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Abstract There is an association between growing slowly
before birth, accelerated growth in early postnatal life and
the emergence of insulin resistance, visceral obesity and
glucose intolerance in adult life. In this review we consider
the pathway through which intrauterine growth restriction
(IUGR) leads to the initial increase in insulin sensitivity and
to catch-up growth. We also discuss the importance of the
early insulin environment in determining later visceral
adiposity and the intrahepatic mechanisms that may result
in the emergence of glucose intolerance in a subset of
IUGR infants. We present evidence that a key fetal
adaptation to poor fetal nutrition is an upregulation of the
abundance of the insulin receptor in the absence of an
upregulation of insulin signalling in fetal skeletal muscle.
After birth, however, there is an upregulation in the
abundance of the insulin receptor and the insulin signalling
pathway in the IUGR offspring. Thus, the origins of the
accelerated postnatal growth rate experienced by IUGR
infants lie in the fetal adaptations to a poor nutrient supply.
We also discuss how the intracellular availability of free
fatty acids and glucose within the visceral adipocyte and
hepatocyte in fetal and neonatal life are critical in
determining the subsequent metabolic phenotype of the
TUGR offspring. It is clear that a better understanding of the
relative contributions of the fetal and neonatal nutrient
environment to the regulation of key insulin signalling
pathways in muscle, visceral adipose tissue and the liver
is required to support the development of evidence-
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based intervention strategies and better outcomes for the
IUGR infant.
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Background

A world-wide series of epidemiological, clinical and
experimental animal studies have demonstrated that there
is an association among growing slowly before birth,
accelerated growth in early postnatal life and the emergence
of glucose intolerance, insulin resistance, type 2 diabetes
and obesity in later life [1-5]. It has been proposed that
when the fetal nutritional environment is suboptimal,
adaptive responses result in the development of a “thrifty
phenotype” in which there is a relative decrease in overall
body growth and in the growth of organs such as the gut
and liver, while there is differential sparing of the growth of
key organs such as the brain and heart [6]. In the developed
world, poor fetal substrate supply is more likely to be a
consequence of placental insufficiency or maternal smoking
than poor maternal nutrition, whereas in the developing
world, intrauterine growth restriction (IUGR) is more likely
a consequence of poor maternal energy intake before and
throughout pregnancy [1-5]. For the IUGR infant, it
appears, however, that being born into a postnatal environ-
ment characterised by a relative increase in nutrition has
long-term adverse consequences [1-5].

To determine the type and timing of nutritional inter-
ventions that might be appropriate for the IUGR offspring,
a number of important questions need to be addressed.
These include determining how IUGR leads to the initial
postnatal increase in insulin sensitivity and the associated
acceleration in early postnatal growth. It is also unclear
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whether the origins of visceral obesity lie in the early fetal
adaptations to a decreased substrate supply, or in the
metabolic interactions among the adipose tissue, muscle
and liver that occur after birth in offspring undergoing
catch-up growth in postnatal life. Finally, while it is known
that liver growth may be reduced as part of the adaptive
response to a poor fetal substrate supply and that hepatic
gluconeogenesis plays a key role in the fetal response to
under-nutrition, it is not known to what extent these in
utero changes contribute to the emergence of glucose
intolerance in IUGR offspring.

Experimental studies on small animals including the rat
and mouse have been of immense benefit in addressing
each of these issues and have been well summarised in
recent comprehensive reviews [1, 2, 4]. There are, however,
a number of known limitations in using animal models with
a short gestational period, in which organ system develop-
ment may extend into the early postnatal period, for studies
of developmental programming of those organ systems. In
the rodent, for instance, it may be possible to achieve
“lactational rescue” during the postnatal period to prevent
the loss of structural units such as the nephron, cardiomyo-
cyte and pancreatic 3 cell in IUGR offspring [1, 2, 4]. In
the human, however, organogenesis occurs during early,
rather than late, gestation and therefore the timing of such a
rescue strategy in the postnatal lactational period may not
apply. Furthermore, development of adipose tissue and the
hypothalamic neural network that controls energy balance
occur during the immediate postnatal period in the rat and
mouse, rather than in fetal life as in the human, and this has
consequences for the design and development of appropriate
intervention strategies to limit the metabolic consequences of
IUGR. Therefore, in this review we will consider some of the
recent insights from studies in a large animal model of human
IUGR resulting from experimentally induced placental
restriction of growth in the sheep, in which the consequences
for organ system development, including the physiological
development of fetal muscle, adipose tissue and hepatic
function, more closely reflects that of the [UGR human fetus.
Where helpful we will compare findings from this large
animal model of fetal growth restriction with findings from
studies of fetal growth restriction in the rodent to determine
which mechanisms appear to be recruited, independent of the
type of animal model used and which are therefore likely to be
of most interest when designing intervention strategies.

Patterns of early growth, insulin sensitivity
and the emergence of insulin resistance
At birth, small-for-gestational-age (SGA) infants have low

circulating insulin and insulin-like growth factor-1 (IGF1)
concentrations [7, 8]. By 48 h after birth they are more
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insulin-sensitive and have higher plasma “free” non-esterified
fatty acid (FFA) levels than their average-for-gestational-age
(AGA) counterparts and then undergo a period of accelerated
postnatal growth [9, 10] that is associated with the increased
insulin sensitivity. This early period of increased insulin
sensitivity and accelerated growth precedes the subsequent
emergence of insulin resistance in later life [11-15].

Insulin signalling is mediated by a series of molecular
pathways. In the presence of insulin, insulin receptor
substrate proteins are phosphorylated, resulting in an
interaction with the Src homology 2 (SH2) domain of the
p85 regulatory subunit of phosphatidylinositol 3 kinase
(PI3K). The catalytic subunit of PI3K, p110, then phos-
phorylates phosphatidylinositol (4,5) bisphosphate (PIP2)
resulting in the formation of PI-3,4,5-triphosphate (PIP3).
Protein kinase B/Akt is then recruited to the plasma
membrane and Akt activation results in upregulation of
the cellular metabolic responses to insulin and the mito-
genic Ras-mitogen-activated protein kinase (MAPK) path-
way, which mediates cell growth and differentiation
(Fig. 1). The insulin signalling pathway, therefore, plays a
critical role in nutrient sensing and in the control of tissue
growth during development [16].

Rodent models of IUGR, including the maternal low
protein diet and global maternal nutrient restriction, have
also shown that fetal growth restriction is associated with
an ecarly postnatal phase of enhanced insulin sensitivity,
followed by the subsequent emergence of insulin resistance
and type 2 diabetes [17-19]. The offspring of rats fed a low
protein diet during pregnancy have improved glucose
tolerance at 3 months and muscle from these offspring
exhibits enhanced basal and insulin-stimulated glucose
uptake associated with an increase in the abundance of
insulin receptors. By 15 months of age, however, the
skeletal muscle from the protein-restricted offspring shows
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Fig. 1 Molecular pathways that mediate insulin signalling in skeletal
muscle (see text for more detail)
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a decrease in insulin sensitivity associated with a decreased
abundance of signalling molecules downstream of the
insulin receptor, including the PI3K p85x regulatory
subunit and PKC( [19].

It has been shown that men who were born at a low birth
weight (LBW) have reduced skeletal muscle expression of
the insulin signalling molecules, including the PI3K p85a
regulatory subunit and pl110 catalytic subunit, the zeta-
isoform of protein kinase C (PKC() and one of the PKC(-
regulated proteins, the insulin-dependent glucose transporter,
GLUT4 [20]. In a recent follow-up study, these LBW men
were shown to have a higher insulin-stimulated upregulation
of PI3K p85«x and p110f3 subunits in muscle compared with
their control counterparts [21]. Interestingly, increased
expression of p85« has been implicated in the development
of insulin resistance, as excess p85x may act to sequester
insulin receptor substrate-1 (IRS-1) and PI3K enzymatic
activity into inert cellular foci incapable of PIP3 generation.
In the LBW cohort there was also reduced phosphorylation
of PKCC( and phospho-Akt at Ser 473 in response to insulin
stimulation and again, each of these changes would be
expected to be associated with reduced glucose uptake [21].

Therefore, experimental and clinical studies have dem-
onstrated that poor growth in utero results in an initial
increase in insulin sensitivity that is associated with
accelerated postnatal growth and that these events precede
the emergence of insulin resistance. What are not clear are
the mechanisms through which IUGR leads to the initial
increase in insulin sensitivity and catch-up growth during
postnatal life. We have recently investigated the relation-
ship between poor growth before birth and the emergence
of increased insulin sensitivity after birth using a large
animal model of placental insufficiency.

The placental origins of accelerated postnatal growth

Placental dysfunction that results in a restriction of fetal
substrate supply is a major cause of an altered or reduced
fetal growth trajectory, and placental size has been shown
to predict fetal and neonatal weight across the entire birth
weight range [1]. Several different experimental approaches
have been used to produce placental insufficiency with
resultant fetal growth restriction in small and large animal
models, including surgical removal of the majority of
endometrial caruncles from the uterus of the non-pregnant
ewe prior to mating [22, 23]. This procedure restricts the
number of placentomes that are formed from the beginning
of pregnancy, thereby limiting placental growth and
function. The placental delivery of oxygen and glucose to
the fetus is restricted, and produces fetal hypoxaemia,
hypoglycaemia and hypoinsulinaemia in late gestation and
asymmetrical fetal growth [22-25]. There is evidence that

there is a redistribution of cardiac output as the growth of
the fetal brain, adrenal and heart are relatively spared,
whereas fetal muscle, gut and liver mass are decreased
[22-25]. The blood gas values and levels of nutrients and
metabolic hormones in the placentally restricted IUGR
sheep fetus are similar to that observed in fetal blood
sampling studies of SGA infants [22-25].

In a recent study of the impact of placental restriction
and IUGR on the mRNA and protein abundance of insulin
signalling molecules in skeletal muscle samples during both
late gestation (135-140 days’ gestation: term=150+3 days’
gestation) and after birth in the sheep [26], it was shown
that there was increased abundance of the insulin and IGF1
receptor (IGF1R) protein in the skeletal muscle of the
IUGR fetus. Despite the increase in abundance of insulin
receptor protein in the skeletal muscle of the IUGR fetus,
there was no upregulation of the expression of any of the
post-insulin receptor molecules in the skeletal muscle of the
IUGR fetus [26]. In the IUGR fetus, the abundance of
Akt2, PKC( and GLUT4 were each lower in muscle com-
pared with the normally grown control animal. Therefore,
while growth-restricted fetuses had increased abundance of
the insulin receptor in skeletal muscle, they had reduced
abundance of signalling molecules responsible for the
activation of GLUT4 [26]. This suggests that, while the
hypoglycaemic, hypoinsulinaemic environment of the IUGR
fetus may result in upregulation of the insulin receptor in
muscle, there are mechanisms that limit the extent to which
this increase in receptor expression can generate an increased
metabolic or growth response in the muscle. One possibility is
that the myocellular response to insulin in the IUGR fetus is
limited primarily by the low circulating concentrations of
insulin present.

At birth, IUGR lambs in this study were smaller and
thinner, and demonstrated a higher daily fractional growth
rate in the first 2 weeks of life compared with controls [26].
At 3 weeks after birth there was a persistence of the relative
abundance of insulin receptor protein in skeletal muscle,
and in addition there was now also an increase in protein
expression of PI3K p85, Aktl, Akt2 and both GLUT4
and the insulin-independent GLUT! transporters. These
changes are consistent with an increase in both basal
insulin-independent and insulin-stimulated glucose uptake
that has been shown to occur in the skeletal muscle of the
postnatal lambs during the phase of accelerated growth
[27]. The findings from this study therefore suggest that
fetal growth restriction due to a low placental substrate
supply results in increased abundance of the insulin
receptor in skeletal muscle that persists into postnatal life
and can then, in the presence of the higher levels of
nutrition present in postnatal life, result in the accelerated
growth of the ITUGR infant (Fig. 2). These findings may
have direct relevance to IUGR in humans, particularly since
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Fig. 2 Placental restriction results in an increase in the abundance of
the insulin receptor in the fetal skeletal muscle in the absence of an
increase in the abundance of the insulin signalling molecules or
GLUT4. We propose that this is a consequence of the low plasma
insulin concentrations that are present in the growth-restricted fetus.
After birth, however, the increase in the abundance of the insulin
receptor in the skeletal muscle persists and together with the transition
to the higher level of nutrition present in postnatal life, this results in
an increase in the abundance of the insulin signalling molecules,
GLUT4 and with accelerated postnatal growth

it has been recently shown that early catch-up growth is
related to the fetal growth pattern itself, irrespective of the
final birth weight, and is associated with higher insulin
sensitivity after birth [28].

Patterns of early growth and the development
of visceral adiposity

Small-for-gestational-age infants have a reduced body fat
mass at birth, but then develop a relative increase in body
fat mass from 2 to 12 months of age, and go on to have a
higher body mass index, fat mass and truncal fat distribu-
tion during childhood and adult life [29-32]. While catch-
up growth is associated with an increased period of insulin
sensitivity as summarised above, people who are thin at
birth and develop obesity later in life have the highest risk
of insulin resistance in adulthood [1-5]. In the sheep or pig,
adipogenesis and lipogenesis occur in fetal life and, unlike
the rodent, there is evidence in the sheep that the fetal fat
can synthesise adipokines, including leptin, and that leptin
may play a regulatory role in fat development before birth
[33-36]. As in the human, LBW lambs and pigs also grow
faster in the postnatal period and have a higher proportion
of body fat in later life [27, 37-39]. We have reported that
the major fat depot present in the fetal sheep is the perirenal
adipose tissue and that the growth of this depot is relatively
spared in IUGR fetuses in late gestation [36]. We have
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therefore investigated the impact of placental restriction and
IUGR on the growth and functional development of
visceral fat depots in the fetal and newborn lamb.

The normal growth and development of adipose tissue
requires the sequential action of a suite of growth factors,
hormones and transcription factors. IGF1 stimulates both
proliferation and differentiation of preadipocytes in cell
culture, and along with cAMP and glucocorticoids, is
required for induction of adipose tissue differentiation
[40—42]. After experimental induction of differentiation
with supraphysiological levels of IGF1, growth-arrested
preadipocytes go through clonal expansion prior to a sig-
nificant increase in the expression of proliferator-activated
receptor-y (PPARY), a key adipogenic transcription factor
when heterodimerised with retinoid-X-receptor-oc (RXRw).
PPARYy activation initiates the transcription of genes involved
in lipid accumulation and glucose metabolism, including
lipoprotein lipase (LPL), and the adipokines, leptin and
adiponectin. This then signals the terminal differentiation of
the adipocyte [40—44]. There is evidence that the effect of
IGF1R signalling on PPARY mRNA expression may be via
p38MAPK, which modulates the transcriptional activity of
C/EBPf, an adipocyte differentiation factor that induces
PPARyY mRNA expression [43, 44].

‘We have recently shown that placental restriction of fetal
growth results in decreased expression of IGF1 mRNA, but
not IGF2, IGFIR, IGF2 receptor (IGF2R), or PPARYy
mRNA in fetal perirenal adipose tissue in late gestation
[36]. There was no effect of IUGR, on the expression of
RXRa, adiponectin LPL, G3PDH, or GAPDH in the
perirenal adipose tissue in the sheep fetus. Interestingly,
the expression of IGF2 and that of PPARY mRNA in
perirenal fat were strongly related, suggesting that during
fetal life IGF2 binding at the IGF1R may stimulate PPARy
mRNA expression in adipose tissue [36]. There was also a
positive relationship between PPARy and adiponectin
mRNA expression, indicating that there may be functional
activation of the PPRE in the promoter region of the
adiponectin gene in perirenal adipose tissue in fetal life
[36]. Importantly, we found that leptin mRNA was signifi-
cantly decreased in the perirenal adipose tissue of the [UGR
sheep fetus [36]. Evidence for a reduction in basal circulating
leptin and higher relative increases in BMI have been
described in adults who were born ITUGR [2, 3, 45, 46].

In a follow-up study of the IUGR lamb in postnatal
life, we found that measures of the perinatal nutritional
environment were different between IUGR and control
lambs and that the development of the visceral fat cells and
depot were dependent on perinatal insulin and FFA
concentrations. Furthermore, we determined that the rela-
tionships between visceral fat development and perinatal
insulin and FFA concentrations were different in male and
female lambs [47].



Pediatr Nephrol (2010) 25:669-677

Independently of birth weight, female lambs had a
greater relative perirenal fat mass than males during early
postnatal life, and as there was no difference in the size of
the adipocytes between the female and male lambs, the
increase in fat mass in females is most likely due to their
having more fat cells, i.e. hyperplasia of the adipocytes
[47]. Interestingly, in both male and female lambs, the
mean size of the perirenal adipocytes at 3 weeks of age was
directly related to plasma insulin concentrations during the
first 24 h after birth (Fig. 3). Therefore, there appears to be
an important action of insulin in the immediate peripartum
period on the triglyceride storage capacity of the adipocyte
during later life. As plasma insulin concentrations are lower
in female than male lambs, it appears that the adipocyte is
more insulin-sensitive in the female. Circulating FFA
concentrations were lower after birth in the [UGR female
and ITUGR male offspring compared with the normal birth
weight lambs. Fatty acids are known inducers of adipocyte
differentiation [48, 49], and consistent with this there was a
strong relationship between plasma FFA concentrations
during the first 24 h after birth and perirenal PPARy mRNA
expression and the mass of perirenal fat present in [TUGR
and control female, but not male, lambs at 3 weeks of age.
We have therefore proposed that in the presence of
relatively low insulin concentrations and thus a lower
antilipolytic effect of insulin within the adipocyte in the
female lamb, that the intracellular level of fatty acids is
sufficient to activate PPARy expression and adipogenesis
resulting in a greater perirenal fat mass in the female
compared with the male lamb (Fig. 4a) [47].

In male lambs, the size of the perirenal adipocytes and
perirenal fat mass at 3 weeks of age were each significantly
related to plasma insulin concentrations during the first 24 h
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Fig. 3 There is a relationship between plasma insulin concentrations
during the first 24 h after birth and the mean cross-sectional area of
perirenal adipocytes at 3 weeks of age in male (open circles,
appropriate birth weight, and closed circles, low birth weight) and
female (open triangles, appropriate birth weight, and closed triangles,
low birth weight) lambs and this is independent of birth weight. This
is an important relationship as it shows the importance of exposure to
insulin in the immediate perinatal period in determining the
triglyceride storage capacity of the adipocytes in later life [47]
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Fig. 4 Summary diagrams highlighting the effects of early insulin and
non-esterified fatty acid (NEFA) exposure on the development of
perirenal fat and on proliferator-activated receptor-y (PPARYy) and
leptin mRNA expression in a the female and b male lamb (reproduced
with permission from Duffield et al. [47]). a In the female lamb, in the
presence of lower plasma insulin concentrations, plasma NEFA
concentrations during the first 24 h after birth drive the expression
of PPARY mRNA and the relative mass of perirenal fat at 3 weeks of
age. We propose that this is a consequence of the lower antilipolytic
actions of insulin in the female, which result in a higher concentration
of NEFAs in the adipocyte. This results in NEFA activation of PPARy
expression, hyperplasia of the perirenal adipocytes, and a greater
relative mass of perirenal fat in female compared with male lambs at
3 weeks of age. b In the male lamb, in the presence of higher plasma
insulin concentrations, there is a greater antilipolytic action of insulin
in the adipocyte. In IUGR males, the plasma NEFA concentrations are
also lower than those of control counterparts and this results in lower
PPARY and leptin gene expression in the perirenal fat of IUGR male
offspring at 3 weeks of age

after birth. Interestingly, in contrast to the female lambs,
there was no relationship between plasma FFA concen-
trations on day 1 and either perirenal fat mass or PPARYy
mRNA expression in the male lambs. Again, in contrast to
the IUGR female lambs, PPARy and leptin mRNA
expression in perirenal fat were each lower in the IUGR
male compared with the control counterpart. We proposed
that in the presence of higher plasma insulin concentrations
in the male that insulin has a stronger antilipolytic action in
the visceral adipocyte, which together with the lower FFAs
present in the ITUGR male results in reduced fatty acid
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activation of PPARy and leptin gene expression (Fig. 4b).
A decrease in PPARyY mRNA expression in adipose tissue
has been shown to be associated with a decrease in adipose
tissue and hepatic insulin sensitivity, particularly during
periods of high caloric intake [50]. The lower level of
PPARY expression in the perirenal visceral fat of the male
IUGR lamb may therefore predispose the male [IUGR lambs
to the subsequent emergence of insulin resistance.

As discussed above, leptin expression is also lower in
the perirenal adipose tissue in IUGR fetuses in late
gestation and this decrease appears to persist into postnatal
life in the male, but not the female lamb. While leptin
expression was lower, there was no reduction in circulating
plasma leptin levels in the [IUGR males. This may be a
consequence of the relatively small contribution of leptin
synthesis and secretion in the perirenal depot to systemic
leptin concentrations. Relatively lower leptin secretion from
this or other visceral fat depots may have an important
impact, however, on the paracrine or hepatic regulation of
lipid metabolism and insulin sensitivity [1-3].

This study highlights that the transition from the
hypoglycaemic, hypoinsulinaemic environment of fetal life
to the higher glucose and insulin environment of postnatal
life represents a critical period during which the availability
of circulating insulin and FFAs may determine the future
adipogenic and lipogenic capacity of the visceral adipocyte.
These data suggest that the early nutrition and insulin
environment may be important during the in utero period in
the human given that there is development of both the
visceral and subcutaneous fat depots in human fetuses
before birth, and also during the transition that occurs from
placental to enteral nutrition at birth. Further work is
required to determine the relationship between circulating
insulin and FFAs in cord blood samples or during the
immediate postpartum period on the development of
visceral fat beyond the first month of life.

IUGR, liver growth and metabolic development

In the rat, [IUGR induced by bilateral uterine artery ligation
in late pregnancy results in fasting hyperglycemia and
hyperinsulinemia in later life [51, 52]. In this model
peroxisome proliferator-activated receptor gamma, coacti-
vator 1 alpha (PGClx) is increased in the livers of the
offspring at birth and at 21 days of life [52]. PGCl«x is a
transcriptional coactivator of nuclear receptors that control
expression of gluconeogenic enzymes including glucose-6-
phosphatase and phosphoenolpyruvate carboxykinase 2
(PEPCK) [53]. In rats, dexamethasone administration in
the third week of pregnancy, also results in a permanent
upregulation of hepatic PEPCK mRNA expression and
activity and exposure to excess glucocorticoids have therefore
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been implicated in the prenatal programming of glucose
intolerance after prenatal substrate restriction [54]. Thus,
hepatic growth and development is altered by exposure to
early under-nutrition and/or excess glucocorticoids in a
species in which organogenesis and rapid cellular prolifer-
ation occurs in the liver in late gestation and early postnatal
life. Relatively few studies, however, have investigated the
impact of poor fetal substrate supply on hepatic development
in species such as the sheep, in which the period of rapid
hepatocyte proliferation and liver growth occurs during early
pregnancy.

In a range of studies using the placental restriction model of
IUGR, we have found that whilst relative fetal liver weight
tends to decrease as fetal weight decreases, the liver growth
response in [UGR fetal sheep is variable, with relative liver
weights ranging between 12 g/kg and 25 g/kg at a fetal body
weight of ~3 kg in late gestation (term = 150+3 days’
gestation) [23, 55]. This suggests that there may be different
intrahepatic responses to fetal substrate restriction and that
some of these responses may act to protect liver growth. In
those IUGR fetuses in which liver growth was maintained,
the hepatic expression of the insulin-independent glucose
transporter, GLUT1, was increased, there was no decrease in
IGFI mRNA expression, and there was no stimulation of
either PGCla and PEPCK mRNA expression [55]. In
contrast, in those ITUGR fetuses in which liver growth was
decreased, there was a decrease in hepatic IGF1 mRNA
expression and an upregulation of hepatic 11 3 hydroxyste-
roid dehydrogenase-1 (113HSDI1), PGClx and PEPCK
mRNA expression compared with control fetuses or with
IUGR fetuses in which liver growth was not reduced [55].

GLUT 1 is the predominant fetal glucose transporter that
mediates glucose transport into rapidly growing cells and is
expressed in relatively high concentrations in fetal tissues
compared with the adult [56-59]. One possibility is that in the
absence of an increase in hepatic GLUT1 mRNA expression
in the IUGR fetus, hypoglycaemia will result in a decrease in
hepatic IGF1 mRNA levels and a consequent decrease in
liver growth. We have suggested that low hepatic glucose
uptake results in the stimulation of increased expression of
113HSDI, the enzyme that converts cortisone to cortisol in
the hepatocyte. Cortisol plays a key role in the upregulation of
hepatic PEPCK activity and expression in the late gestation
fetus [60, 61] and so the increase in hepatic 113HSDI
mRNA expression and intra-hepatic cortisol production may
lead to an increase in PEPCK mRNA expression.

These results indicate that in a subset of IUGR
fetuses, there may be specific intra-hepatic mechanisms
that ensure that hepatic IGF1 expression and liver
growth are maintained, whereas in a different subset,
there is no compensatory increase in hepatic glucose
transport and liver growth is sacrificed. These differen-
tial patterns of hepatic growth and gene expression in
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IUGR fetuses may be of potential importance in determining
whether there will be programming of glucose intolerance in
postnatal life. Thus, in the sheep and in humans, unlike in the
rat, there may be intrahepatic responses to fetal substrate
restriction that protect the fetus and offspring from decreased
liver growth and from a decreased responsiveness to the actions
of insulin in postnatal life.

The metabolic legacy of IUGR: mechanisms
and interventions

During the past decade there have been a number of
mechanistic frameworks proposed to explain the biological
basis of the associations observed between birth weight and
later health outcomes. In 1992, Hales and Barker coined the
term, the “thrifty phenotype” hypothesis—derived from the
prior “thrifty genotype” hypothesis [6, 62]. Neel had
proposed that “thrifty” genes were selected during evolu-
tion at a time when food resources were limited and that
they resulted in a “fast insulin trigger”, an enhanced
capacity to store fat and an increased risk of insulin
resistance and type 2 diabetes [63, 64]. The thrifty
phenotype hypothesis, proposed, however, that when the
fetal nutritional environment is poor, there is an adaptive
response, which optimises the growth of key body organs
to the detriment of others and leads to an altered postnatal
metabolism, designed to enhance postnatal survival under
conditions of poor nutrition. It was proposed that these
adaptations only became detrimental when nutrition was
more abundant in the postnatal environment than it had
been in the prenatal environment [6, 62].

Developmental physiologists and physicians have used
the term “programming” to describe the process whereby a
stimulus or insult at a sensitive or critical period of
development, has long-lasting effects, although it has been
proposed that the term “developmental plasticity”, rather
than programming, would be more appropriate. Develop-
mental plasticity is defined as “the ability of a single
genotype to produce more than one alternative form of
structure, physiological state or behaviour in response to
environmental conditions” [65]. Bateson and colleagues
propose that for individuals whose conditions in fetal life
predicted poor adult nutrition, the expected outcomes may
be better, when the postnatal environment matches that
experienced prenatally and conversely that the individual
would be worse off when there is a relative excess of
nutrition in postnatal life [65]. This general model is
therefore consistent with the original thrifty phenotype
hypothesis. Whilst the evolutionary view provides a clear
biological framework to understand the importance of the
prenatal environment for the continued reproductive success
and health of subsequent adult populations [66], it is

recognised that not all responses to an adverse prenatal
environment may be potentially predictive of the postnatal
environment. In small animal models, where organogenesis
and growth through cellular hyperplasia occurs during late
gestation, exposure to adverse fetal substrate supply will
result in the loss of structural units such as nephrons,
cardiomyocytes or pancreatic 3 cells. Such decreases in
structural and hence the lifelong functional capacity of an
organ system may represent an inadvertent “teratogenic”
consequence of a decrease in energy supply rather than a
selective trade-off evoked to maintain the development of
more important tissues, such as the brain. At this stage it is
not clear that such responses are either “adaptive” or
“predictive”, although it is clear that they will result in the
programming of a reduced functional capacity for life.

There has also been intense recent interest in the role of
epigenetic modification of key genes in the association
between IUGR and the development of insulin resistance.
Epigenetics refers to covalent modifications of DNA and
core histones that regulate gene activity without altering the
nucleotide sequence of DNA [67]. The best characterised
epigenetic modification of DNA is the methylation of
cytosine residues within CpG dinucleotides and it has been
demonstrated that early nutrition may influence the estab-
lishment and maintenance of cytosine methylation [67].
Recently, there has also been specific interest in the role of
microRNAs (miRNAs), a novel group of small non-coding
RNAs in the pathology of diabetes [68] and future work on
the role of specific miRNAs in the developmental program-
ming of insulin resistance will be of particular interest in
this field.

In summary, the concept of the thrifty phenotype [62]
has been of seminal value in highlighting that it is the fetal
adaptive response to a suboptimal nutritional environment
and the consequent nutritional mismatch between the
resulting phenotype and the postnatal nutritional environ-
ment, which results in adverse consequences for metabolic
health. It is now becoming apparent from large animal
models of IUGR that the early insulin environment and the
intracellular availability of free fatty acids and glucose in
the visceral adipocyte, skeletal muscle cell and hepatocyte
are important in determining the metabolic phenotype of
these cells in the ITUGR offspring. These studies therefore
provide key insights into the potential benefits and possible
adverse consequences of different types of nutritional
interventions in the [UGR neonate.
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