitate diffusion is possible
across the syncytiotrophoblast basal membrane.

Furthermore, during pregnancy, an adaptive response
to different fetal nutrient demands seems possible [23],
based on the evidence of changes in placental transporters
expression and activity during the course of gestation: it
has been shown that the activity of system A increases
[24]. In addition, it has been shown that, during pregnancy,
the same amino acid may be transported through different

systems, contingent to which membrane is being crossed: in
term placentas, L-arginine transport across the microvillous
membrane preparations seems to occur through both the y+

and y+L systems, while, in the basal membrane, transport
may be restricted to the y+L system [25]. Altogether, these
observations point to the complex interactions between the
developing microvillous and basal membrane within the
trophoblast and between the maternal and fetal circulations,
to facilitate an increase in nutrient delivery to warrant the
demand of the growing fetus [26]. In other words, the
placenta acts as a “nutrient sensor” regulating its transporter
function [18].

4. Intrauterine Growth Restriction

Intrauterine fetal growth is determined by a balance between
fetal genetically determined growth potential and maternal-
placental nutrients supply [27]. Some factors influence
fetal nutrition: maternal nutrition and metabolism, utero-
placental blood flow, placental size, and placental transfer
capacity [28]. In pregnancies complicated by intrauterine
growth restriction (IUGR), all these factors can be affected
[29].

4.1. Maternal and Fetal Concentrations. The concentration
of most amino acids is significantly decreased both in the
umbilical artery and vein of IUGR pregnancies when com-
pared to normally grown babies [5, 6, 30, 31]: in particular,
small for gestational age fetuses have significantly lower
concentrations of the essential branched chain amino acids
valine, leucine, and isoleucine [5]. Furthermore, in IUGR,
the maternal concentration of most essential amino acids
is significantly higher than in pregnancies with appropriate
for gestational age (AGA) fetuses, likely as a result of
a maladaptation to pregnancy with a deficient hormone
production: this observation, together with the presence
of lower fetal amino acid concentrations in intrauterine
growth restriction, leads to significantly lower fetal-maternal
differences in these pregnancies [6, 30].

Moreover, in IUGR pregnancies, increasing the maternal
concentration of amino acids leads to an increased umbilical
uptake of some of the amino acids to the fetus but with
no evidence of a change in the uptake of the essential
amino acids valine, phenylalanine, lysine, histidine, and
threonine suggesting the presence of competition for the
same transporter across the placenta that might block
transport [32].

Recently, we have also shown that the maternal con-
centration of most amino acids is significantly increased
within 48 hours after the administration of antenatal cor-
ticosteroids, and this determines that the concentrations
of phenylalanine, methionine, threonine, valine, leucine,
serine, glycine, alanine, glutamine, and proline are also
significantly increased both in the umbilical vein and
artery when compared to controls. However, the umbilical
venoarterial difference of total amino nitrogen was not
significantly different from zero: overall, the results of this
study suggest that, in IUGR pregnancies, corticosteroids
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Table 1: Amino acids transport systems in the human placenta.

Transport system Protein Localization Substrate

Na+-dependent systems

A SNAT1, 2, 4 MVM, BM Neutral amino acids

ASC ASCT1, 2 BM Neutral amino acids

β TAUT MVM, BM Taurine

N SN1 MVM (contested in humans) Histidine, asparagine, glutamine

X−AG EAAT1–4 MVM, BM Anionic amino acids

GLY GLYT1 MV Glycine and sarcosine

B0,+ ATB0,+ ? Cationic and neutral amino acids

Na+-independent systems

L LAT1, 2, 4/4F2hc MVM, BV
Neutral amino acids, branched-chain
amino acids, and tryptophan

y+ CAT1, 4 MVM, BV Cationic amino acids

y+L y+LAT1/4F2hc MVM, BM
Cationic amino acids (neutral amino
acids in the presence of sodium)

b,0,+ rBAT BM Cationic and neutral amino acids

T TAT1 BM Aromatic amino acids

asc asc1/4F2hc BM? Small neutral amino acids and D-serine

MVM: microvillous membrane.
BM: basal membrane.
Modified from [15–17].

Placental barrier

Intervillous space

Microvillous plasma membrane

Basal membrane

Fetal capillary
endothelium

Syncytiotrophoblast
T

aa1

Ex

aa1

aa1

aa2

aa2

aa1

aa1

aa2

aa2

Exaa1

T

?

aa1

aa1

aa1

Na+
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Figure 1: Mechanisms of amino acid transport. Na+-dependent transporters (T) permit the uptake of amino acids (aa) into the cell;
amino acids are actively transported against a concentration gradient, using a Na+ gradient maintained by the Na+/K+ ATPasi. Amino
acid exchangers (Ex) mediate the passage of amino acids by switching the position of one amino acid (aa1) from outside the cell and with
one other (aa2) inside the cell. The transport across the basal membrane is poorly understood: may be mediate by amino acid exchangers

(swapping one amino acid within the syncytiotrophoblast for one in the fetal capillary) or a nonexchanger passage may exist ( ? ) such as
facilitate diffusion. (electron microscopy image: courtesy of GP Bulfamante; Diagram of amino acids transport modified from [15]).
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not only increase maternal protein catabolism but increase
fetal protein catabolism as well. In addition, despite an
increase in protein catabolism, those amino acids with
relatively large bidirectional flux across the placenta, such
as leucine and phenylalanine, do not exhibit large increases
in fetal concentration; on the contrary, other amino acids,
with very little bidirectional flux, such as alanine and
threonine, are trapped within the fetal circulation leading
to the large increase in their concentrations [33]. Whether
corticosteroids have a direct effect on the human placental
amino acid transport systems, as it has been shown in the
mouse placenta [34], needs to be determined.

4.2. Placental Amino Acid Transport and Metabolism. Studies
we have performed in human pregnancies at the time of
fetal blood sampling, during a constant infusion of L-[1-
13C]-leucine, have also shown that the fetomaternal leucine
enrichment ratio progressively decreases in IUGR based
on clinical severity [35]: this suggests not only that the
transplacental flux of leucine is impaired but also a possible
increased protein catabolism in these pregnancies [35]. In
addition, if injected as a bolus into the maternal circulation
of IUGR pregnancies, the fetomaternal enrichment ratio of
two essential amino acids, leucine and phenylalanine, is sig-
nificantly lower than in AGA pregnancies, again suggesting
an impaired placental flux, whereas no differences are present
for the nonessential amino acids, glycine, and proline [36].

However, as recently reviewed [21], some external factors
may regulate the activity of amino acid transporters such as
oxygen level [37], reactive oxygen species [38], insulin [37],
leptin [39], and angiotensin II [40]. Therefore, it remains
to be established whether the impairment of the amino acid
transport system is the cause or the consequence of IUGR: we
have shown that placental MVM system A activity not only
is lower in IUGR compared with normal pregnancies but is
also related to the severity of IUGR [41].

In vivo studies of placental amino acid transport and
metabolism in the ovine heat-stress model of IUGR have
shown a reduced flux of maternal leucine into the placenta
and fetus [42]: this reduction is due to the reduction in
placental and fetal mass and is accompanied by a decreased
uteroplacental utilization of leucine. In addition, since utero-
placental oxygen and glucose consumption rates per gram of
tissue remain within normal limits, the decrease in leucine
utilization is not due to the general decline in metabolic rate
[42]. In the same model, decreased fetoplacental threonine
flux into the fetus and decreased fetoplacental threonine
oxidation rate have been demonstrated indicating a down-
regulation of placental amino acids transport [43].

In severe IUGR fetal lambs (placental and fetal weights
reduced by 40–60%), it has been shown that umbilical
oxygen, glucose, and essential amino acid uptakes are signif-
icantly reduced compared to control animals whereas there
are no differences in moderate IUGR (placental and fetal
weights reduced by 25%) [44]. Two possible explanations
have been proposed for these difference: first, since the pla-
cental diffusional exchange capacity of the severe IUGR fetus
is significantly reduced, compared to AGA and moderate

IUGR, changes in placental permeability and surface area
might act as an impediment to control value uptakes per unit
fetal weight; second, an upregulation of specific placental
transport systems might be present since the mRNA expres-
sion of system L light chain components, LAT-1 and LAT-
2, in severe IUGR is not different from control placentas,
whereas it is significantly elevated in moderate IUGR
[44].

In vitro studies of the human transport of amino acids
have been performed [26]: in vesicle obtained from IUGR
placentas, a reduced uptake of leucine and lysine has been
reported, indicating a reduction of number or activity of
the neutral and cationic amino acids transporters [45];
a decreased transport of taurine in isolated MVM has
also been observed [46], suggesting a reduced activity of
β amino acid transporters. Furthermore, in MVM and
BM vesicles from IUGR placentas, a decreased activity
of system A (a sodium-dependent neutral amino acid
transporter) has been shown [47–49], and the decreased
activity of system A in MVM has been also related to the
severity of IUGR [41]. Table 2 summarizes the alteration of
amino acid transporters in the human placenta in IUGR
pregnancies.

5. Fetal Programming

Evidence suggests that intrauterine fetal life is the mirror of
what happens to human health in adult life [50]: abnormal
intrauterine fetal growth (in excess or defect) is associated
with the development of metabolic syndrome in adult life
[50].

Epigenetic dysregulation may be the link between
intrauterine events and adult disease; data from animal
models suggest that nutrition in pregnancy could result
in epigenetic modification [51]: a low-protein diet during
pregnancy activates the placental amino acid response path-
way in rats and programs the growth capacity of offspring
[52]; moreover, in mice, maternal undernutrition alters the
placental phenotype by adapting the expression of glucose
and amino acids transporters to support fetal growth [53].

The metabolism of the fetus is adaptive and programmed
to respond as expected to postnatal life [54]. Furthermore,
as mentioned earlier, the placenta is a nutrient sensor [18]:
if it senses an environment with low nutrient levels (deficit
of maternal supply, such as in maternal undernutrition,
alteration in substrate and oxygen level in maternal blood,
alteration of placental blood flow), it increases its transport
activity to allow normal fetal growth, by increasing the
passage of nutrients from the maternal to fetal circulation;
on the other hand, if there is an insufficient nutrient supply
at the maternal side, the placenta may decrease its transport
capacity, adapting fetal growth to a lower level, in order to
reduce fetal (and postnatal) demand [55]. In addition, the
placenta may modulate its transport activity even when it
perceives an environment with a high nutritional content,
as in gestational diabetic pregnancies. In these cases, an
upregulation of glucose and amino acids transporters has
been observed [55].
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Table 2: Alteration of amino acids transporters in the IUGR human
placenta.

Transport system MVM BM

Taurine − =

Lysine = −
Leucine − −
System A − =

−: decreased; =: unaltered transporter activity; MVM: microvillous mem-
brane; BM: basal membrane (modified from [18]).

If the intrauterine environment may influence the epige-
netic regulation, it is theoretically conceivable that impaired
placental transport function could affect epigenetic regula-
tion. In other word, the placenta may adapt fetal metabolism,
and, therefore, the transport function of the placenta could
be considered a “programming agent.”
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There is currently considerable uncertainty regarding prescribing practices for pregnant women with severe and persistent psychi-
atric disorders. The physician and the mother have to balance the risks of untreated psychiatric illness against the potential fetal
toxicity associated with pharmacological exposure. This is especially true for women taking atypical antipsychotics. Although these
drugs have limited evidence for teratological risk, there are reports of altered fetal growth, both increased and decreased, with
maternal atypical antipsychotic use. These effects may be mediated through changes in the maternal metabolism which in turn
impacts placental function. However, the presence of receptors targeted by atypical antipsychotics in cell lineages present in the
placenta suggests that these drugs can also have direct effects on placental function and development. The signaling pathways
involved in linking the effects of atypical antipsychotics to placental dysfunction, ultimately resulting in altered fetal growth, remain
elusive. This paper focuses on some possible pathways which may link atypical antipsychotics to placental dysfunction.

1. Introduction

Women of childbearing age appear to be particularly suscep-
tible to the exacerbation of existing mental illness and the
development of new mental illness [1–5]. Indeed, it has been
estimated that over 500,000 pregnancies annually are com-
plicated by psychiatric illness that either precedes pregnancy
or arises during pregnancy [6]. Untreated psychiatric disease
during pregnancy is associated with increased risks for
the mother (including self-harm/suicide, self-neglect, and
reduced compliance with prenatal and postnatal care) and
risks for the child (including impaired fetal development,
infanticide, and impaired mother-child bonding) (reviewed
in [7, 8]). Historically, antipsychotics have been extensively
and effectively used for the treatment of schizophrenia and
bipolar disorder, and more recently they are becoming part
of the treatment of depression [9–12]. Conventional antipsy-
chotics (also known as typical or first generation anti-
psychotics) which were more commonly used to treat these

conditions caused a significant decrease in fertility [13].
However, the newer atypical antipsychotics do not have this
side-effect. As a consequence, the number of women taking
antipsychotics, who are becoming pregnant, is on the rise.
Indeed, appointments at a Motherisk Program Clinic related
to the use of antipsychotic medications increased 170%
between 1989 and 2001; a rise which was for the most part
attributable to an increased use of second-generation or
atypical antipsychotics [14]. The vast majority of women
who use antipsychotics during pregnancy do so because of
ongoing illness. In fact, only in cases of where the first schizo-
phrenic episodes [15] are reported in pregnancy or there
is a risk of puerperal psychosis [16] would the exposure of
antipsychotic exposure be restricted to the pregnancy period.

Functionally, typical antipsychotics exhibit high affinities
for D2 receptors [15, 17] in the mesolimbic, mesocortical
[16], and nigrostriatal dopamine pathways. This, rather non-
specific targeting of dopaminergic pathways, can result in
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a range of undesirable motor disorders [18]. Atypical anti-
psychotics, however, are more selective for the D2 receptors
in mesolimbic pathway as compared to those in the meso-
cortical and nigrostriatal pathways. In addition, they also
target the serotonin receptor subtype 2A (5HT2A) [19] which
may help to reduce the negative side-effects associated with
typical antipsychotics [19, 20]. It is important to note that
the proper correlation between the ratio of the clinical dosage
and D2 receptor affinity necessary to treat the symptoms of
conditions such as schizophrenia has not been completely
established [21].

It is well understood that the suitability of antipsychotic
medications during pregnancy is a balance between the risks
of adverse obstetrical and neonatal outcomes and the risks
associated with untreated or inadequately treated psychiatric
illness. The most common atypical antipsychotics adminis-
tered during pregnancy are Olanzapine, Clozapine, Risperi-
done, Quetiapine, and Aripiprazole [22]. Complicating the
matter further is that almost 40–57% of women taking
atypical antipsychotics during are prescribed a combination
of these drugs (polytherapy) [23–25]. In general, current
practice guidelines discourage changing medications during
pregnancy as this may leave the patient on nontherapeutic
doses during a period of time; a situation which is not in the
best interests of the mother. Therefore, the usual standard
of care dictates that dosages be increased or polytherapy be
implemented.

Although general clinical practice guidelines have been
established (ACOG, 2008) [9], there remains significant
uncertainty regarding effects of these drugs on the fetus. To
date, the teratogenic effects of antipsychotic exposure have
received significant attention; however, the effects of these
medications on long-term health outcomes of the offspring
have not been well studied. In adults, one of the major
side-effects of antipsychotic use is the dysregulation of body
weight homeostasis (reviewed in [26, 27]). Similarly, mater-
nal use of antipsychotics has been reported to result in aber-
rant fetal growth. Indeed maternal antipsychotic use has been
reported to result in an increased incidence of both low and
high birth weight relative to the general population [23, 24,
28, 29]. Since being either too small or too large at birth
is a risk factor for the development of metabolic syndrome
in postnatal life [30–32], children exposed to antipsychotic
medications in utero may be at increased risk of developing
obesity in postnatal life. However, there are no human studies
which have tested this hypothesis and the mechanism(s) by
which atypical antipsychotics may affect fetal growth have
yet to be elucidated. It is very difficult to decipher, based on
the available literature, why atypical antipsychotics can cause
both small for gestational age (SGA) and large gestational age
(LGA) fetuses. For example, McKenna et al. [23] report an
increased risk of SGA in women taking the atypical antipsy-
chotics Olanzapine, Risperidone, Quetiapine, and Clozapine.
In contrast, Newham et al. [24] report an increased risk of
LGA for women taking the atypical antipsychotics Amisul-
pride, Clozapine, Olanzapine, Quetiapine, and Risperidone.
Since the sample sizes in these studies are small for women
taking each of the individual drugs, the risks associated with
each drug cannot be accurately reported. Furthermore, the

paucity of data evaluating the action of antipsychotics in
pregnancy using animal models makes the discussion of
mechanisms for these drugs difficult.

2. Maternal Antipsychotic Use and
Altered Birth Weight: Mechanisms

2.1. Atypical Antipsychotics and Maternal Metabolic Derange-
ment. It is well accepted that atypical antipsychotic use can
alter body weight homeostasis in humans and nonpregnant
rodent models, resulting in significant drug-induced weight
gain and visceral fat accumulation [26, 27, 33], an effect
which is more pronounced in females [34]. The weight gain
varies among the atypical antipsychotics, ranging from 2 to
in excess of 25 kg [27, 35], and can affect up to 60% of
patients after 3–12 months of use [34]. Furthermore, there
is now considerable evidence from animal experiments and
clinical studies that the use of atypical antipsychotics is a
major risk factor for impaired glucose homeostasis and type
2 diabetes in the nonpregnant population [26, 27, 36–40].
However, the effects of atypical antipsychotics on gestational
weight gain, postpartum weight retention, and gestational
diabetes have not been systematically addressed; although,
one study has reported that the use of antipsychotics
during pregnancy significantly (OR 1.78, 95% CI 1.04–3.01)
increases the risk of developing gestational diabetes [41]. In
addition to metabolic consequences of antipsychotic medi-
cations, there are a number of other risk factors which may
explain the increased incidence of diabetes in mentally ill
patients including hereditary factors, poverty and poor access
to good nutrition, physical inactivity, and antipsychotic med-
ication use (reviewed in Holt et al., 2004 [42]). These changes
in glucose homeostasis may explain, in part, the increased
incidence of large for gestational age (LGA) babies born to
women taking atypical antipsychotics during pregnancy as
LGA is regarded as the most common fetal complication
when women have GDM or preexisting diabetes [43–46].

The mechanisms by which atypical antipsychotics can
cause maternal obesity and dysglycemia are varied, and the
relative contribution of each pathway to an aberrant meta-
bolic state is not completely understood. Atypical antipsy-
chotic-induced weight gain and fat accumulation may be the
result of altered food intake (i.e., hyperphagia and decreased
satiety) [47–50], direct effects of the drug on adipocytes to
alter lipogenesis and lipolysis in favour of lipid accumulation
[51–53], or effects on peripheral tissues to induce insulin
resistance [51, 54, 55]. This insulin resistance in combination
with increased gluconeogenesis [51, 54, 56] and impaired
insulin secretion from the pancreatic beta cell [55, 57, 58]
may in turn be responsible for the observed increase in type
2 diabetes with the use of atypical antipsychotics. However,
there is a great deal of heterogeneity amongst the responses
evoked by different antipsychotics. Indeed, while some evoke
insulin release, others such as Risperidone, Ziprasidone, and
Quetiapine do not [59]. The paucity of data using individual
antipsychotics makes it difficult to conclude how these drugs
induce such heterogeneous responses. Regardless of the
mechanism, aberrant maternal glucose control and maternal
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Figure 1: Atypical antipsychotics may impact fetal growth, by altering placental function. Atypical antipsychotics (AA) such as Clozapine
are known to effect liver and pancreas function. Such effects can result in altered systemic glucose levels. During pregnancy, this can result
in gestational diabetes or contribute to increased nutrient transport across the placenta. In addition, AA can be directly transported across
the maternal-fetal interface and potentially impact fetal metabolic balance. However, AAs in the maternal system could impact placental
development or function and alter the release of endocrine factors which would impact on fetal growth and development. ∗Adapted from
[72].

obesity can have significant implications for the long-term
health of both the mother and her child.

There is compelling evidence that obesity in women,
whether as a result of prepregnancy obesity, excessive ges-
tational weight gain, and/or postpartum weight retention, is
associated with an increased risk for many pregnancy-related
health complications such as gestational diabetes and hyper-
tensive disorders of pregnancy [60, 61]. In addition, maternal
obesity also considerably increases the risk of fetal compli-
cations such as spontaneous abortion, stillbirth, congenital
anomalies, neonatal death, and altered fetal growth. Indeed,
in humans, obesity during pregnancy is associated with a sig-
nificantly increased risk of macrosomia (commonly defined
as birth weight≥4500 g (8 lb 13 oz to 9 lb 15 oz)) as well as an
increased risk of delivering a low birth weight baby [43, 60,
62–66]. Similarly, animal studies have also shown that mater-
nal overweight and obesity results in altered fetal growth with
reports of both increased and decreased birth weight [30, 67–
69]. Therefore, based on the well-documented relationships
between maternal obesity/diabetes and altered fetal growth,
it is plausible that the altered fetal growth in women taking
atypical antipsychotics may be a reflection of antipsychotic-
induced changes in maternal metabolic or nutritional status
[70]. In addition to the impact of maternal metabolic status
on the pregnancy, atypical antipsychotics may also be trans-
ferred across the placenta and directly impact fetal growth.
While there is limited evidence quantifying the extent to
which these drugs are transferred across the placenta, the
work of Schenker et al. [71] suggests that somewhere in the
range of 5–14% of a labeled olanzapine can be transferred
from maternal to fetal system in 4 h. However, the effects of
atypical antipsychotics on fetal growth may be also mediated
via altered placental development and/or function (Figure 1).

2.2. The Placenta as a Target of Atypical Antipsychotics. Pro-
spective and retrospective analyses of maternal antipsychotic

use and fetal outcomes have provided evidence that the use
of atypical antipsychotics during pregnancy can result in
dysregulated fetal growth. The results from these studies are
conflicting; with some studies reporting that maternal use of
atypical antipsychotics results in an increased incidence of
high birth weight babies relative to the normal population
and some studies reporting an increased incidence of low
birth weight babies [23, 24, 28, 29]. Such observations sug-
gest the actions of atypical antipsychotics on fetal growth
may be described as a “U” shaped growth curve. Understand-
ing the mechanisms driving such complex interrelationships
may prove to be difficult, but the most likely place to initiate
this search may be placental development and function.

Mechanistically, it is known that atypical antipsychotics
can act via dopamine D2 or serotonin 5-HT2A receptors [73].
In addition to their well documented, but rather heteroge-
neous effects on various regions of the brain, the atypical
antipsychotics also affect a number of the other tissues.
Recent work from Viau and colleagues reports the identifica-
tion of the 5-HT2A serotonin receptor in human trophoblasts
[74], a lineage of cells which are of central importance to pla-
cental development and function. However, the role of this
receptor in placental development and function remains
unclear. In other cell types, signaling via the 5-HT2A receptor
has been shown to affect cellular differentiation, prolifera-
tion, and migration, all of which are central to the function
of placental trophoblast cells in the establishment of proper
placentation [75, 76]. Such a relationship becomes more rel-
evant because serotonin is synthesized de novo in human tro-
phoblast cells where it likely serves an important endocrine,
paracrine, and autocrine role in regulating placental function
[77]. Indeed, treatment of cultured trophoblasts, BeWo and
JEG-3 cells, with serotonin results in increased aromatase
activity; an effect which may result in altered estrogen bio-
synthesis [77]. Control of estrogen biosynthesis is important
not only for successful implantation of the blastocyst but also
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for the regulation of leptin expression (review in [78]). Such
regulation may be important in modulating fetal metabolism
[79] and organ development [80]. Furthermore, the levels of
leptin in both maternal and fetal plasma have been associated
with the regulation of fetal growth [81, 82]. Taken together,
this evidence raises the possibility that atypical antipsy-
chotics may affect fetal growth through the regulation of
estrogen biosynthesis and leptin expression.

Dopamine receptors, another target of atypical antipsy-
chotics, are also known to be present in the human placenta
[83], in trophoblast cells [84]. Two subtypes, D1 and D2

receptors, have been localized to the spongiotrophoblasts and
giant cells of the junctional zone of rat placenta at gesta-
tional days 12–16 (term 21–23 days). These cell lineages play
important roles in the establishment, development, and
maintenance of pregnancy in rodents [85, 86]. Like the
serotonin receptor, D2 receptors have also been linked to
important hormone regulatory processes such as the inhi-
bition of basal and hormone stimulated release of human
placental lactogen (hPL) from trophoblast cells [87]. Fur-
thermore, the observation that the pattern of D2 receptor
expression varies during the course of a normal pregnancy
argues for an important role for dopamine signaling during
placental/fetal development [87, 88]. While the function of
these receptors have not been directly related to altered fetal
growth, their presence in the placenta suggests that drugs
which target these receptors may have potential regulatory
consequences for placental function and fetal development.
While compounds such as Clozapine also have a relatively
high affinity for the dopamine D4 receptor subtype, [89]
which has been detected in the placenta [90], the functional
role(s) of these receptors in placenta have not been explored.

3. Atypical Antipsychotics and Fetal Growth:
The Role of the Placenta

There is currently a paucity of data supporting the direct
action of atypical antipsychotics on placental function. How-
ever, it is biologically plausible that this class of drugs might
impact placental function given the presence of the putative
receptors for these drugs on trophoblast cells as discussed
above. Moreover, activation of dopamine receptors by other
drugs, namely, bromocriptine, has been shown to alter the
expression of Pit-1; a pituitary-specific transcription factor
which is synthesized in the rat placenta and is involved in the
regulation of rat placental lactogen (rPL) gene expression, a
hormone known to impact fetal development [91]. Alterna-
tively, atypical antipsychotics may affect placental develop-
ment and/or function via alterations in oxidative stress in this
tissue.

4. Oxidative Stress: A Potential Mode of
Action for Atypical Antipsychotics

Oxidative stress is a term used to describe the imbalance
between the production of reactive oxygen species and the
ability of the cell to limit their damage. There is some
evidence that Olanzapine and Quetiapine may act as antioxi-
dants in cultured peripheral neurons by decreasing oxidative

stress associated with an increased accumulation of β-
amyloid protein [92, 93] and can even work to reverse the
effects of compounds known to increase oxidative stress [94].
However, the majority of evidence suggests that atypical
antipsychotics are associated with increased oxidative stress
[95, 96]. These, apparently, divergent effects of atypical anti-
psychotics may once again reflect the paucity of data in this
area of research. Systematic investigation of these drugs on
both neuronal and uterine systems will be important under-
standing the effects of these drugs on cellular stress response
pathways.

Clozapine, Olanzapine, and Aripiprazole have been
found to differentially evoke oxidative stress in different
regions of the brain [97]. For example, chronic treatment
(28 days) of rats with Clozapine increased oxidative damage
in the hippocampus. Olanzapine and Aripiprazole actually
decreased oxidative damage in the prefrontal cortex, despite
the observation that the Aripiprazole increased mitochon-
drial superoxide formation, a radical species known to cause
both mitochondrial and cytosolic oxidative damage [98, 99],
in the same tissue. Atypical antipsychotics have also been
linked to increased superoxide formation and apoptosis in
naı̈ve neutrophils [100]. Furthermore, Clozapine treatment
of isolated lymphoblasts increased oxidative damage of a
limited group of proteins. Many of these proteins were asso-
ciated with cellular energy metabolism [95]. The increased
damage of proteins associated with cellular metabolism
suggests that the oxidative stress may arise from the mito-
chondria; known to be a primary producer of cellular super-
oxide [101]. Production of free radicals from mitochondrial
sources tends to preferentially damage mitochondrial pro-
teins [101], the majority of which are associated with energy
metabolism. Evidence that mitochondria are a target of
atypical antipsychotics arises from the observation that the
cerebral cortex and hippocampus of rats exposed to Clozap-
ine exhibited altered mRNA expression for 14 mitochondrial
proteins. Six of these proteins comprise various subunits of
the electron transport chain, including complex I as well
as complex V (ATP synthase) [102]. This is particularly
pertinent to oxidative stress since inhibition of the mitochon-
drial respiratory chain inhibition is known to be associated
with increased oxidative stress [101, 103]. While typical
and atypical antipsychotics have both been shown to inhibit
mitochondrial complex I activity [104, 105], the inhibitory
effects of atypical antipsychotics generally require higher
concentrations [104]. There are only minimal inhibitory
effects of antipsychotics reported on complex II of the mito-
chondria [104, 106, 107]. Complex III and IV functions do
not appear to be affected [108]. In addition, activation of the
5-HT2A receptor has also been associated with mitochondrial
biogenesis [109]. Taken together, it is feasible to propose that
some of the actions of the atypical antipsychotics may occur
via mitochondrially generated oxidative stress in the placenta
especially since the placenta is characterized by particularly
high levels of mitochondria [110]. Increased oxidative stress
along with poor mitochondrial function in the placenta has
been linked to growth restriction and premature fetal demise
[111]. Mechanistically, oxidative stress may impact the ability
of trophoblasts to transport nutrients between maternal and
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Figure 2: Trophoblast cells contain serotonergic and dopaminergic receptors. Trophoblast cells, which are of central importance to placental
development and function, contain 5-HT2A and D1, D2, and D4 receptors. All of these are pharmacological targets of atypical antipsychotics
(AA). While the role of the D4 receptor in mediating the effects of AA is not currently well understood, the D1 and D2 have been associated
with mitochondrial dysfunction. Mitochondrial dysfunction has been linked to increased trophoblast oxidative stress and altered fetal
growth. This may be mediated in part through changes in the released levels of endocrine factors.

fetal circulation or carry out their endocrine functions [112].
However, the exact linkage between placental oxidative stress
and altered fetal growth and development remains undiscov-
ered (Figure 2).

Oxidative stress and endoplasmic reticulum (ER) stress
have been linked and may jointly influence a number of
cellular processes [19, 113, 114]. However, there has been
very little work done to determine whether antipsychotics
impact cellular ER stress. Research by Kurosawa et al.
suggests that the atypical antipsychotic Olanzapine alleviates
chemically induced ER stress in cultured neurons [18].
Whether such mechanisms are relevant in in vivo models has
not yet been explored. In addition to their effects on neuronal
function, these drugs also impact reproductive functions
such as fertility [115] and may also effect placental function.
The mechanisms by which these drugs directly, as well as
indirectly (via modulation of metabolic homeostasis), influ-
ence fetal programming need to be more thoroughly investi-
gated.

5. Conclusions

There is currently considerable uncertainty regarding pre-
scribing practices for pregnant women with severe and per-
sistent psychiatric disorders. The physician and the mother
have to balance the risks of untreated psychiatric illness, dur-
ing pregnancy, against the potential fetal toxicity of atypical
antipsychotic medications. Atypical antipsychotics are sus-
pected to be teratogenic, although there are no randomized
controlled studies for obvious ethical reasons [116]. The

adverse metabolic side-effects of these medications com-
pound the risks associated with teratogenicity. Given that the
number of women exposed to atypical antipsychotic drugs
during pregnancy is increasing, it is important to more
clearly delineate the risks associated with the administration
of these drugs. There is limited information regarding their
impact of these compounds on placental development and/
or function. The use of appropriate animal models may be
crucial in understanding the effects of these drugs on fetal
growth and development which have profound consequences
for the long-term health of the offspring.
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Intrauterine stress induces increased risk of adult disease through fetal programming mechanisms. Oxidative stress can be
generated by several conditions, such as, prenatal hypoxia, maternal under- and overnutrition, and excessive glucocorticoid
exposure. The role of oxidant molecules as signaling factors in fetal programming via epigenetic mechanisms is discussed. By
linking oxidative stress with dysregulation of specific target genes, we may be able to develop therapeutic strategies that protect
against organ dysfunction in the programmed offspring.

1. Introduction

This paper addresses the emerging role of oxidant molecules
in fetal programming. Oxidative stress is associated with
the generation of reactive oxygen species (ROS), which have
both physiologic and pathologic roles in the placenta [1],
embryo [2], and the fetus [3–5]. We will address recent
reviews and current studies that present evidence identifying
the impact of oxidative stress on the fetus and how it may
contribute to the permanent alterations in the offspring
through programming mechanisms.

2. Intrauterine Stress and
Fetal Programming

Epidemiological evidence and animal model studies have
identified a clear association between low birth weight
and an increased incidence of hypertension, type II dia-
betes, metabolic syndrome, insulin resistance, and obesity
[6–9]. This was first reported by Dr. David Barker in
relation to the inverse relationship between birth weight
and mortality rate due to cardiovascular disease [10–12]
and systolic blood pressure [13]. Subsequently, babies of
higher than normal birth weight were shown to have

increased risk of metabolic disorders as adults [14, 15].
Extensive study has lead to identifying additional factors
that include altered nutrition, glucocorticoid exposure, and
prenatal hypoxia as intrauterine stressors initiating fetal
programming [8, 9].

The relationship between adult disease (e.g., hyperten-
sion, insulin resistance, diabetes) and birth weight forms
a U-shape curve demonstrating increased risk with both
low [10–12] and high birth weight [16, 17]. The impact
of intrauterine stress on the affected offspring is influenced
by the severity and duration of the insult, as well as,
the gestational age of fetal exposure [8, 9]. In conditions
of maternal undernutrition, the fetus adapts by reducing
its metabolic energy supply to protect critical organs for
survival, first described as the Thrifty Phenotype Hypothesis
[18]. With further study, the Predictive Adaptive Hypothesis
was proposed to describe the fetal response to an anticipated
undernourished postnatal environment [19]. Overnutrition
(i.e., high fat and carbohydrate diet) during pregnancy
also imposes an intrauterine challenge because the fetus is
unable to properly regulate its nutrient excess, resulting in
a greater than normal birth weight [20]. This is likely due
to an imbalance of the appropriate complement of nutrients
required for proper development of the fetal organs [9, 21].
Thus, high or low birth weight, resulting from altered growth
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patterns during intrauterine stress, carries an increased risk
of adult disease for the offspring [6–9].

3. Role of Oxidative Stress in Normal
Fetal Development

The development of the embryo occurs in a relatively low-
oxygen environment. It is highly sensitive to injury to
oxidant molecules because of its low antioxidant capacity
[22, 23]. As placentation progresses, there is increased
oxygen transfer, which increases the cellular generation of
ROS [1]. This initiates a switch in the cellular redox state,
from reduced to oxidized, acting as a driving force for cell
differentiation [23, 24]. ROS serve as signaling molecules that
induce transcription of several genes (e.g. HIF1A, CREB1,
NFKB1) important in oxygen sensing, cell differentiation,
and proliferation [1, 24, 25]. With placental maturation,
there is increased oxygen transfer to the developing fetus,
which is required for sustaining the increased metabolic
rate during the rapid fetal growth phase [2].While both
nutrition and oxygenation are important for fetal growth,
identifying the specific effect of hypoxia in the absence
of altered nutrition is important for understanding the
role of hypoxia in fetal programming. Recent study has
identified the effect of reduced oxygenation, independent
of nutrition, using a chick embryo model [26]. Incubation
of fertilized eggs from hens at high-altitude resulted in
reduced fetal growth compared to eggs obtained from hens
at sea level. The restricted fetal growth occurring at high-
altitude was corrected by incubating fertilized eggs from
high-altitude hens at sea level or by oxygen supplementation
that matched sea level conditions. Thus, in the presence
of adequate nutrition, reduced oxygenation can negatively
impact normal growth and development.

Recent animal studies have identified an important
role of oxidant molecules in fetal cardiovascular function
under normal conditions [3–5]. Antioxidant administration
of melatonin or vitamin C to pregnant sheep increased
umbilical vascular [5] and fetal femoral artery conductance
[4], respectively, by mechanisms associated with increased
nitric oxide (NO) bioavailability following decreased super-
oxide anion levels. In addition, inhibition of superox-
ide anion generation by allopurinol, a xanthine oxidase
inhibitor, attenuated the fetal sheep pressor responses to
phenylephrine and enhanced umbilical vascular conduc-
tance by altering NO bioavailability and activation of β1
adrenoceptor mechanisms, respectively [3]. Thus, oxidant
molecules play an important physiological role in normal
fetal cardiovascular homeostasis. A delicate balance may exist
between optimal oxygen levels and the generation of ROS
molecules during gestational periods of embryonic and fetal
development.

4. Intrauterine Stress and Hypoxia

Fetal hypoxia is one of the most significant challenges
facing obstetric clinical practice. Intrauterine stress can be
generated under conditions of placental insufficiency [27],

preeclampsia [28], high-altitude environments [29–33], and
exposure to toxic substances [34]. High-altitude living
exposes populations to hypobaric hypoxia and imposes a
significant challenge to the pregnant woman and her devel-
oping fetus. Low birth weight and preeclampsia are common
characteristics of high-altitude pregnancies [29–33]. The
risk of small size at birth is associated with the increased
incidence of high blood pressure and heart disease in the
adult offspring [31]. While preeclampsia is associated with
oxidative stress [28], it is unclear whether oxidative stress
contributes to pregnancy complications that occur at high-
altitude.

Animal studies have shown that intrauterine hypoxia
induces fetal growth restriction [26, 35], cardiovascular
dysfunction [36, 37], and multiorgan morbidities of the
fetus associated with brain [38–40], heart [41–44], liver [45–
47], and kidney [7, 48]. Further, recent studies have linked
prenatal hypoxia to an increased risk of cardiac [4, 5, 36, 46,
49, 50], vascular [51–53], and metabolic [46] dysfunction in
the offspring. Thus, the condition of intrauterine hypoxia
impacts the fetus on a multiorgan level and increases the
risk of adult disease via mechanisms associated with fetal
programming [8, 54].

Understanding the impact of intrauterine hypoxia and
its generation of ROS during gestation is important for
understanding the consequences of both fetal and neonatal
outcomes. The effect of ROS on both genetic and epigenetic
mechanisms is implicated in the underlying cause of fetal
programming although further study is needed. Understand-
ing the contribution of ROS in fetal programming will greatly
improve our understanding of the impact of oxidative stress
on the long-term consequences contributing to organ injury
of programmed offspring.

5. Generation of Oxidative Stress

Oxidative stress occurs when the generation of reactive
oxidant molecules exceeds the capacity of the cell’s antiox-
idant defense mechanisms. Both enzymatic (i.e., MnSOD,
CuZnSOD, Catalase) and nonenzymatic (GSH/GSSG, per-
oxiredoxin, thioredoxin, ascorbic acid or Vitamin C, toco-
pherol or Vitamin E) antioxidant pathways are present to
combat excessive ROS generation. The major ROS molecules
include superoxide anion (O−

2 ), hydroxyl radical (•OH),
and hydrogen peroxide (H2O2), as well as, others generated
by their interaction with reactive molecules, such as, NO
and peroxynitrite [55]. Superoxide anions are generated
by plasmalemmal- and mitochondrial-associated NADPH
oxidases, xanthine oxidase, mitochondrial respiration and by
products of several metabolic pathways, such as, fatty acid
oxidation [55]. The predominant generators of ROS are cell
type specific and their formation is dependent on the cell’s
metabolic energetics [56, 57]. Mitochondria are considered
primary generators of O−

2 under conditions of reduced
oxygen [55, 56] although xanthine oxidase has been shown
to contribute significantly to cardiovascular homeostasis in
fetal sheep [3–5]. Under normal oxygen conditions, the
electron transport chain leaks O−

2 from Complexes I and III,
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which are normally balanced by mitochondrial SOD (i.e.,
MnSOD) [57]. With hypoxia, a reduction of molecular O2,
as the electron acceptor at terminal complex IV, can result
in leakage of electrons and generation of O−

2 leading to
oxidative stress [57].

Targets of oxidative stress include phospholipid mem-
branes, proteins, and nucleic acids [58]. Plasma and
organelle membranes are particularly vulnerable to oxidative
stress because phospholipids are easily oxidized by O−

2 .
ROS molecules can directly interact with both proteins and
DNA to oxidize aminoacids, which disrupt normal structure
and function. In addition, mitochondria are predominant
targets of oxidative stress because the mitochondrial genome
lacks histones and has fewer DNA repair mechanisms than
the nucleus [59]. Damage to mitochondrial proteins and
membranes can lead to further mitochondrial dysfunction.
This can result in a positive feedback mechanism by which
failure of only a few mitochondria, injured by oxidative
stress, can recruit an entire network of mitochondria to fail
[60]. Thus, organs that have a high reliance on oxidative
phosphorylation and β-fatty acid oxidation may be more
vulnerable to oxidative stress both in utero and after
birth.

6. Role of Reactive Oxygen Molecules
in Epigenesis

Oxidant molecules can directly interact with DNA base pairs
causing both genetic, as well as, epigenetic changes, the
latter through alterations in DNA methylation and histone
modification [61]. The cellular redox status influences gene
expression and cell differentiation [23, 61]. The influence of
ROS on epigenetic alterations in DNA methylation has been
extensively studied in cancer [59]. Recently, the influence
of ROS on DNA methylation is considered an important
process of altered gene expression [59, 61]. Epigenesis is a
process by which gene expression is either suppressed or
enhanced without changes in primary DNA sequences but
rather changes in the capacity of transcriptional control
regions to induce gene expression [59].

DNA methylation is a prominent modification that
leads to gene suppression of mRNA transcription and
protein synthesis [59]. DNA methyltransferases methylate
CpG islands, which influence the binding of transcription
factors and/or their coregulators. Besides serving as signaling
factors in transcription, ROS can interact directly with DNA
resulting in oxidative damage and DNA breaks. Further,
oxidant-mediated DNA breaks provide access to sites for
DNA methyltransferases, which promote DNA methylation.

Modification of gene expression can also occur by
altering the regulatory roles of histones. Chromatin is DNA
wound around histones and gene expression is regulated by
allowing access of transcription factors and RNA polymerase
to DNA binding sites. Aminoterminal tails of histones
are susceptible to posttranslational modification, such as,
methylation, acetylation, phosphorylation, and ubiquitina-
tion [59]. Besides acting as signaling molecules in modifying

histone function, ROS can also directly interact with histones
resulting in disruption of normal gene expression.

7. Oxidative Stress and Fetal Programming

Fetal origins of adult disease are associated with several
causative mechanisms depending on the conditions of
intrauterine stress [6, 54, 62]. The role of oxidative stress in
fetal programming is supported by epidemiological evidence
of oxidant indices and low birth weight in association
with type 2 diabetes [63], cardiovascular disease [64], and
preeclampsia [28]. Thus, oxidative stress may be a con-
necting link between intrauterine insult and programming
consequences after birth.

Children (8–13 years old) born growth restricted exhibit
increased levels of lipid peroxidation and have higher blood
pressures compared to age-matched children of normal
birth weight [65–67]. Intrauterine growth-restricted (IUGR)
infants had increased serum levels of both oxidant (lipid
peroxidation and DNA damage) and antioxidant indices
(superoxide dismutase, catalase, glutathione peroxidase)
[68]. Indices of lipid peroxidation were elevated in placenta
of women with preeclampsia [69, 70] and in plasma or
serum of women with IUGR fetuses [71–73]. Oxidative
stress associated with pregnancy complications may be a
contributing factor in postnatal consequences of the neonate.

Animal studies support the hypothesis that oxidative
stress induces programmed phenotypes in the adult off-
spring. Pregnant rats fed a low-protein diet have offspring
(10–12 weeks old) that exhibit elevated arterial blood
pressures and increased vasoconstrictor responsiveness to
angiotensin II [74]. Prenatal treatment with the antioxidant
agent, lazaroid, prevented the alterations in the cardiovas-
cular responses associated with maternal protein restriction.
In a separate study, maternal low-protein diet impaired
the recovery to ischemia/reperfusion injury of offspring rat
hearts, which was reduced with postnatal administration of
the antioxidant, N-acetylcysteine [75]. Maternal adminis-
tration of the steroid, dexamethasone, generates offspring
that exhibit increased ROS production (i.e., H2O2) in the
coronary circulation [76] and in mitochondria of hearts of
programmed sheep [77]. Postnatal glucocorticoid admin-
istration to 1–6-day-old rat pups increased vasoconstrictor
responsiveness to KCl and the thromboxane analog, U46619,
which was restored to normal function with Vitamin C and
E treatment [78] suggesting that excessive glucocorticoid
exposure promotes oxidative stress.

Prenatal hypoxia has been shown to generate oxidative
stress in fetal hearts in a variety of animal species, such as,
sheep [79], rat [36, 41], and guinea pig [42–44]. Maternal
hypoxia increases expression levels of fetal cardiac inducible
NO synthase [42, 44], nitrotyrosine [36, 43], heat shock pro-
tein 70 (HSP70) [36, 80], proinflammatory cytokines [81],
and matrix metalloproteinases [44, 81–83] suggesting the
generation of oxidative and inflammatory stress as causative.
Prenatal treatment with the antioxidant, N-acetylcysteine,
inhibited the hypoxia-induced increase in peroxynitrite
levels and fibrosis in fetal guinea pig heart ventricles [43].
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Prenatal vitamin C inhibited the hypoxia-induced increase
in fetal cardiac HSP70 expression and adult myocardial
contractility associated with β1 adrenoceptor stimulation
in rat offspring [36]. With prenatal hypoxia, hearts of
6 month old male rat offspring exhibit reduced recovery to
ischemia/reperfusion injury [80] in a sex-dependent manner
with males more vulnerable than females [84] suggesting
a protective influence of estrogen. In addition, exposure
to prenatal hypoxia reduces cardiac efficiency of isolated
perfused hearts of 4- and 12-month-old rat offspring during
reperfusion following an ischemic period. The prenatal
hypoxic insult causes growth restriction of the offspring
and alters cardiac performance attributed to reduced glucose
oxidation [49]. Furthermore, hyperoxic exposure of neona-
tal rats increases ROS production and is associated with
increased systolic blood pressure and vascular dysfunction
in adults [85]. Taken together, these studies suggest that
oxidative stress is an important stressor that impacts the
fetal heart and initiates cardiovascular programming of the
offspring.

Prenatal hypoxia has also been shown to alter vascular
reactivity of the adult offspring [51–53]. Myogenic response
of mesenteric arteries from male 7-month-old rats exposed
to prenatal hypoxia was greater compared to their normoxic
controls [53]. This was attributed to reduced NO and
vasodilator prostaglandin bioavailability in the offspring
arteries. In separate studies, isolated mesenteric arteries of
4- and 12-month old rats exposed to hypoxia in utero
exhibited decreased flow-mediated vasodilation in a pressure
myograph [51] and endothelium-dependent relaxation to
methacholine stimulation in a wire myograph [52]. A
hypoxia-induced decrease in dilator responsiveness was
associated with a decrease in NO-dependent relaxation in the
offspring that was attributed to mechanisms associated with
a premature aging process. The role of oxidative stress was
not investigated.

In addition, other organs are affected by oxidative stress
during fetal development. Reduced placental perfusion is
associated with oxidative stress in IUGR fetuses [72, 86–89].
Pancreatic β cells of offspring of IUGR fetuses are vulnerable
to oxidative stress because of a low-antioxidant capacity and
exhibit increased ROS production and impaired ATP gener-
ation [90]. Prenatal hypoxia increased DNA fragmentation
and lipid peroxidation in fetal guinea pig livers, which was
reversed by the antioxidant, N-acetylcysteine [46]. In livers
of IUGR offspring, there is an upregulation of MnSOD as
a compensatory adaptation that counters the decrease in
pyruvate oxidation [91]. Prenatal hypoxia decreases insulin-
signaling proteins in livers but not skeletal muscle of rat
offspring [47]. Oxidative stress in hepatic tissue renders the
adult liver susceptible to nonalcohol-associated fatty liver
disease [92]. The kidney also plays an important role in
programmed hypertension when exposed to an intrauter-
ine environment that alters oxidative stress pathways. A
homozygous NO synthase 3 deficient mouse was cross bred
to generate paternally and maternally derived heterozygous
offspring with high blood pressures [93]. Offspring that
developed in a high-oxidative stress environment exhibited
increased expression of peroxiredoxin, HSPB6, SOD-1, and

PPARγ in kidney but not liver tissue, compared to their
counterparts who developed in a normal environment,
identifying a role of oxidative stress in contributing to devel-
opmental programming of kidney-associated hypertension.
Overall, reduced fetal oxygenation may impart organ-specific
dysfunction via oxidative stress.

8. Oxidative Stress and Epigenetic Mechanisms
of Fetal Programming

Animal studies have generated strong support for the role
of epigenesis in response to altered maternal nutrition as
an important programming mechanism in the offspring
[94–96]. Both over- and undernutrition have been reported
to induce DNA methylation of selected gene promoter
regions [94–96]. Oxidative stress has also been identified as
a contributing factor in epigenetic mechanisms [23, 61, 95,
96]. The role of oxidative stress in contributing to epigenetic
modifications, independent of nutritional effects, warrants
further study. The challenge is to link oxidative stress during
pregnancy to specific target sites of epigenetic change in
the offspring. Because ROS interacts promiscuously, we are
limited in our ability to identify ROS-specific signaling
within the cell [97].

Despite these limitations, intrauterine hypoxia and IUGR
have been shown to alter DNA methylation of selected
genes in several tissues including placenta [98], heart
[99, 100], pancreas [101], liver [95], adrenal gland [102]
and pulmonary arteries [103]. The following studies have
identified specific target genes in fetal and offspring organs
whose expression is altered by changes in DNA methylation
associated with intrauterine hypoxia, IUGR, and protein
restriction.

Chronic fetal hypoxia has been shown to decrease protein
kinase C epsilon (PKCε) mRNA and protein expression in
fetal and adult rat hearts [84]. The hypoxia-induced decrease
in PKCε expression is associated with methylation of CpG
sites, specific for two SP1 binding sites in the PKCε promoter
region in both ex vivo treatment of fetal hearts and in H9c2
cells, an isolated embryonic ventricular myocyte cell line
[99]. The epigenetic modification by hypoxia was further
demonstrated by restoring the decrease in PKCε mRNA and
protein expression by inhibiting DNA methyltransferase I
with 5-aza-2′-deoxycytodine. This study links the epigenetic
modification of PKCε expression in adult offspring hearts
with prenatal exposure to chronic hypoxia.

In pulmonary arteries of offspring mice exposed to two
weeks of hypoxia during pregnancy, DNA methylation was
increased and was associated with reduced pulmonary artery
endothelium-dependent vasodilation [103]. The hypoxia-
induced decrease in dilator responses to acetylcholine was
reversed in the presence of histone deacetylase inhibitors,
buryrate, and trichostatin A, in association with reduced
DNA methylation.

The fetal pancreas is vulnerable to oxidative stress
because of its reduced antioxidant capacity [104, 105]. In
IUGR, rat pancreas exhibited reduced gene expression of
the transcription factor, PDX1, which regulates pancreatic
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development and β-cell differentiation [101]. Pancreatic β
cells of IUGR rat fetuses,exhibited reduced expression of
Pdx1, a homeobox gene required for pancreatic development
and insulin production, as a result of epigenetic mod-
ifications throughout development [106]. The inhibition
of Pdx1 expression progressed in IUGR fetuses after the
recruitment of histone deacetylase 1 to the Pdx1 promoter
and subsequent demethylation of histones H3 and H4. In 2-
week-old and 6-month old islets [106], H3 was permanently
methylated. It is proposed that progressive DNA methylation
inhibits gene expression and may link gene silencing in
the β cells to the development of a diabetic phenotype
[84]. Although not hypoxia-induced, protein restriction
increases the expression of peroxisome-proliferator-activated
receptor alpha (PPARα) protein and glucocorticoid receptors
in the offspring rat liver and is associated with hypomethy-
lation of their promoter regions [96]. In adrenal gland
of rat offspring (4-week-old), maternal protein restriction
increased expression of angiotensin receptor AT1b, which
correlated with hypomethylation of its promoter and was
reversed with maternal administration of 11β-hydroxylase
inhibitor, metyrapone, suggesting that maternal glucocorti-
coid induces changes in methylation in fetal adrenal glands
[102].

Further, excess glucocorticoid exposure during preg-
nancy was also shown to induce epigenetic responses
contributing to programming effects in the offspring [107].
For example, glucocorticoid exposure of isolated cultured
rat hepatocytes induced DNA demethylation of a specific
gene locus (Tat) associated with a glucocorticoid response
unit [108]. This demonstrated that glucocorticoid may
regulate DNA demethylation as a mechanism of modu-
lating gene expression to subsequent stimulation by glu-
cocorticoid receptors. In embryonic cortical neural stem
cells, glucocorticoid decreased global DNA methylation,
which is retained in daughter cells [109]. These stud-
ies implicate glucocorticoid as activating sustained epige-
netic modifications that may result in long-term conse-
quences associated with specific cell-related phenotypes.

9. Conclusions

ROS generated by a variety of intrauterine conditions may be
one of the key downstream mediators that initiates epigenesis
and programming of the offspring. ROS generation normally
is balanced by the cell’s antioxidant defense mechanisms,
which maintains its redox state and is important in physi-
ological regulation in both the embryo and fetus. Prenatal
hypoxia, nutritional deficiency/excess, and glucocorticoid
exposure are each capable of generating excessive ROS
levels by differing mechanisms. Organ-specific responses are
dependent on the relative balance between ROS generation
and the antioxidant capacity of the cell. Identifying the
impact of oxidative stress on gene targets will be important
for understanding the cell-specific responses to intrauterine
stress, as well as, developing therapeutic strategies for
alleviating long-term programmed consequences associated
with adult disease.
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[71] A. Karowicz-Bilińska, U. Kowalska-Koprek, J. Suzin, and P.
Sieroszewski, “Analysis of 8-isoprostane concentration as a
marker of oxidative stress in pregnant women diagnosed with
IUGR,” Ginekologia Polska, vol. 74, no. 10, pp. 1137–1142,
2003.

[72] A. Karowicz-Bilinska, K. Kȩdziora-Kornatowska, and G.
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and I. Durak, “Role of oxidative stress in intrauterine growth
restriction,” Gynecologic and Obstetric Investigation, vol. 64,
no. 4, pp. 187–192, 2007.

[74] G. Cambonie, B. Comte, C. Yzydorczyk et al., “Antenatal
antioxidant prevents adult hypertension, vascular dysfunc-
tion, and microvascular rarefaction associated with in utero
exposure to a low-protein diet,” American Journal of Physiol-
ogy, vol. 292, no. 3, pp. R1236–R1245, 2007.

[75] M. J. Elmes, D. S. Gardner, and S. C. Langley-Evans,
“Fetal exposure to a maternal low-protein diet is associated
with altered left ventricular pressure response to ischaemia-
reperfusion injury,” British Journal of Nutrition, vol. 98, no. 1,
pp. 93–100, 2007.

[76] R. D. Roghair, F. J. Miller, T. D. Scholz, F. S. Lamb, and J. L.
Segar, “Endothelial superoxide production is altered in sheep
programmed by early gestation dexamethasone exposure,”
Neonatology, vol. 93, no. 1, pp. 19–27, 2007.

[77] N. H. Von Bergen, S. L. Koppenhafer, D. R. Spitz et al., “Fetal
programming alters reactive oxygen species production in
sheep cardiac mitochondria,” Clinical Science, vol. 116, no.
8, pp. 659–668, 2009.

[78] E. A. Herrera, M. M. Verkerk, J. B. Derks, and D. A.
Giussani, “Antioxidant treatment alters peripheral vascular
dysfunction induced by postnatal glucocorticoid therapy in
rats,” PLoS ONE, vol. 5, no. 2, Article ID e9250, 2010.

[79] J. B. Derks, M. A. Oudijk, H. L. Torrance et al., “Allopurinol
reduces oxidative stress in the ovine fetal cardiovascular
system after repeated episodes of ischemia-reperfusion,”
Pediatric Research, vol. 68, no. 5, pp. 374–380, 2010.

[80] G. Li, Y. Xiao, J. L. Estrella, C. A. Ducsay, R. D. Gilbert, and
L. Zhang, “Effect of fetal hypoxia on heart susceptibility to
ischemia and reperfusion injury in the adult rat,” Journal of
the Society for Gynecologic Investigation, vol. 10, no. 5, pp.
265–274, 2003.

[81] C. Oh, Y. Dong, H. Liu, and L. P. Thompson, “Intrauterine
hypoxia upregulates proinflammatory cytokines and matrix
metalloproteinases in fetal guinea pig hearts,” American
Journal of Obstetrics and Gynecology, vol. 199, no. 1, pp.
78.e1–78.e6, 2008.



8 Journal of Pregnancy

[82] W. Tong and L. Zhang, “Fetal hypoxia and programming of
matrix metalloproteinases,” Drug Discovery Today, vol. 17,
pp. 124–134, 2012.

[83] W. Tong, Q. Xue, Y. Li, and L. Zhang, “Maternal hypoxia
alters matrix metalloproteinase expression patterns and
causes cardiac remodeling in fetal and neonatal rats,” Ameri-
can Journal of Physiology, vol. 301, no. 5, pp. H2113–H21121,
2011.

[84] Q. Xue and L. Zhang, “Prenatal hypoxia causes a sex-
dependent increase in heart susceptibility to ischemia and
reperfusion injury in adult male offspring: role of protein
kinase Cε,” Journal of Pharmacology and Experimental Thera-
peutics, vol. 330, no. 2, pp. 624–632, 2009.

[85] C. Yzydorczyk, B. Comte, G. Cambonie et al., “Neonatal
oxygen exposure in rats leads to cardiovascular and renal
alterations in adulthood,” Hypertension, vol. 52, no. 5, pp.
889–895, 2008.

[86] H. G. Richter, E. J. Camm, B. N. Modi et al., “Ascorbate
prevents placental oxidative stress and enhances birth weight
in hypoxic pregnancy in rats,” Journal of Physiology, vol. 590,
no. 6, pp. 1377–1387, 2012.

[87] N. Potdar, R. Singh, V. Mistry et al., “First-trimester increase
in oxidative stress and risk of small-for-gestational-age fetus,”
An International Journal of Obstetrics and Gynaecology, vol.
116, no. 5, pp. 637–642, 2009.

[88] G. J. Burton, H. W. Yung, T. Cindrova-Davies, and D.
S. Charnock-Jones, “Placental endoplasmic reticulum stress
and oxidative stress in the pathophysiology of unexplained
intrauterine growth restriction and early onset preeclamp-
sia,” Placenta, vol. 30, pp. 43–48, 2009.

[89] A. Casasco, A. Calligaro, M. Casasco et al., “Immunohisto-
chemical localization of lipoperoxidation products in normal
human placenta,” Placenta, vol. 18, no. 4, pp. 249–253, 1997.

[90] R. A. Simmons, I. Suponitsky-Kroyter, and M. A. Selak,
“Progressive accumulation of mitochondrial DNA mutations
and decline in mitochondrial function lead to β-cell failure,”
Journal of Biological Chemistry, vol. 280, no. 31, pp. 28785–
28791, 2005.

[91] I. E. Peterside, M. A. Selak, and R. A. Simmons, “Impaired
oxidative phosphorylation in hepatic mitochondria in
growth-retarded rats,” American Journal of Physiology, vol.
285, no. 6, pp. E1258–E1266, 2003.

[92] G. H. Koek, P. R. Liedorp, and A. Bast, “The role of oxidative
stress in non-alcoholic steatohepatitis,” Clinica Chimica Acta,
vol. 412, no. 15-16, pp. 1297–1305, 2011.

[93] L. M. Ghulmiyyah, M. M. Costantine, H. Yin et al., “The
role of oxidative stress in the developmental origin of
adult hypertension,” American Journal of Obstetrics and
Gynecology, vol. 205, no. 2, pp. 155.e7–155.e11, 2011.

[94] J. C. Mathers and J. A. McKay, “Epigenetics-potential
contribution to fetal programming,” in Early Nutrition
Programming and Health Outcomes in Later Life: Obesity and
Beyond, B. Koletzko et al., Ed., pp. 119–123, Springer Science
+Business Media, 2009.

[95] W. D. Rees, H. H. Susan, D. S. Brown, C. Antipatis,
and R. M. Palmer, “Maternal protein deficiency causes
hypermethylation of DNA in the livers of rat fetuses,” Journal
of Nutrition, vol. 130, no. 7, pp. 1821–1826, 2000.

[96] K. A. Lillycrop, E. S. Phillips, C. Torrens, M. A. Hanson, A. A.
Jackson, and G. C. Burdge, “Feeding pregnant rats a protein-
restricted diet persistently alters the methylation of specific
cytosines in the hepatic PPARα promoter of the offspring,”
British Journal of Nutrition, vol. 100, no. 2, pp. 278–282, 2008.

[97] T. Finkel, “Signal transduction by reactive oxygen species,”
Journal of Cell Biology, vol. 194, no. 1, pp. 7–15, 2011.

[98] C. P. Gheorghe, R. Goyal, A. Mittal, and L. D. Longo, “Gene
expression in the placenta: maternal stress and epigenetic
responses,” International Journal of Developmental Biology,
vol. 54, no. 2-3, pp. 507–523, 2010.

[99] A. J. Patterson, M. Chen, Q. Xue, D. Xiao, and L. Zhang,
“Chronic prenatal hypoxia induces epigenetic programming
of PKCε gene repression in rat hearts,” Circulation Research,
vol. 107, no. 3, pp. 365–373, 2010.

[100] A. J. Patterson, D. Xiao, F. Xiong, B. Dixon, and L.
Zhang, “Hypoxia-derived oxidative stress mediates epige-
netic repression of PKCε gene in foetal rat hearts,” Cardio-
vascular Research, vol. 93, no. 2, pp. 302–310, 2012.

[101] S. E. Pinney and R. A. Simmons, “Metabolic programming,
epigenetics, and gestational diabetes mellitus,” Current Dia-
betes Reports, vol. 12, pp. 67–74, 2012.

[102] I. Bogdarina, A. Haase, S. Langley-Evans, and A. J. L.
Clark, “Glucocorticoid effects on the programming of AT1b
angiotensin receptor gene methylation and expression in the
rat,” PLoS ONE, vol. 5, no. 2, Article ID e9237, 2010.

[103] E. Rexhaj, J. Bloch, P. Y. Jayet et al., “Fetal programming of
pulmonary vascular dysfunction in mice: role of epigenetic
mechanisms,” American Journal of Physiology, vol. 301, no. 1,
pp. H247–H252, 2011.

[104] S. Lenzen, J. Drinkgern, and M. Tiedge, “Low antioxidant
enzyme gene expression in pancreatic islets compared with
various other mouse tissues,” Free Radical Biology and
Medicine, vol. 20, no. 3, pp. 463–466, 1996.

[105] M. Tiedge, S. Lortz, J. Drinkgern, and S. Lenzen, “Relation
between antioxidant enzyme gene expression and antioxida-
tive defense status of insulin-producing cells,” Diabetes, vol.
46, no. 11, pp. 1733–1742, 1997.

[106] J. H. Park, D. A. Stoffers, R. D. Nicholls, and R. A. Simmons,
“Development of type 2 diabetes following intrauterine
growth retardation in rats is associated with progressive
epigenetic silencing of Pdx1,” Journal of Clinical Investigation,
vol. 118, no. 6, pp. 2316–2324, 2008.

[107] J. R. Seckl, “Prenatal glucocorticoids and long-term pro-
gramming,” European Journal of Endocrinology, Supplement,
vol. 151, no. 3, pp. U49–U62, 2004.

[108] H. Thomassin, M. Flavin, M. L. Espinás, and T. Grange,
“Glucocorticoid-induced DNA demethylation and gene
memory during development,” EMBO Journal, vol. 20, no.
8, pp. 1974–1983, 2001.

[109] R. Bose, M. Moors, R. Tofighi, A. Cascante, O. Herman-
son, and S. Ceccatelli, “Glucocorticoids induce long-lasting
effects in neural stem cells resulting in senescence-related
alterations,” Cell Death and Disease, vol. 1, no. 11, article e92,
2010.



Hindawi Publishing Corporation
Journal of Pregnancy
Volume 2012, Article ID 741613, 8 pages
doi:10.1155/2012/741613

Review Article

Developmental Perturbation Induced by Maternal Asthma during
Pregnancy: The Short- and Long-Term Impacts on Offspring

Vicki L. Clifton,1, 2 Michael Davies,1, 3 Vivienne Moore,1, 3 Ian M. R. Wright,4

Zainab Ali,1 and Nicolette A. Hodyl1

1 Robinson Institute, University of Adelaide, Adelaide, SA 5005, Australia
2 Robinson Institute, University of Adelaide, Lyell McEwin Hospital, Haydown road, Elizabeth Vale, SA 5112, Australia
3 Discipline of Public Health, University of Adelaide, Adelaide, SA 5005, Australia
4 Mothers and Babies Research Centre, Hunter Medical Research Institute, University of Newcastle, NSW 2310, Australia

Correspondence should be addressed to Vicki L. Clifton, vicki.clifton@adelaide.edu.au

Received 5 April 2012; Accepted 6 June 2012

Academic Editor: Timothy Regnault

Copyright © 2012 Vicki L. Clifton et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Maternal asthma is a common disease to complicate human pregnancy. Epidemiological studies have identified that asthma during
pregnancy increases the risk of a number of poor outcomes for the neonate including growth restriction, lower birthweight,
preterm delivery, neonatal resuscitation, and stillbirth. Asthma therefore represents a significant health burden to society and
could have an impact on the lifelong health of the children of women with asthma. Our research has identified that maternal
asthma in pregnancy induces placental dysfunction and developmental perturbation in the fetus in a sex specific manner. These
alterations in development could increase the risk of metabolic disease in adulthood of children of asthmatic mothers, especially
females. In this paper, we will discuss the evidence currently available that supports the hypothesis that children of mothers with
asthma may be at risk of lifelong health complications which include diabetes and hypertension.

1. Introduction

Asthma is a noncommunicable chronic disease that has
major health, social and economic burdens in society. Asth-
ma is generally viewed as a chronic inflammatory condition
of the lung associated with airway remodelling, reversible
airway obstruction, and bronchospasm accompanied by
frequent symptoms of wheeze, cough, and shortness of
breath. It occurs in genetically susceptible individuals and
is often initiated by exposure to allergens, exercise, or viral
infection. The mechanisms leading to its symptoms can be
diverse suggesting there are numerous phenotypes of this
chronic disease [1]. The major questions related to chronic
disease are how to prevent them, effectively treat disease
states, and minimise handicap. Our research work focuses
on both primary prevention for the next generation and
management of conditions in the current generation of
women. This paper considers opportunities for clinically
improving fetal outcomes in pregnancies complicated by

asthma, particularly with regard to reducing the risk of
metabolic disease in offspring.

Asthma is the most prevalent chronic disease to com-
plicate pregnancy in Australia, affecting 12% of pregnant
women and could increase to 20% in the next 5 years [2].
Epidemiological studies we conducted in New South Wales,
Australia have identified that maternal asthma during preg-
nancy increases the risk of a number of poor outcomes for
the neonate including growth restriction, lower birthweight,
preterm delivery, neonatal resuscitation, and stillbirth [3].
These findings are in agreement with international reports
on outcomes of pregnancies complicated by asthma [4, 5].
Asthma therefore represents a significant health burden to
society and that is expected to have an impact on the lifelong
health of the children of women with asthma.

The in utero environment can induce plastic changes in
the fetus and infant predisposing them to disease in later
life [6]. Specifically a lower birth weight has been shown
to be associated with an increased risk of cardiovascular
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and metabolic disease [6]. Furthermore perturbations in
fetal development are not just limited to intrauterine growth
restriction (IUGR) but associated with birth weights within
normal ranges [7]. Studies in laboratory animals have
identified the underlying mechanisms associated with disease
risk in adulthood and have shown that offspring at particular
risk are those animals who had restricted growth in utero
followed by accelerated compensatory growth of certain
body compartments, particularly fat mass before maturity
[8]. Studies in humans show that the association between
birthweight and later disease development is independent
of socioeconomic status and contributions of known adult
lifestyle factors that increase disease risk [7]. Together
these findings have contributed to the predictive adaptive
response (PAR) hypothesis [9] where a developing organism
predicts the external postnatal environment based on the in
utero conditions and subsequently alters its development to
optimise survival in the predicted environment. This survival
strategy increases the chance of survival to reproductive age
at the risk of health consequences in later life.

The in utero mechanisms underlying developmental
perturbation are broadly categorised into four areas: (1)
epigenetics, (2) mitochondrial function, (3) organ and tissue
development, and (4) homeostasis control systems [7].
Maternal disease during pregnancy could lead the fetus to
inappropriately adjust its development through these four
mechanisms which then leads to a mismatch between the
individual and its external environment. We have evidence
to suggest that maternal asthma during pregnancy is a disease
that contributes to placental dysfunction and developmental
perturbation in the fetus [10]. Based on our findings [3] and
a large body of work conducted by others [11], we expect
that maternal asthma has an intergenerational impact and
increases disease risk in the offspring [10, 12]. Moreover,
these perturbations can be sex specific whereby females
reduce their size in response to the presence of maternal
asthma though they are not growth restricted (<10th birth-
weight centile) [13]. Male fetuses appear to continue to grow
normally in response to maternal asthma [13]. However if
asthma worsens with an exacerbation then the female fetus
continues to be small but not growth restricted while the
male responds adversely being either growth restricted or
delivered preterm or stillborn [14]. These specific alterations
in development could increase the risk of metabolic disease
in adulthood of children of asthmatic mothers through the
mechanisms we outline below [13, 15–22].

2. Increased Placental Vascular Resistance in
Pregnancies Complicated by Asthma

Animal studies have demonstrated that the placenta is
important in regulating the development of the fetal car-
diovascular system. The placental vascular bed remains in a
predominantly vasodilated state throughout gestation. The
fetal side of the circulation is directly supplied by fetal cardiac
output that is maintained and constant relative to size for
most of the last half of gestation. When there is increased
placental vascular resistance, the fetal heart adjusts its cardiac
output through changes in its growth to maintain a constant

stroke volume and supply to the placenta. In the sheep
model of increased placental vascular resistance there were
significant effects on the fetus including growth restriction,
myocardial hypertrophy, hypoxaemia and hypertension [23].
This study provides evidence that altered placental vascular
function and morphology can have an adverse effect on fetal
cardiovascular development.

Our research has shown that placental vascular structure
and function [15] are significantly altered in the presence of
maternal asthma in a sex-specific manner. In the presence
of maternal asthma placental structure was altered in the
placentae of male fetuses as demonstrated by a significant
decrease in capillary volume [16]. Other structural changes
in the placentae of male fetuses of pregnancies complicated
by asthma where mothers’ were treated with high dose
inhaled corticosteroids included decreased capillary length
and villi length [16]. Placental vascular function studies iden-
tified that both male and female placentae from asthmatic
pregnancies had reduced vasodilatory capacity suggesting the
presence of increased vascular resistance [15]. Increased pla-
cental vascular resistance may have an impact on in utero car-
diovascular development in children of asthmatic mothers.

3. Altered Homeostatic Control in
Pregnancies Complicated by Asthma

Homeostatic control may be one mechanism that contributes
to developmental perturbation through altering the set
points for hormonal balance and changing tissue sensitivity
to many hormones. Prenatal exposure to excess maternal glu-
cocorticoids is one example of re-setting a homeostatic con-
trol set-point. In the placenta, 11β-hydroxysteroid dehydro-
genase (11β-HSD2) protects the fetus from the potentially
harmful effects of endogenous maternal glucocorticoids, by
acting as a barrier from the much higher levels of cortisol
found in the mother [24]. The main functional isozyme in
the placental syncytiotrophoblast is 11β-HSD2 converting
cortisol to cortisone. Excess glucocorticoids have potentially
adverse effects on the fetus and have been linked to altered
fetal programming which includes decreased growth [25,
26], reduced kidney nephron number [27], and repro-
gramming of the fetal hypothalamic-pituitary adrenal axis
[28]. Several studies have described a relationship between
reduced activity of 11β-HSD2 and reduced birth weight or
intrauterine growth restriction [29, 30].

Excess exposure to glucocorticoids at a critical time point
in kidney development has been shown to reduce nephron
number and predispose an individual to hypertension in
later life [27]. Tang et al. [31] have reported that prenatal
exposure to excess glucocorticoids in the rat model was
associated with salt-sensitive hypertension in adult offspring
due to decreased renal 11β-HSD2. In humans, placental 11β-
HSD2 activity and cortisol exposure in utero were associated
with blood pressure at age 3 years [32]. Each unit increase
in cortisol exposure was associated with 1.6 mmHg increase
in blood pressure [32]. Human and animal females are
more susceptible to increased cortisol exposure in utero
and subsequently develop hypertension in adulthood due to
elevation of the renin-angiotensin system [33].
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Our prospective study of pregnant women with asthma
has shown that asthma alone and not the inhaled steroids
used to treat maternal asthma has the greatest effect on
the fetus. We have found that asthmatic women who do
not use inhaled steroids for treatment have smaller female
neonates at term [13]. This late gestation reduction in fetal
growth was associated with a significant decrease in placental
11β-HSD2 activity and a significant decrease in female fetal
adrenal status [13] indicating female babies of asthmatic
mothers are prenatally exposed to higher concentrations of
glucocorticoid which may predispose them to cardiovascular
disease in later life. If mothers’ used inhaled glucocorticoids
to treat their asthma during pregnancy there was a significant
increase in placental 11β-HSD2 activity in placentae of
females. We have also recently identified that inhaled steroids
do not cross the placenta and affect fetal adrenal status
during pregnancy [19] suggesting that only changes in
endogenous maternal cortisol concentrations and adjust-
ments in placental 11β-HSD2 activity influence fetal growth
in pregnancies complicated by asthma. We have recently
reported similar sex specific adjustments in of placental 11β-
HSD2 activity in preterm placentae following exposure to
betamethasone. Placental 11β-HSD2 activity was increased
in female placentae and adrenal status altered but there were
no changes in male placentae [34]. These studies suggest that
in pathological pregnancies the female placenta adjusts 11β-
HSD2 activity in response to the maternal glucocorticoid
environment. However, there are no corresponding data to
indicate that the male placenta has the capacity to adjust
placental 11β-HSD2 activity in response to the maternal
environment. This may be one mechanism that confers a
survival advantage in the female fetus relative to the male
fetus but increases the risk of cardiovascular disease in later
life in females relative to males.

4. Differential Mitochondrial Gene Expression
in Pregnancies Complicated by Asthma

Pathophysiological mechanisms that contribute to the devel-
opment of hypertension and diabetes include impaired
mitochondrial oxidative phosphorylation and mitochondrial
biogenesis which lead to myocardial and endothelial dys-
function [35] and insulin resistance and pancreatic beta
cell failure [36], respectively. Recent placental studies report
that several mitochondrial genes and proteins are altered
in pregnancy complications such as maternal obesity [37],
treatment of maternal HIV infection [38], maternal under-
nutrition [39], and hypoxia [40]. Microarray studies of the
placenta have identified a number of mitochondrial genes are
altered in the presence of maternal asthma during pregnancy
in both males and females [22] including ATP synthase
2B4 (ATP2B4), cytochrome p450 (CYP19A1), catechol-O-
methyltransferase (COMT), coproporphyrinogen oxidase
(CPOX), and malate dehydrogenase 2 (MDH2). Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) and MDH2 are
enzymes catalyzing reactions in glycolysis and the citric acid
cycle in the mitochondrial metabolic pathway). CPOX has
an important role in heme (Fe) production which is vital
for oxygen transport in the blood. COMT is an enzyme

important for catecholamine metabolism and catabolism
such as for dopamine, noradrenalin, and adrenaline. Some
of these genes were altered sex specifically in the placenta
of asthmatic women, including GAPDH which was only
altered in males, while MDH2, COMT, and CPOX were
decreased in female placentae of pregnancies complicated by
asthma. The presence and absence of inhaled glucocorticoid
use for asthma treatment during pregnancy also influenced
mitochondrial gene expression, with MDH2, COMT, and
CPOX gene expression being increased in placentae of
females whose mothers’ used these inhaled steroids dur-
ing pregnancy. Since it is proposed that programming of
mitochondria is the key adaptation enabling the fetus to
survive in a poor in utero environment [41, 42], alterations
in the expression of each of these genes may contribute to
developmental perturbation in pregnancies complicated by
asthma but this requires further examination.

5. Sex Specific Placental Gene Expression and
Protein Function and Its Relationship to
Fetal Growth in Pregnancies Complicated
by Asthma

Numerous gene changes in placentae of male and female
fetuses of pregnancies complicated by asthma have been
reported [12, 17, 19, 21]. However most of the gene changes
have been observed specifically in the presence of a female
fetus, accompanied by a lower birthweight for this sex.
Global gene changes assessed using microarray identified sex
specific effects, such that female placentae of pregnancies
complicated by asthma had 59 gene changes compared to 6
gene changes in the placentae of males [22]. The main gene
networks altered in the female placentae were genes associ-
ated with inflammation, cellular growth, and proliferation
suggesting these are the pathways that contribute to reduced
growth in females [22]. The differences in inflammatory
gene expression have also been confirmed showing that
female placentae of pregnancies complicated by asthma have
increased expression of a range of proinflammatory genes
relative to male placentae [17]. Conversely the male fetus
continues to grow normally in the presence of chronic,
maternal asthma [13] due to an increase in the production of
IGF-1 [43] and a limited alteration in global gene expression
[22].

Responsiveness to glucocorticoids and the sensitivity
of the glucocorticoid receptor appear to be central to the
differences in developmental perturbation in pregnancies
complicated by asthma. Female placental function and
growth appears dependent on exposure to cortisol whereas
males appear glucocorticoid resistant, with the consequence
that cytokine gene expression is dependent on cord blood
cortisol concentrations in females but not in males [17]. We
have reported that female birthweight is negatively correlated
with cord blood cortisol but no such association exists in
males [44]. We initially proposed that these differences in
the response to cortisol were due to sex specific differences
in placental GRα, the bioactive isoform of the glucocorticoid
receptor. However in both whole placental tissue [44] and
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in vitro studies [18], GRα protein expression did not vary
with asthma or between the sexes. This difference may be
conferred by a difference in placental 11β-HSD2 activity as
we have already discussed, but it may also be related to
differences in GRα protein function. An alternative explana-
tion is that cytokine gene expression is dependent on cord
blood cortisol concentrations in females but not in males
[17]. It has been observed in in vitro work with placental
explants that female placentae rapidly inhibited placental
cytokine production in the presence of cortisol but this was
not observed in male placentae, even though receptor protein
levels were the same [18]. There are several isoforms of the
glucocorticoid receptor expressed in the placenta [45] that
may interact with GRα to exert sex specific differences in
glucocorticoid sensitivity and this is the subject of current
investigations in our laboratory.

Several studies have shown that epigenetic alterations in
GR may contribute to differences in GR protein expression
[46]. Maternal stress during pregnancy was identified to
contribute to increased methylation of the GR gene and
associated with increased salivary cortisol concentrations in
neonates at 3 months [47]. Dietary protein restriction during
pregnancy in the rat contributed to epigenetic modification
of GR and increased expression of the GR protein in the liver
of offspring [48]. These studies provide evidence that epige-
netic modification of GR may influence protein expression
levels, however, there is no evidence at present to suggest
that placental GR is epigenetically modified in the presence
of maternal asthma because GR protein concentrations do
not vary between groups or sex. Therefore we continue to
focus on post translational modification and GR protein
function.

Sex specific differences in developmental perturbation
due to differences in placental gene expression and protein
function in pregnancies complicated by asthma are associ-
ated with developmental perturbation and may contribute
to disease risk in later life. Preliminary evidence in relation
to childhood growth would support this hypothesis.

6. Childhood Growth in Pregnancies
Complicated by Asthma

We have followed a cohort of pregnant women (n = 694)
in Newcastle from 1999 to 2007 and plan to follow up
the children who currently range from the ages 6–13 years.
A great deal of information relating to maternal asthma
severity, asthma treatment used during pregnancy, delivery
details, and neonatal outcomes were collected from this
cohort, and numerous publications have been generated on
maternal health during pregnancy [14, 49–52], placental
function [17, 18, 22], and fetal growth [43]. Our preliminary
investigations of the children in this cohort (conducted at
age 18 months) demonstrated altered growth trajectories
in children whose mothers had asthma during pregnancy.
These data show that while children of nonasthmatic moth-
ers did not deviate from their birth growth trajectory, as
projected from their birth weight centile, 40% of children of
asthmatic mothers had already deviated from this trajectory
at 18 months of age (Figure 1), with the majority (78%)

demonstrating accelerated growth also termed as “catch up
growth.” Interestingly there was a sex difference in the chil-
dren that were 2 standard deviations away from the predicted
growth trajectory with 60% of females displaying accelerated
growth relative to 40% of males. Children in this preliminary
study were not significantly different in relation to mater-
nal and neonatal characteristics including maternal age,
BMI, maternal cigarette use, gravidity, parity, birthweight,
birthweight centile, or placental weight. This group was a
representative sample of the entire cohort.

7. Accelerated Growth and Metabolic Syndrome

Human and animal studies have provided evidence that
low birthweight followed by rapid postnatal weight gain are
associated with adult obesity, diabetes, cardiovascular disease
and premature mortality [8]. Most of the accelerated weight
gain is in the form of adipose tissue rather than lean tissue
with numerous studies reporting deposition predominantly
in the abdomen though usually total body fat is increased
overall [8]. Studies from the UK, Denmark, and Finland
report that adults who were small for gestational age still had
a greater abdominal fat content relative to adults of similar
height, weight, age, and sex [8]. Increased abdominal fat pre-
disposes individuals to an increased risk of hypertension and
diabetes with aging. The presence of abdominal fat increases
sympathetic nervous system activity stimulating activation of
the kidney renin-angiotensin system and causing peripheral
vasoconstriction and hypertension [53]. Other mechanisms
that are altered in utero and may contribute to the devel-
opment of hypertension are microvascular structure and
function [54] and altered hypothalamic-pituitary adrenal
function [55]. The in utero mechanisms that contribute to
subsequent development of type 2 diabetes are proposed to
be epigenetic, specifically related to the histone acetylation
and subsequent suppression of Pdx1, a transcription factor
that is involved in the development of the pancreas especially
in beta cell development [56]. The later development of
insulin resistance and type 2 diabetes is a combination of
increased adiposity leading to increased lipolysis and circu-
lating fatty acids, inflammation, mitochondrial dysfunction
and aberrant insulin signaling [57]. The exact order of
later life events predisposing to diabetes appears uncertain.
However accelerated growth and adiposity are currently the
strongest indicators of risk.

8. Followup Studies of Children from
Pregnancies Complicated by Asthma

The neonatal outcomes of pregnancies complicated by
asthma are now well characterised including birthweight,
hospitalisations, and birth defects. The long-term outcomes
are limited with only two studies that examined the devel-
opment of children of asthmatic mothers. Gordon et al. [58]
reported that there was a significant increase of neurological
abnormalities at 1 year of age in children of asthmatic
mothers with poorly managed asthma. Shatz et al. reported
no differences between children, at 15 months of age, of
asthmatic women who had well-controlled asthma during
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Figure 1: The association between birth weight centile and child weight centile (measured at 18 months) in children of healthy mothers
(a) and mothers with asthma during pregnancy (b). Data points represent those children whose growth falls within two standard deviations
(solid circles) of the mean growth trajectory, as indicated by the solid line, and those that fall outside of 2 standard deviations (open circles).

pregnancy and non asthmatic women [59]. Both of these
studies did not follow up the children beyond 2 years of age.
It would be important to also determine whether there are
any long term effects of asthma and its treatment on child-
hood development and adult disease risk. Very few studies
have examined children long term to determine when early
pathophysiological changes that result from developmental
perturbation are discernable and there is no evidence in
pregnancies complicated by asthma.

9. Future Studies

Aside from the followup of cohorts of children who were
exposed to maternal asthma during pregnancy to determine
their susceptibility to disease in later life, there are several
unanswered questions in this field. The exact in utero and
early life mechanisms that alter immune, metabolic and
cardiovascular development of offspring of mothers with
asthma and the identification of biological pathways that
could be targeted for preventative interventions are yet to be
described. Some of these areas may be addressed in appro-
priate animal models of asthma which are currently limited
to several murine models [60] and a sheep model [61] of
allergen induced asthma. These models could be adapted for
pregnancy related studies and offspring followup, and used
for the elucidation of mechanisms that contribute to altered
health outcomes as well as to test pregnancy-related or early
life interventions. Animal models of asthma may also be used
to discern the impact of asthma on child health outcomes

separately from the impact of asthma treatment effects,
which cannot be done in humans for ethical reasons. This
is because it is inappropriate to randomise asthmatic women
to a no asthma treatment regime in order to determine the
effect of asthma alone.

10. Clinical Implications

The current research of the effect of asthma during preg-
nancy on fetal growth and development has identified that
chronic asthma, regardless of its severity, and acute asthma
exacerbations contribute to the poorest outcomes for the
fetus. The use of inhaled corticosteroids to control asthma
during pregnancy protects the fetus from the inflammatory
effects of maternal asthma and reduces the incidence of exac-
erbations which in turn reduces the risk of a poor outcome
for the fetus. This work suggests asthma control, and appro-
priate use of inhaled steroids is an important intervention
in pregnancy. However the long-term effects of asthma and
its treatment on the fetus are yet to be defined.

11. Conclusion

In combination, these studies suggest that the presence
of maternal asthma can impact on fetal growth, neonatal
health, and development. The perturbations observed in
placental function and fetal growth suggest the fetus insti-
tutes a predictive adaptive response to maternal asthma
during pregnancy. The impact of maternal asthma on fetal



6 Journal of Pregnancy

development is sex specific and suggests the female fetus
may be more at risk of metabolic disease as indicated by
greater exposure and sensitivity to changes in glucocorticoid
concentration and accelerated growth in early life relative to
the male. Information from animal studies would suggest
that adult health is significantly affected by these pertur-
bations. However further investigations in human cohorts
are required, and current maternal asthma and pregnancy
cohorts will provide further evidence as children and adult
offspring are studied in the future.
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By late gestation, the maturing hypothalamo-pituitary-adrenal (HPA) axis aids the fetus in responding to stress. Hypoxia represents
a significant threat to the fetus accompanying situations such as preeclampsia, smoking, high altitude, and preterm labor. We
developed a model of high-altitude (3,820 m), long-term hypoxia (LTH) in pregnant sheep. We describe the impact of LTH on the
fetal HPA axis at the level of the hypothalamic paraventricular nucleus (PVN), anterior pituitary corticotrope, and adrenal cortex.
At the PVN and anterior pituitary, the responses to LTH are consistent with hypoxia being a potent activator of the HPA axis
and potentially maladaptive, while the adrenocortical response to LTH appears to be primarily adaptive. We discuss mechanisms
involved in the delicate balance between these seemingly opposing responses that preserve the normal ontogenic rise in fetal
plasma cortisol essential for organ maturation and in this species, birth. Further, we examine the response to, and ramifications
of, an acute secondary stressor in the LTH fetus. We provide an integrative model on the potential role of adipose in modulating
these responses to LTH. Integration of these adaptive responses to LTH plays a key role in promoting normal fetal growth and
development under conditions of a chronic stress.

1. Introduction

Hypoxia represents a major threat to the developing fetus
and often accompanies situations of preeclampsia, preterm
labor, smoking, and high altitude. The impact that hypoxia
has on the fetus depends on a variety of factors such as
stage of gestation, severity of the hypoxic episode, duration
of hypoxia, and the association with other confounders such
as acidemia and hypercapnia. Severe hypoxic events can lead
to fetal death or exert major deleterious impacts on develop-
ment and function on fetal organs, including major damage
of the CNS. However, fetuses are often and perhaps routinely
exposed to less severe hypoxic episodes. While these hypoxic
conditions may impact fetal growth, effects on other organ
systems are less clear.

Due to its long gestational length, similarity of endocrine
and physiological systems, and relative ease of fetal and
maternal instrumentation, the sheep has emerged as a ma-
jor animal model for studying the impact of hypoxia on

the developing fetus. These studies have largely focused
on so-called acute hypoxia in which a moderate-to-severe
hypoxia (a decrease in fetal PO2 of 50% or greater) is
induced for times ranging from minutes to several hours
or chronic hypoxia in which the fetus is made hypoxic for
one to several days. Experimentally, acute fetal hypoxia can
be induced by maternal hypoxia [1–3], restricting blood
flow to the uterus and placenta on the maternal side [4],
or reducing umbilical blood flow by cord compression [5–
7]. More prolonged fetal hypoxemia can also be initiated
by repeated umbilical cord compression [7–9], as well as
placental embolization [10, 11] and restriction of uterine
blood flow [12]. These methods induce either a rather pure
hypoxic episode or hypoxia accompanied with acidemia or
hypoglycemia. Longer duration hypoxic situations (months)
have been created in sheep by maternal carunclectomy,
reducing the placentation area of the uterus [13]. However,
the hypoxia in this model is secondary to nutrient restric-
tion.
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Our model of long-term hypoxia (LTH) uses pregnant
ewes maintained at high altitude (3,820 m, Barcroft Labora-
tory White Mountain Research Station, Bishop, CA) from
approximately 40 days’ gestational age onward resulting
in a maintained fetal PO2 of ∼18 mmHg (normal ∼23–
25 mmHg) thus resulting in a moderate state of continuous
hypoxia [14–16]. Under these conditions, fetal hypoxia is
achieved without accompanying acidosis, the pregnancies are
of normal duration, and the fetuses do not exhibit growth
restriction [15, 17]. Considering that hypoxia is a potent
fetal stressor even at the moderate level attained in our
model of LTH, the ability of the LTH fetus to mount an
adaptive response circumventing preterm birth and growth
restriction is remarkable. The focus of our studies has been
the adaptive responses of the fetal hypothalamo-pituitary
adrenocortical (HPA) and adrenomedullary axis. During our
studies on these components of the stress response, we have
also initiated studies into how LTH impacts development of
the fetal perirenal adipose tissue and interactions between
this tissue and the HPA axis.

2. Effects of LTH on the Fetal HPA Axis

Since hypoxia is a potent activator of the fetal HPA axis, we
initially explored the effect of LTH on the systemic endocrine
HPA response by quantifying basal immunoreactive (IR)
ACTH and cortisol concentrations in fetal plasma as well
as the response of LTH fetal sheep to an acute secondary
stressor (severe hypoxia via hypotension or umbilical cord
occlusion: UCO) during the later stages of gestation [14, 16,
18]. Surprisingly, despite the continued stress of LTH, fetal
plasma cortisol concentrations were not elevated in these
fetuses compared to normoxic control fetuses at 136–141
days gestation (term is ∼145 days). Thus, the LTH fetus
maintains a seemingly normal late gestation maturation of
the fetal adrenal cortex and thus preserves the late gestation
exponential rise in cortisol that precipitates organ matu-
ration and, in this species, birth. Similar to cortisol, fetal
plasma concentrations of IR-ACTH were also similar in the
LTH fetus compared to normoxic controls. Thus, by initial
observations, these fetuses apparently adapt to LTH such that
this chronic hypoxic perturbation is no longer perceived by
the fetus as stressful.

Paradoxically, the HPA axis response to an acute sec-
ondary stressor such as hypotension or UCO [14, 16] is
decidedly different than predicted based on the basal circu-
lating levels of IR-ACTH and cortisol. Indeed, we found in
response to these acute stressors that fetal plasma cortisol was
elevated in the LTH fetuses compared to normoxic controls
while concentrations of fetal plasma IR-ACTH achieved
were similar in LTH and normoxic fetuses. These findings
implicated a potential intra-adrenal mechanism(s) that allow
the adrenal cortex of the LTH fetus to respond to an acute
stress with increased cortisol production while maintaining
the normal basal ontogenic maturation.

Neural input has been shown to play a physiological
role in regulating cortisol production. For instance, bilateral
section of the splanchnic nerve reduces cortisol production

in response to endogenous or exogenous ACTH [19, 20]
while stimulation of the splanchnic nerves enhances cortisol
output [21, 22]. In near term normoxic fetal sheep, it has
been reported that sinoaortic denervation [23] or splanch-
nic nerve section [24] decreased the cortisol response to
acute stress without affecting stress-induced ACTH release.
However, in the LTH fetus, the enhanced cortisol response
to a secondary stressor does not appear to be mediated by
neural input to the adrenal cortex since adrenal denervated
LTH fetuses responded in a manner similar to the intact
LTH fetuses [25]. Thus, the increased response of the adrenal
cortex to an acute secondary stress in the LTH fetus does
not emanate from a neurally mediated mechanism. Based on
these initial observations, we further explored the origin(s)
of the observed adaptive responses of the HPA axis to LTH at
the level of the hypothalamus and anterior pituitary as well
as the adrenal cortex.

3. Effect of LTH on the Hypothalamus and
Anterior Pituitary

Increases in the bioactivity of plasma IR-ACTH have been
noted in late gestation fetal sheep, both in terms of ontogeny
and in response to an acute stressor [26–29]. In adults, the
majority of circulating IR-ACTH consists of fully processed
ACTH1−39. However in the ovine fetus, a considerable
proportion of IR-ACTH is the unprocessed ACTH precursor,
proopiomelanocortin (POMC), or the so-called 22 kDa
proACTH, which is the partially processed N-terminal region
of POMC through the carboxyl terminus of ACTH [30, 31].
In addition, a few other POMC-derived products containing
the ACTH peptide, likely produced via incomplete and/or
improper processing at the anterior pituitary or lung [32,
33], are also found in the fetal circulation. Both POMC
and 22 kDa proACTH have been noted to inhibit ACTH-
stimulated cortisol production or exhibit week ACTH bioac-
tivity [34]. These precursors exhibit varying degrees of cross-
reactivity in classical one-site ACTH radioimmunoassays or
ELISAs thus giving rise to the concept of bioactivity of
IR-ACTH. Therefore, during late gestation the processing
of POMC to ACTH in the anterior pituitary corticotrope
matures and this maturation is largely governed by the
hypothalamic paraventricular nucleus. This was confirmed
by our observation that stereotaxic lesion of the fetal PVN,
the source of the two major corticotrophin releasing factors,
CRH and AVP, prevents the late gestation increase in POMC
processing to ACTH [35]. Thus, we hypothesized that LTH,
acting as a chronic stressor, may have enhanced POMC
processing to ACTH in the fetal anterior pituitary.

To evaluate this possibility, we analyzed both basal and
stress-induced ACTH1−39and ACTH precursor concentra-
tions in fetal plasma of LTH compared to control fetuses
using a two-site IRMA specific for ACTH1−39 and an ACTH
precursor IRMA [36]. In response to an acute secondary
stressor, UCO, fetal plasma concentrations of ACTH1−39

were higher in the plasma of LTH fetuses compared to sim-
ilarly stressed normoxic fetuses. Although ACTH precursors
were also elevated, it was to a lesser extent than ACTH



Journal of Pregnancy 3

POMC

ACTH

ACTH

ACTH

LTH

To adrenal gland

PVN
CRH
and AVP

Anterior
pituitary

Figure 1: Effects of development under conditions of long-term
hypoxia (LTH) on hypothalamic PVN and anterior pituitary cor-
ticotrope function in the late gestation ovine fetus. LTH upregulates
expression of both CRH and AVP in the parvocellular division
of the PVN. At the level of the anterior pituitary corticotrope,
this increased hypothalamic drive results in increased processing
of POMC to ACTH as well as ACTH release from the gland into
the circulation. The changes at the level of the PVN and anterior
pituitary result in increased basal circulating ACTH as well as an
enhanced ACTH release in response to a subsequent acute stressor.

and thus the ratio of ACTH1−39 to precursors was increased
in the LTH compared to normoxic fetuses, indicating that
the bioactivity of fetal plasma IR-ACTH achieved in the
LTH fetuses was greater than that in normoxic fetuses (see
Figure 1, [37]). This is consistent with the enhanced cortisol
response observed in LTH fetuses during this secondary
stressor. Intriguingly, basal plasma ACTH1−39 concentrations
were also elevated in the LTH fetal sheep. Despite the elevated
plasma levels of ACTH1−39, these fetuses maintain normal
basal cortisol concentrations compared to normoxic control
fetuses.

To support the elevated plasma ACTH1−39, we found
enhanced processing of POMC to ACTH in the anterior pitu-
itary of the LTH fetus, as well as signs of increased secretion
(less stores) accompanied by sustained POMC expression
with a trend toward greater POMC mRNA [36]. Considering
our observations that lesion of the PVN prevents the
enhanced processing of POMC to ACTH during late ges-
tation [35], we hypothesized a hypothalamic origin for the
increased processing of POMC in response to LTH. In our
original report [36], we noted only a trend for hypothalamic
CRH mRNA to be increased in the LTH fetuses using real-
time PCR analysis of whole dissected hypothalami. However,
recently (Ducsay and Myers, unpublished observations)
using in situ hybridization techniques, we found a significant
upregulation of both CRH mRNA and AVP mRNA in
the hypothalamic parvocellular division of the PVN. Initial
morphometric analysis also suggests an expansion of the
PVN reflecting an increase in the number of CRH neurons
or neurons expressing CRH at detectable levels in response
to LTH.

At the level of the anterior pituitary, we noted increased
mRNA for the CRH1 receptor with decreased CRH1 protein-
the latter perhaps suggestive of a downregulation of this
receptor in response to increased hypothalamic drive to the
anterior pituitary. Of note, anterior pituitary AVP receptor
(V1b) expression (mRNA and protein) was upregulated

in the LTH fetus perhaps indicative of a selective gain of
responsiveness to this ACTH secretagogue [18]. In support
of this potential gain of AVP function in response to LTH,
we also found that ACTH release in response to AVP was
greater in LTH fetal sheep, while the response to CRH
was similar between LTH and normoxic controls. Thus, the
hypothalamic and anterior pituitary corticotrope response to
LTH appears complex and may represent a shift from CRH to
AVP in the regulation of the HPA axis.

It appears that LTH advances the normal ontogenic
maturation of POMC processing to ACTH at the anterior
pituitary via actions at the level of CRH and more likely,
AVP neurons, in the parvocellular PVN (Figure 1). Upon
casual observation, while this helps to explain the increased
cortisol response to a secondary stressor in the LTH fetus,
it is in conflict with the noted maintained normal basal
plasma cortisol levels in these fetuses. Importantly, the
fetal adrenal cortex seems to have developed an adaptive
mechanism preventing an early maturation culminating with
a premature rise in fetal plasma cortisol resulting in a growth
restricted, preterm fetus. Thus, we shifted our focus to the
adrenal cortex.

4. Effect of LTH on the Ovine Fetal
Adrenal Cortex

Based on the elevated basal plasma ACTH1−39 noted in the
LTH fetuses and the capacity for greater cortisol production
in response to a secondary stressor, we initially hypothesized
that the LTH adrenal cortex would have responded corre-
spondingly with an increase in expression of key enzymes
regulating cortisol biosynthesis as well as supporting genes
such as StAR and the ACTH receptor. However, despite
the elevated basal plasma ACTH1−39, expression of two key
enzymes mediating cortisol synthesis (CYP11A1 and CYP17)
was approximately 50% lower in the LTH adrenal cortex as
was the ACTH receptor [38]. Although we initially did not
observe any change in StAR mRNA, we did note an increase
in the 30 kDa spent form of the cholesterol transporter
protein. An increased transport of cholesterol into the inner
mitochondrial membrane, the site of the first limiting step
in cortisol biosynthesis via CYP11A1 could help maintain
basal plasma levels of cortisol noted in LTH fetuses despite
the noted lowered expression of the steroidogenic enzymes.

The findings of decreased, not increased, levels of genes
whose expression is exquisitely dependent upon ACTH in
the LTH adrenal cortex led to a key fundamental question:
namely, what LTH-stimulated mechanism(s) would provide
essentially a brake on early activation and excessive produc-
tion of cortisol, preventing early birth and growth restric-
tion? Initially, we analyzed expression of a key transcription
factor, SF-1, via which ACTH coordinates expression of its
responsive genes in the adrenal cortex. Levels of SF-1 as well
as DAX-1, a transcription factor repressing expression of
CYP17 and CYP11A1, were not altered in the LTH adrenal
cortex [38]. Since these factors also play a key role in adreno-
cortical differentiation and growth, this is consistent with no
differences in adrenal zonation or size in the LTH fetus, but
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Figure 2: Effects of development under conditions of long-term
hypoxia (LTH) on adrenocortical function in the late gestation
ovine fetus. LTH increases perirenal adipose expression and
release of leptin as well as adrenocortical leptin receptor (OB-Rb)
expression. LTH also increases zona fasciculate-specific expression
and activity of eNOS. Combined, leptin and nitric oxide (NO)
serve to limit the ability of the elevated fetal plasma ACTH to
stimulate cortisol production thus allowing for the maintenance of
the normal ontogenic maturation of cortisol production preserving
the prepartum exponential rise of this key steroid. In response to an
acute secondary stress, these mechanisms allow release of cortisol
synthesis thus resulting in an enhanced acute phase production of
cortisol. (ZG-zona glomerulosa, ZF-zona fasciculata, M-medulla).

not with the decreased expression of the downstream target
genes. We also examined expression of factors (pMEIS-1 and
Pbx-1) that act in concert with SF-1 in the bovine adrenal
cortex and thus presumably the highly conserved regulatory
regions of the ovine CYP11A1 and CYP17 promoters. Similar
to SF-1, these factors were also expressed to a similar degree
in LTH compared to normoxic adrenal cortices (Ducsay and
Myers [39], unpublished observations). Thus, the effects of
LTH on the transcription of the ACTH-receptor, CYP11A1,
and CYP17 must likely be either through an unknown
repressor or, more likely, via altered activation of these tran-
scription factors. It has been demonstrated that SF-1 activity
is regulated by phosphorylation state, dictated by either
ACTH activated cAMP/PKA pathways or ERK1/2 pathways,
and dependent on protein phosphatase activity [40].

To address the potential for a decreased second messen-
ger response to ACTH, especially in light of the decreased
ACTH receptor expression, we examined cAMP production
in adrenocortical cells obtained from LTH fetuses. Surpris-
ingly, LTH fetal adrenocortical cells generate a similar cAMP
response compared to adrenocortical cells from normoxic
fetuses [41]. In these in vitro studies, we also noted an
additional perplexing finding: that contrary to the in vivo sit-
uation, LTH fetal adrenocortical cells exhibited greater basal
cortisol production, while retaining the noted enhanced
ACTH stimulated cortisol output compared to cells from

normoxic fetuses. A similar enhanced cortisol response to
cAMP was also noted, thus emphasizing that the effect was
potentially downstream from second messenger generation.

Thus, there do not appear deficiencies in ACTH signaling
via the major second messenger pathway utilized by the
ACTH receptor. Thus, the noted lower mRNA levels for
the ACTH receptor may not be reflected by actual levels
of the ACTH receptor protein or that levels of the ACTH
receptor may not be limiting. Alternatively, lower ACTH
receptor expression may be overcome through more efficient
coupling of the ACTH receptor to Gαs or increased adenylate
cyclase activity. However, at present these possibilities remain
unexplored. What the in vitro studies did highlight was that
the capacity of these cells to respond to ACTH was decidedly
different in vitro compared to the in vivo situation—
namely, in terms of basal versus ACTH stimulated cortisol
production. This implicated additional intra- or extra-
adrenal factors that in vivo act on the fetal adrenocortical
cells limiting the capacity of low resting concentrations
ACTH (5 to 10 pM) to stimulate cortisol production under
basal conditions yet allow an enhanced cortisol production
in response to a secondary stressor with stress levels of ACTH
(50–100 pM). To address these possibilities, we explored
two potential mechanisms that could potentially explain the
noted adaptation of the fetal adrenal cortex to LTH: nitric
oxide (NO) and leptin.

5. Role of Nitric Oxide in Mediating LTH Effects
on Cortisol Biosynthesis

While the lower expression of the ACTH receptor, coupled
with decreased expression of two rate limiting enzymes
mediating cortisol biosynthesis (CYP11A1 and CYP17),
provides a means for the capacity of the LTH fetus to
maintain the normal ontogenic rise in fetal plasma cortisol,
these adaptive changes seem contradictory to the capacity
of the LTH adrenal cortex to produce greater cortisol in
response to a secondary stressor. Although the enhanced
ACTH1−39 released in the LTH fetus in response to a
secondary stressor likely contributes to this boost in cortisol
production, the decreased expression of the ACTH receptor
coupled with lower expression of key enzymes suggests that
other intracellular mechanism are involved in the divergent
capacity for basal cortisol and stress-stimulated cortisol pro-
duction.

We initiated investigations into nitric oxide (NO) as one
potential mediator of the effects of LTH on the adrenal
gland. Nitric oxide has profound inhibitory effects on
steroidogenesis in a wide range of endocrine tissues including
the adrenal cortex and NO synthases (NOSs) are subject
to regulation by hypoxia (see recent review by Ducsay and
Myers [39]). As such NO represents a potential mechanism
in the adrenocortical adaptation to LTH (Figure 2). Further,
it has been reported that NO concentrations in the plasma
of the LTH fetus are elevated compared to normoxic
fetuses [42]. While the levels in plasma are likely not high
enough to be of physiological importance for regulating
intracellular adrenocortical events, they are indicative that
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NOS expression and/or activity may be elevated in target
organs such as the adrenal gland.

Indeed, we were the first laboratory to demonstrate NOS
expression in the fetal adrenal cortex and the effects of NO
on fetal adrenal steroidogenesis. Endothelial NOS (eNOS)
is the predominant NOS isoform in the ovine fetal adrenal
cortex, and more importantly, we demonstrated that LTH
increases eNOS mRNA and protein expression [43] and that
the increased expression was primarily in CYP17 expressing
cells within the zona fasciculata indicating a selective increase
in the cortisol producing adrenocortical layer. In vitro
studies demonstrated that enhancement of NO production
with L-arginine, a NOS substrate, resulted in a significant
reduction of ACTH-mediated cortisol production selectively
in LTH-derived fetal adrenocortical cells [44]. The use of
NO donors, DETA-NO, and Sodium Nitroprusside (SNP)
similarly decreased ACTH-mediated cortisol production
while inhibition of NOS activity with L-NAME significantly
increased cortisol production in the LTH group but was
without effect on normoxic fetus-derived fetal adrenocortical
cells. In accord with the elevated expression on eNOS, nitric
oxide synthase activity was significantly higher in LTH-
derived fetal adrenocortical cells compared to those from
normoxic control fetuses, and this difference was eliminated
following ACTH treatment. These data indicate that LTH
enhances adrenal cortical sensitivity to the inhibitory effects
of NO on cortisol production. Nitric oxide may, therefore,
play an important role in regulating ACTH-induced cortisol
production in the LTH fetal adrenal [44].

How NO mediates its inhibitory actions on steroidogenic
tissue, including the adrenal, is equivocal. In vascular tissue,
the effects of NO are well established and largely depend
on cGMP pathways (reviewed in [45]). However, the effects
of NO on steroidogenesis in endocrine tissues appear to be
independent of cGMP [46]. One potential mechanism by
which NO inhibits steroidogenesis is via acting on the initial
rate-limiting enzyme, CYP11A1. Nitric oxide competes with
oxygen binding in the active site of CYP11A1 and CYP17
[46, 47]. Further, Peterson et al. [48] suggested that because
these enzymes use several rounds of attack of the heme-
oxygen complex on the steroid substrate, multistep enzymes
(such as CYP11A1) would be more sensitive to NO inhibition
than other steroidogenic enzymes. Overall, this competitive
interaction makes NO a potentially effective inhibitor of
steroidogenesis.

Thus, a model can be proposed where eNOS is upreg-
ulated in the LTH fetus, and under basal conditions (low
ACTH), NO decreases the activity of CYP11A1 and per-
haps other cytochrome P450 enzymes helping to limit the
production of cortisol despite the elevated basal ACTH1−39

(Figure 2). During a secondary stress-induced elevation of
ACTH, high levels of ACTH signaling inhibit NOS activity
removing this inhibition resulting in the observed enhanced
cortisol production observed in these fetuses. These find-
ings implicate eNOS/NO as an intra-adrenal mechanism.
Importantly the NO effects are also retained in vitro [43,
44]. Therefore, although NO plays a role in providing a
brake on basal cortisol production, it does not appear to
provide a mechanism by which the expression of key genes

is decreased in the LTH adrenal gland. Taken together, these
data implicate additional in vivo factors involved in the
adaptation of the HPA axis to LTH.

6. Role of Leptin Mediating LTH Effects on
Cortisol Biosynthesis

A role for leptin in suppressing the HPA axis in adults has
been established, both at the hypothalamic level as well as
directly at the level of the adrenal cortex. The active or long
form of the leptin receptor (OB-Rb) is found in the adrenal
cortex in rodents, humans [49], and ruminants [50]. Leptin
suppresses cortisol output in response to ACTH stimulation
in adult bovine adrenocortical cells, and this effect was
mediated through an reduction in CYP17 expression [51].
Additional studies confirmed this observation and extended
the inhibitory effect of leptin to expression of CYP11A [52].
In addition to downregulation of steroidogenic enzymes,
leptin also appears to inhibit adrenal glucocorticoid secretion
by an additional mechanism. Recent studies in the rat
have clearly demonstrated that the leptin inhibition of
corticosterone secretion occurs through a rapid reduction in
expression of both StAR and PBR protein [53, 54].

Although the function(s) of leptin in the adult has been
widely studied, the role of leptin in the fetus is not well
defined. Clearly, leptin is found in the fetal circulation
and is expressed in fetal adipocytes [55, 56] and placental
trophoblast tissue [57]. Intracerebral infusion of leptin
blunted the size of increase that occurred in amplitude and
mean value of plasma ACTH and cortisol pulses near term
[58]. These data are consistent with adult mouse data where
leptin attenuates restraint-induced activation of the HPA
[59]. More recent studies from the McMillen group also
demonstrated an inhibitory effect of leptin on the fetal ovine
HPA. Intravenous leptin infusions suppressed prepartum rise
in both ACTH and cortisol [60]. Infusion after day 144 did
not affect ACTH but there was still marked suppression of
cortisol up to three days prior to delivery.

Based on this evidence, we initially addressed whether
leptin, a hypoxia inducible gene, was elevated in LTH fetal
sheep. We noted that plasma leptin as well as peri-renal
adipose expression of leptin was significantly elevated in
the LTH fetus as was expression of the OB-Rb in both the
adrenal cortex and hypothalamus [61]. While past studies in
the ovine fetus, and largely in adults as well, have focused
on the actions of exogenous leptin in regulating the HPA
axis, we have addressed the role of endogenous leptin in the
HPA adaptation to LTH using a specific ovine leptin receptor
antagonist. As we have recently communicated [62], a 4-
day infusion of the antagonist to LTH fetuses starting at 139
days of gestation restored expression of both CYP11A1 and
CYP17 to levels similar to those of the normoxic control
fetuses. Surprisingly, the infusion of the leptin antagonist had
no effect on expression of either enzyme in the normoxic
controls and, similarly, did not alter fetal plasma ACTH
or cortisol in these fetuses during the infusion period. In
the LTH fetuses, although CYP11A1 and CYP17 expressions
increased in response to the antagonist, fetal plasma cortisol
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levels were not altered and were not different from control
fetuses. This indicates that, while leptin may play a role in
mediating the adaptive responses to LTH in CYP expression
in the adrenal gland, clearly other mechanisms exist, such
as NO production, that limit the ability to produce cortisol.
The lack of effect of the antagonist in the control fetuses
would seemingly bring to question the role of leptin in
regulating the HPA axis of the late gestation sheep fetus
in a nonperturbed state. It should be noted that we have
shown that the OB-Rb expression in the ovine fetal adrenal
does decrease significantly near term compared to younger
animals at ∼120–130 days’ gestation [63]. Thus, leptin may
play a role in regulating the HPA axis in less mature fetuses
and this regulation is lost near term as the HPA axis rapidly
matures in preparation for birth (Figure 2).

7. HPA Response to LTH:
Adaptive versus Maladaptive

As discussed previously, we have defined changes in function
of the fetal HPA axis in response to development under
conditions of LTH as primarily adaptive, especially at the
level of adrenal cortisol production. Indeed, these responses
appear to support continued normal growth of the fetus in
the face of the stress of sustained, moderate hypoxia. Con-
sidering the essential role of maturation of the fetal HPA axis
and the late gestation exponential rise in fetal plasma cortisol
in initiating parturition in this species, this adaptation also
allows the fetus to remain in utero for the normal length
of gestation. This seems especially critical considering the
lowered oxygen delivery to the fetus, thus allowing the max-
imal opportunity for the fetal growth. As such, the observed
response providing for the normal ontogenic maturation of
adrenocortical function is critically adaptive in nature.

However, the changes we have observed at the level of
the hypothalamic PVN and anterior pituitary corticotrope
may be viewed differently. Indeed, these changes might be
argued as being maladaptive since they cumulatively result
in enhanced processing of POMC to ACTH1−39 in the cor-
ticotrope and enhanced release of ACTH1−39 into the circu-
lation. Under situations where there is no additional (acute
secondary) stress, the adrenal cortex, perhaps in concert
with adipose derived leptin, has developed mechanisms to
maintain “normal” function. But, when presented with an
acute secondary stress resulting in greater ACTH release,
cortisol production is actually greater than that of age
matched normoxic fetal sheep. Although cortisol production
in response to stress is part of the physiological homeostatic
mechanism(s) helping the organism to survive the stressor,
it could be argued that the excessive production of cortisol
in response to the secondary stress in the LTH fetus is mal-
adaptive. This would be especially true in situations where
the LTH-compromised fetus is subjected to repeated episodes
of acute secondary stress or perhaps greatly amplified when
a longer-term secondary stress occurs. In the final weeks of
gestation, this capacity of the LTH fetus to produce a larger
cortisol response to a secondary stress may serve as signal
to terminate the pregnancy in this species indicative of a

dangerously adverse intrauterine environment thus limiting
the potential chance for fetal demise.

Lastly, the changes in gene expression that we have noted
in the perirenal adipose may also provide a means for the
LTH newborn to survive in an adverse environment. Clearly,
the increased production of leptin provides an essential brake
to the adrenocortical response to LTH allowing the fetus
to potentially remain in utero for a longer period. Perhaps
more importantly however, the changes in gene expression in
the adipose favor the brown fat phenotype that may aid the
newborn LTH fetus in survival in the initial hours after birth.
Similarly, the greater capacity for cortisol production in
response to a secondary stressor, if retained post birth, would
seem largely beneficial in a harsh, low oxygen environment.

8. Conclusions

Hypoxia, acute or sustained, is a major threat to the well-
being of a fetus and is a relatively common insult during
human pregnancy. During the final third of gestation the
ovine fetal HPA axis undergoes a maturational process in
which the fetus not only develops the capacity to mount a
cortisol response to physiological stressors but also under-
goes an exponential rise in basal cortisol. As with most
mammals, this parturient rise in cortisol is essential for
maturation of fetal organ systems allowing for survival in
the extrauterine environment, after birth [64–66]. However,
sustained or repetitious fetal stressors can activate the
hypothalamic-pituitary-adrenocortical (HPA) axis resulting
in elevated cortisol production and premature maturation
of the adrenal cortex contributing to fetal growth restriction
[67–69]. Nonetheless, the capacity to mount an adrenocor-
tical stress response during late gestation contributes to fetal
survival in the face of the stressor, as happens with adults.
We have established a model of altitude-induced long-term
hypoxia where the ovine fetus develops under continuous
moderate hypoxia. Despite this constant physiological stres-
sor, the fetal HPA axis undergoes a remarkable adaptation
in which the normal ontogenic rise in fetal plasma cortisol
and HPA axis maturation is maintained while preserving
the capacity to mount a stress response. Indeed, the cortisol
response to a secondary stressor is amplified, undoubtedly to
aid in helping the fetus survive in this hypoxic environment.
We have identified both adaptive responses at the level of the
hypothalamus and anterior pituitary as well as the adrenal
cortex that contribute to this adaptation to LTH and have
identified two mechanisms, one intraadrenal (NO produc-
tion) and extra-adrenal (adipose-derived leptin) that play
significant roles in maintaining function of the fetal HPA
axis at the level of the adrenal gland. It will be important
to determine if these systems are a unique response to
LTH or are invoked as a general adaptive response to other
intrauterine stressors that aid in fetal survival.
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