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Abstract
An adequate maternal nutrition during pregnancy is crucial for the health outcome of offspring in adulthood. Maternal undernutrition
during critical periods of fetal development can program the fetus for metabolic syndrome (MetS) later in life, especially when
postnatally challenged with a hypernutritive diet. Adipogenesis, which begins in utero and accelerates in neonatal life, is a major
candidate for developmental programming. During fetal development, the hypothalamic–pituitary–adrenal (HPA) axis is extremely
susceptible to programming, and the HPA tone is increased throughout life in undernourished conditions. As a consequence, an
alteration in the expression and function of glucocorticoid (GC) receptors and of the major GC regulatory enzymes (11b-hydroxysteroid dehydrogenase 1 and -2) occurs. In this review, we will give insights into the role of maternoplacental adverse interactions
under the specific context of maternal undernutrition, for later-in-life MetS development, with a special emphasis on the role of GCs.
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Introduction
Observations from epidemiological studies and animal models
indicate that obesity and metabolic syndrome (MetS) depend not
only on an interaction between genes and traditional adult risk
factors, but also on the interplay between genes and the embryonic, fetal, and early postnatal environment.1 Indeed, a U- or Jshaped relationship between birth weight and later-in-life obesity
and hypertension has been proposed,2-4 with an increased risk of
obesity at both ends of the birth weight spectrum. This clearly
highlights the importance of adequate nutrition during pregnancy
for the later-in-life health outcomes of the offspring. Changes in
macro- and/or micronutrient composition of the maternal diet
during critical windows of fetal development (which are very
plastic due to a very high rate of cell proliferation) can have pronounced effects on the placenta and fetus,5 increasing the predisposition to MetS, most probably via epigenetic modification of
genes involved in a number of key regulatory pathways.5 Thus,
MetS can be considered a developmental process that can be programmed by changes in the nutritional environment in early life.
These nutritional programming effects may be either directly or
indirectly mediated by endocrine changes in the mother.1

Undernutrition and Fetal Development
In normal conditions, maternal dietary intake is adequate and is
not reflected in infant’s birth weight or growth over the first 6

months. Nausea and vomiting, which are common symptoms in
early pregnancy, may alter food intake but the clinical consequences are poorly understood, and the conclusions of the studies are not consensual.6-8
The earliest studies relating early life undernutrition to
later development of obesity resulted from epidemiological
data from the Dutch ‘‘Hunger Winter’’ (a short-term famine
in 1944-1945).9,10 Maternal nutrient restriction during early
gestation had no effect upon birth weight, although, as adults,
these offspring exhibited a more atherogenic lipid profile and
an increased risk of MetS compared to nonexposed people.11
On the other hand, maternal nutrient restriction during midgestation, coincident with a phase of rapid placental growth,
fetal growth, and tissue remodeling, had a slight impact upon
birth weight and upon the risk of MetS.12 Finally, maternal
undernutrition during late gestation, coincident with a phase
of rapid fetal development, had the greatest effect upon fetal
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growth, with shorter and thinner offspring, possessing smaller
head circumferences. In middle age, similar to the offspring
of early gestation maternal undernutrition, these group of
individuals had increased susceptibility to develop impaired
glucose tolerance and were predisposed to type 2 diabetes
mellitus.13 These pioneer observations suggested that perturbing
the development of central endocrine regulatory systems during
gestation may contribute to the later development of MetS and
formed the basis of the ‘‘thrifty phenotype hypothesis.’’14,15
More recent studies have shown that Ramadan fasting
affects both placental and fetal development. For instance, the
relative risk of low birth weight was found to be 1.5 times
higher in Iranian mothers on fasting at first trimester when
compared to nonfasting mothers.16 However, other studies
showed that the ratio of placental-to-birth weight rose during
the Ramadan in Saudi Arabia,16,17 suggesting that the Ramadan
lifestyle increases placental efficiency.18 However, these
results can be arguable, as the increase in the placenta size
might be associated with a reduction in its efficiency since the
placenta size increased with no alterations in the fetus weight.
Of note, apparent contradictory conclusions in different studies
may arise from differences in study design (including in particular the timing of sample collection in relation to the last meal),
in seasonal and climatic conditions, and in the health, fitness,
and activity levels of the study populations.
In another study (the Helsinki Birth Cohort), a link between
hypertension in the offspring and the lifetime nutrition of the
mother, as assessed by maternal height, was suggested. Interestingly enough, in people whose mothers were short (below
160 cm), the prevalence of hypertension increased progressively with decreasing placental area.19 Short women have less
visceral mass than tall women and have lower rates of amino
acid synthesis in pregnancy.19 It has been hypothesized that the
effects of reduced availability of amino acids in the maternal
circulation are exacerbated by restricted placental growth,
which limits the transport of amino acids from the mother to
the fetus. As such, expansion of the placental surface along its
breadth may be one way in which a fetus may compensate for
undernutrition. This may be beneficial in some circumstances,
but if the compensation is inadequate and the fetus continues
to be undernourished, the need to share its nutrients with an
enlarged placenta may become an extra metabolic burden. As
a result, a long-term cost of this fetal undernourishment is
hypertension, possibly as a result of impaired development of
low-priority organs such as the kidney, as mentioned earlier.20
Later, and as predicted by the thrifty phenotype hypothesis,21 experimental studies in animals supported the notion
that maternal undernutrition during critical periods of fetal
development can program adipocyte metabolism and fat mass
to give later rise to obesity, especially when the fetus is postnatally challenged with a hypernutritive diet.22-24 Evidence
from low birth weight sheep, which have a higher fat mass
as neonates when compared with higher birth weight offspring,25 shows an altered adipocyte function associated with
an increased mRNA expression of several fat metabolism key
regulatory genes such as uncoupling protein (UCP) 2 and

peroxisome proliferator-activated receptor (PPAR) a. There
is also evidence that a moderate (50%) or severe (70%) prenatal caloric restriction in rodents programmes this susceptibility,26,27 although only after a postnatal dietary challenge.28
Accordingly, other studies in rodents reported that protein
(50%)26 or vitamin (50%) restriction29 increased body fat
content in adult offspring, clearly demonstrating the adverse
potential of maternal undernutrition to early program the adipogenesis in the offspring adulthood.
Moreover, several studies have shown that a proteinrestricted diet during pregnancy in the F0-generation results
in elevated blood pressure, endothelial dysfunction, insulin
resistance, and adverse glucose homeostasis in the F1, F2, and
even in the F3 generations. Interestingly enough, these effects
were reversed by supplementing the diet with glycine or folic
acid but not with alanine or urea.30-32 Furthermore, hypomethylation of the hepatic PPAR-a and glucocorticoid receptor (GR) promoters was also prevented by supplementation of
the protein-restricted diet with folic acid.33 These results
imply that transmission of a phenotype to the F1 and F2 generations and further to the F3 generation may involve preservation of levels of DNA methylation of specific genes and that
1-carbon metabolism plays a central role in the induction of
an altered phenotype through epigenetic alterations.
Finally, the association between fetal growth restriction
(FGR) and preeclampsia (in which FGR is also observed) and
the postnatal development of obesity, which has been proven
in human epidemiological studies and animal models,14 also
supports a close link between fetal undernutrition and laterin-life obesity. Indeed, an adverse in utero development precedes both these pathologies, with an abnormal or insufficient
placentation being the probable underlying cause. Interestingly, this is accompanied by a downregulation of key placental nutrient transporters (eg, amino acid transporters).18 It has
been hypothesized that the placenta is a nutrient sensor and
that maternal malnutrition and/or placental insufficiency
results in downregulation of placental nutrient transporters,
resulting in fetal undernutrition with a consequent decrease
in fetal growth.34
Two major factors have been proposed to underlie early life
programming of obesity and MetS by maternal undernutrition:
fetal undernutrition itself 35 and overexposure of the fetus to
glucocorticoids (GCs).36,37 The latter can be a consequence
of an alteration in expression or function of GRs, of GCs major
regulatory enzymes, or of the precocious activation of the
hypothalamic–pituitary–adrenal (HPA) axis. Of note, these 2
hypothetical factors are probably overlapping as, for example,
in animal models, GCs can alter maternal food intake, and conversely, maternal undernutrition increases maternal GC secretion, reduces placental 11b-hydroxysteroid dehydrogenase
(11b-HSD) 2 activity (as discussed subsequently), and thus
alters fetal GC exposure. These alterations can be either perpetuated through generations or reverted by supplementation with
specific amino acids or vitamins that alter the methylation status of the above-referred specific regulatory genes. We will
next focus mainly upon the putative influence of maternal
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undernutrition upon GC levels (1) directly, by the activation of
the HPA axis, and (2) indirectly, by alteration in expression and
function of GR and GC major regulatory enzymes.

Hypothalamic–Pituitary–AdrenalAxis, GC
Secretion, and Effects on Adipose Tissue
The synthesis of GCs, which occurs in the zona fasciculata/
reticularis of the adrenal cortex, is regulated by the activity
of the HPA axis in a classical negative feedback loop. In brief,
stress conditions lead to an augmented production and release
of corticotropin-releasing hormone (CRH) and argininevasopressin (AVP) from the paraventricular nucleus. These
hypophysiotropic hormones are released into the portal blood
system and act synergistically via their receptors (CRH via
the CRH-R1 and AVP via the V1b receptor) on cells of the
anterior pituitary to stimulate adrenocorticotropic hormone
expression and release, which in turn, via melanocortin-2
receptors, increase GC production at the adrenals. Subsequently, the increased levels of circulating GCs induce a negative feedback to inhibit HPA axis activity, thus preventing
excessive production of stress hormones.38
The HPA axis is extremely susceptible to fetal programming.
Alterations in the maternal nutritional status, specifically maternal starvation, which, from the point of view of this review will
be considered as early insults and forms of stress to the fetus, are
likely to reprogram HPA axis development resulting in an
increased HPA tone through life.37 Of importance in this context, the HPA axis is responsible for the secretion of the major
obesogenic hormones, the GCs. Glucocorticoids are key mediators of stress responses, being thus essential for life, and play a
key role during fetal development. In fact, during late gestation,
GCs stimulate surfactant production by the lung, promoting fetal
growth and organ maturation in order to prepare the fetus for
extrauterine life.39,40 However, fetal overexposure to GCs can
be harmful as GCs cause a shift from cell proliferation to differentiation, thus altering fetal organ growth and maturation patterns, which can result in adverse consequences later in life, as
reviewed elsewhere.41
Glucocorticoids are major regulators of distinct aspects of
adipocyte biology and fat deposition, being involved not only
in the promotion of energy mobilization (eg, glucose, amino
acids, fatty acids, and glycerol) but also in stimulation of liver
gluconeogenesis. Although GCs have a lipolytic nature, their
effect upon adipose tissue metabolism is conflicting because
individuals with elevated GCs levels, as observed in patients
with Cushing syndrome (CS), present an associated central
adiposity. Indeed, excessive levels of these hormones in adipocytes are associated with metabolic disorders, including
central obesity, insulin resistance, and dyslipidemia.42 Evidence from rodents demonstrates that central dexamethasone
infusion resulted in a marked increase in food intake and body
weight. Also, a state of hyperinsulinemia, hyperleptinemia,
and hypertriglyceridemia was observed, accompanied by a
pronounced decrease in the expression of UCP-1 and -3 in
brown adipose tissue and of UCP3 in muscle. Such effects are
140

centrally stimulated, mainly via an intensification of hypothalamic neuropeptide Y levels, which results in an activation of
the parasympathetic nervous system.43,44 On the other hand,
GCs also directly affects adipogenesis at the tissue level, as
preadipocytes are stimulated to differentiate into mature adipocytes by both cortisol and dexamethasone in a dosedependent fashion, as reviewed elsewhere.45 Altogether, GCs
have direct and indirect adipogenic effects, because they have
the ability to alter insulin and leptin sensitivity and, as such, to
influence food intake and also because they regulate adipogenesis locally at adipocyte level.
Besides affecting fetal adipose tissue, GC also affects other
processes during fetal development. Namely, GCs are important for maturation of most regions of the developing brain46,47
and for neuronal survival.48 However, prenatal GC administration reduces sheep brain weight at birth, delaying maturation of
neurons, myelination, glia, and vasculature,49 and causes a
dose-dependent degeneration of hippocampal neurons and a
reduced hippocampal volume in rhesus monkeys.50 During
midgestation, there is plentiful 11b-HSD-2 in the CNS, which
presumably ‘‘protects’’ vulnerable developing cells from
premature GC action (see subsequently). However, at the end
of midgestation, expression of 11b-HSD-2 is dramatically
switched off in the rat, mouse, and human brain, coincident
with the terminal stage of neurogenesis.49 The hippocampus
being one of the major regulators of the HPA axis, this persistent exposure to excessive plasma GC leads to increased
HPA tone through life, as previously stated, and consequently
exacerbates hypertension and hyperglycemia.51 Furthermore,
at the heart level, prenatal GC exposure alters the development of sympathetic processes, increases adenyl cyclase
activity, alters metabolic key regulators (eg, the glucose transporter 1, akt/protein kinase B and PPARg),49 and, mediated by
an interaction with reactive oxygen species, is associated with
alterations in endothelial function and coronary vascular
smooth muscle cell proliferation.52 These changes in coronary
physiology, known to be associated with the development of
atherosclerosis, may provide an important link between an
adverse intrauterine environment and a later increased risk
of cardiovascular disease.52 Moreover, observations in rats
have concluded that in utero GC exposure (through maternal
GC administration) reduces fetal skeletal muscle mass in rats
independent of effects on maternal nutrition.53 Also, prenatal
dexamethasone treatment in rats resulted in changes in the
expression of CYP3A1 as well as in the histology of fetal
livers54 and induced glucose intolerance later in life in the offspring, associated with an increased hepatic expression of GR
and phosphoenolpyruvate carboxykinase.55 Finally, maternal
undernutrition leading to increased GC levels originated an
impaired pancreatic b-cell development, and consequently
reduced insulin levels as well as glucose intolerance in adulthood.56-58 Altogether, it can be concluded that GC exposure
affects fetal development in several different tissues and that
distinct mechanisms appear to contribute to the effect of GC
in fetal programming. However, we will next focus on the
effects of GC upon adipogenesis.
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Role of GCs and Adipose Tissue in MetS
Programming
Adipogenesis, which begins in utero and accelerates in neonatal life, is a major candidate for developmental programming.
It is uncertain how maternal influences on fetal adipogenesis
may determine the timing of the ‘‘adiposity rebound,’’ but
the programming of adipocyte morphology and metabolism
during fetal development is certain. Because the diagnostic
features of MetS, such as insulin resistance, dyslipidemia,
hypertension, and visceral obesity, are shared by CS, which
results from endogenous or exogenous hypercortisolism, it
was proposed that cortisol contributes to the pathogenesis of
both states.59 On the other hand, MetS comes along with
chronic low-grade inflammation in adipose tissue with concomitant increased levels of 11b-HSD1. Thus, it has been
suggested that inhibiting cortisol action, either directly or
indirectly modulating GC regulatory enzymes, could provide
a novel therapeutic approach for MetS.59
In fact, in animal models of fetal programming and FGR
involving maternal low-protein diet (which causes a reduction
in birth weight and leads to MetS in the offspring), an increase
in maternal and fetal GC levels was found60 together with a
decrease in placental 11b-HSD2 activity and/or expression.61
The strong similarities between the phenotypes associated with
antenatal GC exposure and maternal nutritional restriction have
prompted consideration that undernutrition may act as a stressor that alters the endocrine cross-talk between mother and
fetus. This has led to the hypothesis that undernutrition promotes overexposure of the fetal tissues to maternal GCs, which
drives tissue remodeling and the development of the programmed phenotype.61 In fact, GC administration reduces fetal
growth and stably alters gene expression in a manner that
favors increased production and storage of energy substrates,
with increased risk of hyperlipidemia, hyperglycemia, and
hypertension.62,63 Moreover, human fetal-blood cortisol levels
are increased in FGR, implicating endogenous cortisol in this
condition.64 Also, dexamethasone treatment of pregnant rats
reduces birth weight and elevates blood pressure in adult offspring,65 pointing to a clear involvement of GCs in programming of MetS during maternal undernutrition. Of note,
studies in the sheep have shown that applying GC directly to
the fetus, contrary to administration of GC to pregnant animals,
does not result in FGR. This is compatible with the possibility
that the placenta mediates the effects of GC on fetal growth.34
Interestingly enough, observations by our group demonstrated
that dexamethasone reduces the cellular uptake of glucose in a
human first-trimester trophoblast cell line (Correia-Branco
et al, unpublished results), which could also contribute to the
reduced fetal growth seen after GC exposure.

Molecular Regulators of GC Activity in
Maternal Undernutrition
The effects of GCs are mediated by activation of intracellular
GR (gene name NR3C1), which are expressed in placenta and

most fetal tissues from mid-gestation onward.66 The receptor–
ligand complex then translocate into the nucleus and then
targets promoter elements of a plethora of genes involved in
various physiological processes, including energy metabolism
and inflammation. Glucocorticoid receptor binds with high
affinity only to reduced forms of GCs.37 Interestingly, 2 microsomal enzymes collectively referred to as the 11b-HSD system
catalyze the interconversion of active GCs (cortisol in humans
and corticosterone in rodents) and physiologically inactive
11-keto forms (cortisone and 11-dehydrocorticosterone, respectively). The GC inactivation process is catalyzed by 11b-HSD2,
and the reverse reaction is catalyzed by 11b-HSD1.37 Therefore,
this consists in an additional regulatory step prior to GC action.37
11b-Hydroxysteroid dehydrogenase 2 is highly expressed
at the interface between maternal and fetal circulations, that
is, at the syncytiotrophoblast in humans67 and in the labyrinthine zone in rodents.68 Thus, the placenta forms a functional,
although not complete, ‘‘barrier’’ to maternal GCs due to high
placental 11b-HSD2 expression and activity. Accordingly,
inhibition of 11b-HSD2, by impairment of either the expression or activity of this enzyme, is expected to lead to an
increase in maternal-to-fetal transplacental transport of active
GCs.61,69-72

Glucocorticoid Receptor
Obesity has been associated with reduced sensitivity to GC
feedback,73,74 an effect thought to be mediated via altered
sensitivity of GR. In fact, GR messenger RNA (mRNA) levels
increase with fat mass and increased GR expression has been
observed in patients with visceral obesity. Thus, genetic and
environmental variations in GR density in metabolic tissues
may underlie MetS.
Maternal nutrient restriction during pregnancy in sheep
results in increased obesity and adipose tissue GR expression
in the fetus.75,76 Moreover, there is now evidence that exposure of human fetuses to high levels of GCs—whether from
exogenous or endogenous origins—can permanently affect
GR expression. For instance, inhibition or deficiency of
placental 11b-HSD2 has been shown to reduce hippocampal
GR expression,68 the site of central negative feedback, with
an expected HPA axis overactivation.77 Additionally, administration of dexamethasone to pregnant rats increases basal
corticosterone levels, and this is associated with a reduction
in hippocampal GR expression68 as well as with an increase
in GR expression in visceral adipose tissue and alterations in fat
metabolism which may contribute to insulin resistance of the
offspring.78
Many GR binding regions are located in or nearby genes
involved in triacylglycerol (TG) synthesis (Scd-1, 2, 3, GPAT3,
GPAT4, Agpat2, and Lpin1), lipolysis (Lipe and Mgll), lipid
transport (Cd36, Lrp-1, Vldlr, and Slc27a2), and storage (S312). The majority of these genes were induced in transgenic
mice that have constant elevated plasma GC levels and in mice
treated with GC, which was associated with increased TG
synthesis and lipolysis concomitantly in inguinal fat, indicating
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that a GC-controlled gene network is involved in the regulation
of TG homeostasis. A recent study compiled the GR target genes
involved in the ‘‘metainflammation’’ described so far, and several genes related to MetS (eg, HSD11B1, IGF1, IGFBP1, INSR,
ISR1, MGMT, MYC, NOTCH4, PCK1, PIK3R1, PPARA,
PTPN22, and SERPINE1), cholesterol metabolism, inflammatory mediators, and inflammatory cytokines/cytokine receptors
(eg, TNF-a, ICAM1, NFkB, JUN, IFNB1, IL6, IL7R, IL8, and
IL11) were found. Interestingly enough, several target genes
were found to provide GC feedback regulation.79
Thus, in summary, maternal undernutrition may decrease GR
levels in fetal hippocampus, with a subsequent overactivation of
the HPA axis. This latter will, therefore, affect the adiposity in
the fetus. On the other hand, fetal increased GC levels may
directly alter GR expression in insulin-target tissues such as
adipose tissue, with a consequent alteration in the regulation
of lipogenesis and lipolysis and with a concomitant unset
upon MetS.

11b-Hydroxysteroid dehydrogenase 1
Converging lines of evidence from epidemiological studies and
animal models provide evidence that 11b-HSD1 reamplifies
local tissue GC levels, therefore constituting a prime etiological factor in obesity and MetS.
More specifically, transgenic mice that selectively overexpress adipose tissue 11b-HSD1 have increased adipose tissue
levels of corticosterone, develop visceral obesity, and are glucose intolerant.80 On the contrary, homozygous 11b-HSD1 /
knockout mice are protected from features of MetS and obesity,
that is, they are protected from hyperglycemia and display a
cardioprotective serum lipid profile.81 Moreover, this mice
strain express: (1) lower levels of proobesogenic markers such
as resistin and TNF-a and (2) higher levels of antiobesogenic
markers such as PPAR-g, adiponectin, and UCP-2 mRNA in
adipose tissue, indicating increased insulin sensitivity. Importantly, altered expression of adipocyte 11b-HSD1 has been
reported in response to maternal undernutrition. In fact, adipocytes of prenatally nutrient-restricted lambs show increased
expression of 11b-HSD1, which could lead to augmented cortisol exposure and proliferation of adipocytes.82 More recently,
early nutrient restriction in sheep has been reported to increase
expression of both 11b-HSD1 and GR.75 As such, maternal
nutrient restriction can alter 11b-HSD1 expression in the fetus,
programming later obesity. 11b-Hydroxysteroid dehydrogenase 1 has thus emerged as a major potential drug target for the
treatment of obesity and its associated medical conditions.

11b-Hydroxysteroid dehydrogenase 2
11b-Hydroxysteroid dehydrogenase 2 is expected to display an
antiobesogenic nature. In agreement with this, 11b-HSD2
expression and/or activity has been shown to be attenuated in
FGR placentas34 and patients with visceral obesity.83 In experimental animal models, chronic maternal undernutrition and
stress during pregnancy have been associated with a decreased
142

Figure 1. Simplified schematic diagrams illustrating the hypothesis
suggested in this review. Maternal undernutrition induces maternal
increase in HPA activation and GC levels along with a reduction in
GR expression. This will have consequences upon the placenta, with
an increased expression of 11b-HSD1 associated with a reduction in
11b-HSD2. As a result, the fetus will be exposed to increased GC levels, either by maternal origin or by increased activation of fetal HPA.
This will have effects upon fetal adiposity, with an increased expression of GR and 11b-HSD1 in the developing adipose tissue and an
increase in fetal lipogenesis. HPA indicates hypothalamic–pituitary–
adrenal; GC, glucocorticoid; GR, glucocorticoid receptor; 11b-HSD,
11b-hydroxysteroid dehydrogenase.

expression of placental 11b-HSD2 or with a reduction in the
capacity of the placenta to upregulate 11b-HSD2 activity.83
Interestingly enough, in programming animal models involving
maternal low-protein diet (which also reduces birth weight and
leads to MetS in the offspring), an increase in maternal and
fetal GC levels was found60 together with a decrease in placental 11b-HSD2 activity and/or expression.61 Nevertheless,
whether the restrained expression of 11b-HSD2 is a direct
result of the diet on the enzyme function or an indirect consequence of the altered maternal GC levels is still unknown.

Conclusion
Overall, GCs appear to be involved in the programming of
MetS and obesity during in utero life. Maternal undernutrition
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leads to an augmented expression of GC in the mother and
GC overexposure of the fetus by the following putative ways:
(1) direct activation of maternal and fetal HPA, (2) increased
fetal adipose tissue expression of GR, (3) augmented fetal and
placental expression of 11b-HSD1, and (4) reduction in fetal
11b-HSD2 expression (Figure 1).
In conclusion, GC system unbalance can be considered a
major etiological factor contributing to fetal adipogenesis
and to the later-in-life development of obesity and MetS in
response to maternal undernutrition. As such, the study of the
mechanisms underlying GC system unbalance is of major
importance to understand the etiology of fetal adipogenesis and
the later-in-life development of obesity and MetS.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
The author(s) received no financial support for the research, authorship,
and/or publication of this article.

References
1. Taylor PD, Poston L. Developmental programming of obesity in
mammals. Exp Physiol. 2007;92(2):287-298.
2. Curhan GC, Chertow GM, Willett WC, et al. Birth weight and
adult hypertension and obesity in women. Circulation. 1996;
94(6):1310-1315.
3. Curhan GC, Willett WC, Rimm EB, Spiegelman D, Ascherio
AL, Stampfer MJ. Birth weight and adult hypertension, diabetes
mellitus, and obesity in US men. Circulation. 1996;94(12):
3246-3250.
4. Rogers I. Birth weight and obesity and fat distribution in later life.
Birth Defects Res A Clin Mol Teratol. 2005;73(7):485-486.
5. McMillen IC, Robinson JS. Developmental origins of the metabolic syndrome: prediction, plasticity, and programming. Physiol
Rev. 2005;85(2):571-633.
6. Coad J, Al-Rasasi B, Morgan J. Nutrient insult in early pregnancy.
Proc Nutr Soc. 2002;61(1):51-59.
7. Latva-Pukkila U, Isolauri E, Laitinen K. Dietary and clinical
impacts of nausea and vomiting during pregnancy. J Hum Nutr
Diet. 2010;23(1):69-77.
8. Matthews A, Dowswell T, Haas DM, Doyle M, O’Mathuna DP.
Interventions for nausea and vomiting in early pregnancy.
Cochrane Database Syst Rev. 2010;(9):CD007575.
9. Ravelli AC, van Der Meulen JH, Osmond C, Barker DJ, Bleker
OP. Obesity at the age of 50 y in men and women exposed to
famine prenatally. Am J Clin Nutr. 1999;70(5):811-816.
10. Ravelli GP, Stein ZA, Susser MW. Obesity in young men after
famine exposure in utero and early infancy. N Engl J Med.
1976;295(7):349-353.
11. Roseboom TJ, van der Meulen JH, Osmond C, et al. Coronary
heart disease after prenatal exposure to the Dutch famine,
1944-45. Heart. 2000;84(6):595-598.

12. Painter RC, Roseboom TJ, van Montfrans GA, et al. Microalbuminuria in adults after prenatal exposure to the Dutch famine.
J Am Soc Nephrology. 2005;16(1):189-194.
13. Ravelli AC, van der Meulen JH, Michels RP, et al. Glucose tolerance in adults after prenatal exposure to famine. Lancet. 1998;
351(9097):173-177.
14. Sarr O, Yang K, Regnault TR. In utero programming of later
adiposity: the role of fetal growth restriction. J Pregnancy.
2012;2012:134758.
15. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes
mellitus: the thrifty phenotype hypothesis. Diabetologia. 1992;
35(7):595-601.
16. Alwasel SH, Abotalib Z, Aljarallah JS, et al. Sex differences in
birth size and intergenerational effects of intrauterine exposure to
Ramadan in Saudi Arabia. Am J Hum Biol. 2011;23(5):651-654.
17. Alwasel SH, Abotalib Z, Aljarallah JS, et al. Secular increase in
placental weight in Saudi Arabia. Placenta. 2011;32(5):391-394.
18. Osmond DJPBJGEEKSHACHDFTJRC. The Placenta and
Human Developmental Programming. In: Burton GJ, Barker DJ,
Moffett A, Thornburg, eds. The Placenta and Human Developmental Programming. 1st ed. Cambridge, England: Cambridge
University Press; 2010:5-16.
19. Duggleby SL, Jackson AA. Relationship of maternal protein turnover and lean body mass during pregnancy and birth length. Clin
Sci (Lond). 2001;101(1):65-72.
20. Barker DJ, Bagby SP, Hanson MA. Mechanisms of disease: in
utero programming in the pathogenesis of hypertension. Nat Clin
Pract Nephrol. 2006;2(12):700-707.
21. Hales CN, Barker DJ. The thrifty phenotype hypothesis. Br Med
Bull. 2001;60:5-20.
22. Bispham J, Gardner DS, Gnanalingham MG, Stephenson T,
Symonds ME, Budge H. Maternal nutritional programming of
fetal adipose tissue development: differential effects on messenger ribonucleic acid abundance for uncoupling proteins and peroxisome proliferator-activated and prolactin receptors.
Endocrinology. 2005;146(9):3943-3949.
23. Budge H, Gnanalingham MG, Gardner DS, Mostyn A, Stephenson
T, Symonds ME. Maternal nutritional programming of fetal adipose tissue development: long-term consequences for later obesity.
Birth Defects Res C Embryo Today. 2005;75(3):193-199.
24. Stocker CJ, Arch JR, Cawthorne MA. Fetal origins of insulin
resistance and obesity. Proc Nutr Soc. 2005;64(2):143-151.
25. Greenwood PL, Hunt AS, Hermanson JW, Bell AW. Effects of
birth weight and postnatal nutrition on neonatal sheep: I. Body
growth and composition, and some aspects of energetic efficiency. J Anim Sci. 1998;76(9):2354-2367.
26. Ozanne SE, Lewis R, Jennings BJ, Hales CN. Early programming
of weight gain in mice prevents the induction of obesity by a
highly palatable diet. Clin Sci (Lond). 2004;106(2):141-145.
27. Zambrano E, Bautista CJ, Deas M, et al. A low maternal protein
diet during pregnancy and lactation has sex- and window of
exposure-specific effects on offspring growth and food intake,
glucose metabolism and serum leptin in the rat. J Physiol. 2006;
571(pt 1):221-230.
28. Bellinger L, Sculley DV, Langley-Evans SC. Exposure to undernutrition in fetal life determines fat distribution, locomotor

Downloaded from rsx.sagepub.com at University of Indonesia on February 10, 2016

143

144

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.
40.
41.
42.

43.

44.

45.

46.
47.

144

Reproductive Sciences 22(2)
activity and food intake in ageing rats. Int J Obes (Lond). 2006;
30(5):729-738.
Venu L, Harishankar N, Prasanna Krishna T, Raghunath M.
Maternal dietary vitamin restriction increases body fat content but
not insulin resistance in WNIN rat offspring up to 6 months of
age. Diabetologia. 2004;47(9):1493-1501.
Torrens C, Brawley L, Anthony FW, et al. Folate supplementation
during pregnancy improves offspring cardiovascular dysfunction
induced by protein restriction. Hypertension. 2006;47(5):982-987.
Brawley L, Torrens C, Anthony FW, et al. Glycine rectifies vascular dysfunction induced by dietary protein imbalance during
pregnancy. J Physiol. 2004;554(pt 2):497-504.
Jackson AA, Dunn RL, Marchand MC, Langley-Evans SC.
Increased systolic blood pressure in rats induced by a maternal
low-protein diet is reversed by dietary supplementation with glycine. Clin Sci. 2002;103(6):633-639.
Lillycrop KA, Phillips ES, Jackson AA, Hanson MA, Burdge GC.
Dietary protein restriction of pregnant rats induces and folic acid
supplementation prevents epigenetic modification of hepatic gene
expression in the offspring. J Nutr. 2005;135(6):1382-1386.
Jansson T, Powell TL. Role of the placenta in fetal programming:
underlying mechanisms and potential interventional approaches.
Clin Sci. 2007;113(1):1-13.
Barker DJ. Fetal origins of coronary heart disease. BMJ. 1995;
311(6998):171-174.
Edwards CR, Benediktsson R, Lindsay RS, Seckl JR. Dysfunction
of placental glucocorticoid barrier: link between fetal environment and adult hypertension? Lancet. 1993;341(884):355-357.
Seckl JR. Prenatal glucocorticoids and long-term programming.
Eur J Endocrinol. 2004;151(suppl 3):U49-U62.
Goncharova ND. Stress responsiveness of the hypothalamicpituitary-adrenal axis: age-related features of the vasopressinergic
regulation. Front Endocrinol (Lausanne). 2013;4:26.
Gross I. Regulation of fetal lung maturation. Am J Physiol. 1990;
259(6 pt 1):L337-L344.
Liggins GC. The role of cortisol in preparing the fetus for birth.
Reprod Fertil Dev. 1994;6(2):141-150.
Cottrell EC, Seckl JR. Prenatal stress, glucocorticoids and the programming of adult disease. Front Behav Neurosci. 2009;3:19.
Bujalska IJ, Kumar S, Stewart PM. Does central obesity reflect
‘‘Cushing’s disease of the omentum’’? Lancet. 1997;349(9060):
1210-1213.
Cusin I, Rouru J, Rohner-Jeanrenaud F. Intracerebroventricular glucocorticoid infusion in normal rats: induction of parasympatheticmediated obesity and insulin resistance. Obes Res. 2001;9(7):
401-406.
Zakrzewska KE, Cusin I, Stricker-Krongrad A, et al. Induction of
obesity and hyperleptinemia by central glucocorticoid infusion in
the rat. Diabetes. 1999;48(2):365-370.
Peckett AJ, Wright DC, Riddell MC. The effects of glucocorticoids on adipose tissue lipid metabolism. Metabolism. 2011;
60(11):1500-1510.
Korte SM. Corticosteroids in relation to fear, anxiety and psychopathology. Neurosci Biobehav Rev. 2001;25(2):117-142.
Meaney MJ, Diorio J, Francis D, et al. Early environmental regulation of forebrain glucocorticoid receptor gene expression:

48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.
63.

64.

implications for adrenocortical responses to stress. Dev Neurosci.
1996;18(1-2):49-72.
Meyer JS. Early adrenalectomy stimulates subsequent growth and
development of the rat brain. Exp Neurol. 1983;82(2):432-446.
Seckl JR, Meaney MJ. Glucocorticoid programming. Ann N Y
Acad Sci. 2004;1032:63-84.
Uno H, Lohmiller L, Thieme C, et al. Brain damage induced by
prenatal exposure to dexamethasone in fetal rhesus macaques. I.
Hippocampus. Brain Res Dev Brain Res. 1990;53(2):157-167.
Langley-Evans SC. Hypertension induced by foetal exposure to a
maternal low-protein diet, in the rat, is prevented by pharmacological blockade of maternal glucocorticoid synthesis. J Hypertens.
1997;15(5):537-544.
Volk KA, Roghair RD, Jung F, Scholz TD, Lamb FS, Segar JL.
Coronary endothelial function and vascular smooth muscle proliferation are programmed by early-gestation dexamethasone exposure in sheep. Am J Physiol Regul Integr Comp Physiol. 2010;
298(6):R1607-R1614.
Gokulakrishnan G, Estrada IJ, Sosa HA, Fiorotto ML. In utero
glucocorticoid exposure reduces fetal skeletal muscle mass in rats
independent of effects on maternal nutrition. Am J Physiol Regul
Integr Comp Physiol. 2012;302(10): R1143-R1152.
Ejiri N, Katayama K, Doi K. Induction of CYP3A1 by dexamethasone and pregnenolone-16alpha-carbonitrile in pregnant rat
and fetal livers and placenta. Exp Toxicol Pathol. 2003;54(4):
273-279.
Nyirenda MJ, Lindsay RS, Kenyon CJ, Burchell A, Seckl JR. Glucocorticoid exposure in late gestation permanently programs rat
hepatic phosphoenolpyruvate carboxykinase and glucocorticoid
receptor expression and causes glucose intolerance in adult offspring. J Clin Invest. 1998;101(10):2174-2181.
Garofano A, Czernichow P, Breant B. In utero undernutrition
impairs rat beta-cell development. Diabetologia. 1997;40(10):
1231-1234.
Garofano A, Czernichow P, Breant B. Beta-cell mass and proliferation following late fetal and early postnatal malnutrition in the
rat. Diabetologia. 1998;41(9):1114-11120.
Blondeau B, Lesage J, Czernichow P, Dupouy JP, Breant B. Glucocorticoids impair fetal beta-cell development in rats. Am J Physiol Endocrinol Metab. 2001;281(3):E592-E599.
Stewart PM. Tissue-specific Cushing’s syndrome, 11betahydroxysteroid dehydrogenases and the redefinition of corticosteroid hormone action. Eur J Endocrinol. 2003;149(3):163-168.
Reynolds RM, Godfrey KM, Barker M, Osmond C, Phillips
DI. Stress responsiveness in adult life: influence of mother’s
diet in late pregnancy. J Clin Endocrinol Metab. 2007;92(6):
2208-2210.
Langley-Evans SC. Intrauterine programming of hypertension by
glucocorticoids. Life Sci. 1997;60(15):1213-1221.
Matthews SG. Early programming of the hypothalamo-pituitaryadrenal axis. Trends Endocrinol Meta. 2002;13(9):373-380.
Hadoke PW, Iqbal J, Walker BR. Therapeutic manipulation of
glucocorticoid metabolism in cardiovascular disease. Br J Pharmacol. 2009;156(5):689-712.
Goland RS, Jozak S, Warren WB, Conwell IM, Stark RI, Tropper
PJ. Elevated levels of umbilical cord plasma corticotropin-

Downloaded from rsx.sagepub.com at University of Indonesia on February 10, 2016

Correia-Branco et al

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

145

releasing hormone in growth-retarded fetuses. J Clin Endocrinol
Metab. 1993;77:1174-1179.
Benediktsson R, Lindsay RS, Noble J, Seckl JR, Edwards CR.
Glucocorticoid exposure in utero: new model for adult hypertension. Lancet. 1993;341(8841):339-341.
Cole TJ, Blendy JA, Monaghan AP, Schmid W, Aguzzi A, Schutz
G. Molecular genetic analysis of glucocorticoid signaling during
mouse development. Steroids. 1995;60(1):93-96.
de Vries A, Holmes MC, Heijnis A, et al. Prenatal dexamethasone exposure induces changes in nonhuman primate offspring
cardiometabolic and hypothalamic-pituitary-adrenal axis function. J Clin Invest. 2007;117(4):1058-1067.
Levitt NS, Lindsay RS, Holmes MC, Seckl JR. Dexamethasone in
the last week of pregnancy attenuates hippocampal glucocorticoid
receptor gene expression and elevates blood pressure in the adult
offspring in the rat. Neuroendocrinology. 1996;64(4):412-418.
Edwards C, Walker B. Cortisol and hypertension: what was not so
apparent about ‘‘apparent mineralocorticoid excess’’. J Lab Clin
Med. 1993;122(6):632-635.
Lindsay RS, Lindsay RM, Edwards CR, Seckl JR. Inhibition of
11-beta-hydroxysteroid dehydrogenase in pregnant rats and the
programming of blood pressure in the offspring. Hypertension.
1996;27(6):1200-1204.
Lindsay RS, Lindsay RM, Waddell BJ, Seckl JR. Prenatal glucocorticoid exposure leads to offspring hyperglycaemia in the rat:
studies with the 11 beta-hydroxysteroid dehydrogenase inhibitor
carbenoxolone. Diabetologia. 1996;39(11):1299-1305.
Walker BR, Stewart PM, Shackleton CH, Padfield PL, Edwards
CR. Deficient inactivation of cortisol by 11 beta-hydroxysteroid
dehydrogenase in essential hypertension. Clin Endocrinol. 1993;
39(2):221-227.
Jessop TS, Tucker AD, Limpus CJ, Whittier JM. Interactions
between ecology, demography, capture stress, and profiles of corticosterone and glucose in a free-living population of Australian
freshwater crocodiles. Gen Comp Endocrinol. 2003;132(1):
161-170.
Ljung T, Andersson B, Bengtsson BA, Bjorntorp P, Marin P. Inhibition of cortisol secretion by dexamethasone in relation to body

75.

76.

77.

78.

79.

80.

81.

82.

83.

fat distribution: a dose-response study. Obes Res. 1996;4(3):
277-282.
Gnanalingham MG, Mostyn A, Symonds ME, Stephenson T. Ontogeny and nutritional programming of adiposity in sheep: potential
role of glucocorticoid action and uncoupling protein-2. Am J Physiol Regul Integr Comp Physiol. 2005;289(5):R1407-R1415.
Whorwood CB, Firth KM, Budge H, Symonds ME. Maternal
undernutrition during early to midgestation programs tissuespecific alterations in the expression of the glucocorticoid receptor, 11beta-hydroxysteroid dehydrogenase isoforms, and type 1
angiotensin ii receptor in neonatal sheep. Endocrinology. 2001;
142(7):2854-2864.
Welberg LA, Seckl JR, Holmes MC. Inhibition of 11betahydroxysteroid dehydrogenase, the foeto-placental barrier to
maternal glucocorticoids, permanently programs amygdala GR
mRNA expression and anxiety-like behaviour in the offspring.
Eur J Neurosci. 2000;12(3):1047-1054.
Cleasby ME, Kelly PA, Walker BR, Seckl JR. Programming of rat
muscle and fat metabolism by in utero overexposure to glucocorticoids. Endocrinology. 2003;144(3):999-1007.
Yu CY, Mayba O, Lee JV, et al. Genome-wide analysis of glucocorticoid receptor binding regions in adipocytes reveal gene
network involved in triglyceride homeostasis. PloS One. 2010;
5(12):e15188.
Masuzaki H, Paterson J, Shinyama H, et al. A transgenic model of
visceral obesity and the metabolic syndrome. Science. 2001;
294(5549):2166-2170.
Kotelevtsev Y, Holmes MC, Burchell A, et al. 11betahydroxysteroid dehydrogenase type 1 knockout mice show
attenuated glucocorticoid-inducible responses and resist hyperglycemia on obesity or stress. Proc Natl Acad Sci U S A. 1997;
94(26):14924-14929.
Reynolds RM, Walker BR, Syddall HE, et al. Altered control of
cortisol secretion in adult men with low birth weight and cardiovascular risk factors. J Clin Endocrinol Metab. 2001;86(1):245-250.
Diego MA, Jones NA, Field T, et al. Maternal psychological distress, prenatal cortisol, and fetal weight. Psychosom Med. 2006;
68(5):747-753.

Downloaded from rsx.sagepub.com at University of Indonesia on February 10, 2016

145

