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Abstract
The intrauterine growth restricted (IUGR) fetus develops unique metabolic adaptations in response
to exposure to reduced nutrient supply. These adaptations provide survival value for the fetus by
enhancing the capacity of the fetus to take up and use nutrients, thereby reducing the need for
nutrient supply. Each organ and tissue in the fetus adapts differently, with the brain showing the
greatest capacity for maintaining nutrient supply and growth. Such adaptations, if persistent, also
have the potential in later life to promote nutrient uptake and storage, which directly lead to
complications of obesity, insulin resistance, reduced insulin production, and type 2 diabetes.
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Intrauterine growth restriction (IUGR) is associated with increased risk for development of
obesity, insulin resistance, diabetes, and reduced lean body mass in adulthood.1–4 The fetal
adaptations to undernutrition that produce these long-term outcomes are not fully
understood. Glucose is the major energy substrate for fetal oxidative metabolism.5,6 A
variety of mechanisms relating to glucose and fuel metabolism, including increased
peripheral insulin sensitivity for glucose utilization, decreased insulin sensitivity for protein
synthesis in muscle, decreased pancreatic development, and increased hepatic glucose
production, are fetal adaptations to IUGR. Each of these mechanisms has apparent survival
value for the IUGR fetus by promoting energy uptake and utilization, reducing the demand
for amino acids for growth, reducing anabolic hormone production, and increasing glucose
production to maintain glucose supply to vital organs, primarily the brain and heart.7–11

These adaptations also result in asymmetrical growth restriction of the fetus, with greatest
restriction of subcutaneous tissue and muscle, less of bone, and least of the brain.
Collectively, these adaptations allow IUGR fetal organs and tissues to maintain their energy-
dependent basal metabolic functions at the expense of body growth in response to reduced
nutrient supply. If these adaptive mechanisms persist, or are more readily inducible later in
life, they have the potential to promote energy uptake beyond metabolic capacity when
energy supplies increase, producing obesity, insulin resistance, and type 2 diabetes.3 Data
from ovine models using nutrient restriction or placental insufficiency2,12–14 and human
epidemiological data1,15 indicate a prevailing model whereby IUGR has tissue-specific
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effects on insulin sensitivity that evolve as offspring mature (Figure 1). This review
highlights fetal data from studies in animal models, particularly the sheep, that support this
transition from insulin-sensitive to insulin-resistant conditions.

Because short stature and reduced lean mass tend to persist after birth in IUGR
offspring,16–18 it appears that even excess protein later in life cannot compensate for the
programmed reduction in muscle and bone growth. The same appears to be true for the
brain. Even into adolescence, early life nutritional deficiencies are associated with smaller
brain size, reduced neuronal development, and impairments in cognition, behavior, and
motor capacity.19 These deficiencies occur regardless of energy or protein nutrition in
childhood. Encouraging recent studies, however, indicate that providing more nutrition at
sensitive periods of early development following fetal nutritional deprivation, or in place of
continued poor nutrition in the preterm newborn infant, can improve growth and
development, particularly of the central nervous system.20,21 IUGR infants who display
catch-up growth by 3 years of age have neurodevelopmental outcomes at 8 years of age
equivalent to those without IUGR.21 Additionally, nearly all preterm infants in the neonatal
intensive care unit (NICU), whether they are growth restricted in utero or born with growth
parameters that are appropriate for gestational age, become relatively growth restricted
during their hospitalization. Many of the adverse outcomes are mimicked by postnatal
undernutrition in infants born preterm. When nutritional supplies are maximized early in
their postnatal NICU course, they have larger brains and improved cognitive performance.22

This is important justification, therefore, for better understanding the changes in fetal
development in IUGR infants in response to placental insufficiency and nutritional
deprivation. This knowledge will then provide better information about which nutrients
might be provided to such infants and when to provide them, to promote their survival and/
or prevent the later life complications of undernutrition before the adaptations become
irreversible.

Several different models of IUGR in fetal sheep have allowed the comprehensive study of
the IUGR fetal phenotype as a result of placental insufficiency, including in vivo metabolic
changes. Some of these models include exposure of the pregnant mother to hyperthermic
environmental conditions, overfeeding of adolescent ewes still in their growth phase,
prepregnancy uterine carun-culectomy, and restriction of the normal increase in uterine
blood flow in the third trimester of pregnancy.23–27 These models all produce placental
insufficiency using very different mechanisms yet demonstrate common fetal metabolic
adaptations to chronic reduced nutrient transport to the fetus. Fetal data from these various
models of ovine placental insufficiency are similar to data obtained from IUGR human
neonates within the first 48 hours of life. This makes each ovine model useful for studying
fetal adaptations to placental insufficiency and nutrient restriction. In this review, we
summarize animal model and human data that describe the fetal IUGR phenotype. We
specifically focus on fetal glucose and amino acid utilization during IUGR, followed by a
review of fetal organ-specific mechanisms that develop in response to chronic nutrient
deprivation in utero.

INTRAUTERINE GROWTH RESTRICTION FETAL PHENOTYPE: GLUCOSE
SENSITIVITY

Placental insufficiency and IUGR reduces placental glucose transport capacity. This is due
to the placenta being simply smaller and having overall fewer glucose transporters, selective
transporter insufficiency, or reduced transport surface area relative to the size of the
placenta.28,29 Placental insufficiency ultimately results in fetal plasma hypoglycemia, an
essential adaptation that promotes glucose transport across the placenta by increasing the
transplacental plasma glucose concentration gradient.30,31 This adaptation occurs in
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response to experimentally reduced glucose supply alone and in IUGR and placental
insufficiency.28,32

Expression of Glucose Transporters
IUGR fetal tissues respond in common ways, despite the different mechanisms resulting in
placental insufficiency, with adaptations that tend to increase or maintain glucose uptake
capacity and rates of glucose utilization. As shown specifically in both IUGR fetal sheep and
those made chronically hypoglycemic (e.g., by infusion of insulin into the mother over many
days to weeks), concentrations of glucose transporters tend to increase or at least stay at
normal levels despite the prevailing low glucose and insulin concentrations.11,33 This
adaptation includes both the ubiquitous GLUT1 transporter responsible for glucose uptake in
nearly all cells and the insulin-regulated GLUT4 transporter that is increased in expression
at cell membrane in response to insulin stimulation. GLUT1 expression is normal in the
liver, skeletal muscle, and heart of IUGR fetal sheep, yet increased in the brain.11 GLUT4
concentrations are not different in the skeletal muscle of the IUGR fetus but are significantly
increased in the plasma membrane fraction of the IUGR fetal sheep heart.34 Even in the
brain, fetal hypoglycemia tends to increase GLUT1 and GLUT3, perhaps in that way
helping to maintain rates of cerebral glucose uptake and utilization for energy and growth
needs and contributing to the lesser reduction in brain size compared with the fetal body and
other organs (liver, muscle, subcutaneous tissue), producing asymmetrical growth
restriction.33 These changes in glucose transporters have the effect of maintaining fetal
glucose metabolism despite low insulin concentrations.

Upregulation of the Proximal Insulin Signaling Pathway and Glucose Utilization
Completing the adaptation to low glucose and insulin are increases in other regulatory
proteins in the glucose metabolic pathways. The expression of the insulin receptor is
increased in IUGR skeletal muscle and tends to be increased at both the α- and β-mRNA
transcript and alpha and beta chain protein level in the liver.9 Upregulation of the insulin
receptor is expected, as it is a natural compensatory response to low levels of insulin in all
insulin-responsive cells and organisms, including the IUGR fetus. There also is a decrease in
the p85α regulatory subunit of phosphoinositide 3-kinase (PI3K) in IUGR fetal skeletal
muscle;9 the p85α regulatory subunit normally is a negative regulator of PI3K and its
activation of GLUT 4 translocation. These changes in the insulin receptor and p85α
regulatory subunit, therefore, would promote GLUT4 translocation to the cell membrane.
These data are consistent with increased peripheral insulin sensitivity to glucose utilization
observed in the same IUGR fetal sheep model.11 Chronic glucose deficiency (alone or with
IUGR) upregulates the capacity for maintaining glucose utilization rate (GUR) and insulin
sensitivity,11,35 specifically GUR expressed per kilogram body weight is normal at less than
normal glucose and insulin concentrations (Table 1). This adaptation represents an example
of the “thrifty phenotype” that Hales and others ascribed to metabolic adaptation that can aid
survival in the presence of nutrient deprivation.1

Impact on Glycogen Synthesis and Deposition
Another pathway for glucose utilization is storage as glycogen, a process stimulated by
insulin. Glycogen synthase kinase, normally a negative regulator of glycogen synthase and
thus glycogen synthesis, is reduced in liver and skeletal muscle in response to reduced
glucose supply to the fetus.9 This finding, along with the coordinated changes in other
insulin-signaling molecules discussed, allows increased insulin action to promote glucose
uptake into cells and storage into glycogen. As a result, IUGR fetuses characteristically have
increased muscle glycogen stores despite their reduced supply of glucose and low plasma
glucose concentrations. Specifically, cardiac glycogen content is increased 70% and skeletal
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muscle glycogen is increased >100%.11,34 In the late gestation IUGR fetal sheep, however,
hepatic glycogen content is maintained despite increased hepatic glucose production.9,11

INTRAUTERINE GROWTH RESTRICTION FETAL PHENOTYPE: AMINO ACID
UTILIZATION
Intrauterine Growth Restriction Is Associated with Reduced Transplacental Transport and
Fetal Uptake of Amino Acids

Studies in both humans and sheep have consistently found that the placental transport of
amino acids is limited during IUGR pregnancies.8,36–39 The severity of IUGR correlates
with reduced placental amino acid transport.40,41 Also depending on the degree of severity
of IUGR, net fetal (umbilical) uptake rates of the branched chain amino acids and
subsequent fetal plasma amino acid concentrations are either unchanged or decreased.8,9,36

Maintenance of normal fetal arterial amino acid concentrations likely represents a balance
among increased amino acid release from protein breakdown, increased amino acid
oxidation, and reduced amino acid utilization for protein synthesis, again ultimately
depending on severity of IUGR, oxygen, and energy availability.

Impact on Amino Acid Metabolism and Protein Balance
Adaptations in protein balance have been found in the fetus that adjust amino acid utilization
and metabolism in response to glucose and amino acid (energy) deprivation. Several studies
of acutely induced energy deprivation to the fetus (<2 weeks) have shown that fetal protein
breakdown increases and amino acid oxidation increases.42 Acute fasting in pregnant sheep
that produces maternal and thus fetal hypoglycemia results in a near doubling of leucine
oxidation as a fraction of leucine disposal.43 Leucine is an essential amino acid; thus
increases in its oxidation prevent its net synthesis into protein and contribution to net protein
balance. Two weeks of fetal hypoglycemia induced using a maternal insulin infusion
resulted in increased protein breakdown in addition to increased rates of amino acid
oxidation. Two weeks of fetal glucose deprivation also increased skeletal muscle expression
of the ubiquitin ligases F-box-only protein 32 (FBXO32; also known as muscle atrophy F-
box-1 or MAFbx-1) and ring finger protein 28 (RFP28; also known as muscle ring finger
protein 1 or MuRF1), which in time return to control values once fetal glucose is replaced
(recovery period).42 These data indicate that the increase in gene expression that would
promote proteolysis during hypoglycemia might allow for greater amino acid release from
fetal tissue for oxidation and energy production. In conditions of acute nutrient deprivation,
protein and amino acids function in this way as a body store of energy, helping to maintain
normal energy production rates and oxygen consumption.

Such strategies, however, have limited capacity for long-term survival. Instead, a more
successful long-term strategy for adaptation to chronic hypoglycemia takes over, involving
the normalization of amino acid oxidation rates combined with slowing of the rate of protein
accretion (growth).39 This longer term strategy conserves energy that normally might be
used to synthesize amino acids into proteins. When even longer periods of reduced glucose
and insulin from sustained maternal hypoglycemia (8-week maternal insulin infusion) are
induced, leucine oxidation as a fraction of leucine disposal rate returns to normal and the
fetus slows its rate of growth by decreasing fetal protein accretion rates and increasing fetal
protein breakdown.39 These adaptations allow survival of the fetus at the expense of growth
when energy is reduced, producing a viable fetus at term gestation but one that is smaller.
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INTRAUTERINE GROWTH RESTRICTION FETAL PHENOTYPE: REDUCED
AMINO ACID UPTAKE, SYNTHESIS INTO PROTEIN, AND MUSCLE
GROWTH AND DEVELOPMENT
Fetal Nutrient Supply and Lifelong Skeletal Muscle Growth

The human IUGR fetus and neonate are characterized by reduced lean mass.44–46 Small for
gestational age infants demonstrate relatively decreased lean mass growth compared with
increases in percentage body fat up to 2 years of age.47 Abnormal skeletal muscle
development as a result of IUGR is important because muscle fiber number is fixed at birth.
This limits postnatal muscle growth to increases in fiber size only, either by protein
accretion or satellite cell fusion to existing fibers.48–50 When nutrient supply to the fetus is
restricted, both cell division and protein accretion in skeletal muscle are downregulated.51,52

Sheep models of IUGR induced by placental insufficiency, uterine crowding, and maternal
nutrient restriction resulted in fewer muscle fibers and fiber-type shifts in the fetus and
newborn, implicating defects in primary and secondary myogenesis early in
development.53–56 In fact, maternal nutrient restriction during early gestation affects fetal
fiber number and type, whereas restriction during late gestation primary affects muscle fiber
size.54 Thus timing of the insult during critical periods of fiber formation is important in
determining the fetal response. Furthermore, relative decreases in type I slow fibers and
increases in type IIb fast glycolytic fibers occurred as a result of maternal nutrient restriction
in pregnant sheep, which might contribute to a more insulin-resistant phenotype in IUGR
offspring.53,56 In both human and sheep studies, reduced lean mass persists beyond the fetal
and neonatal period despite accelerated postnatal growth, indicating persistent impairments
in the ability of skeletal muscle to hypertrophy postnatally.11,47,57,58 Adults who were born
with low birthweight for gestational age have reduced muscle mass, reduced muscle-to-fat
ratios, and reduced muscle strength.17,18,59–61 Given the immediate and persistent deficits in
skeletal muscle growth as a result of IUGR, it is important to understand the mechanisms
responsible for abnormal muscle growth when nutrient deficiencies produce IUGR.

Hormonal Regulation of Fetal Skeletal Muscle Development
IUGR in humans and sheep is characterized by decreased insulin and insulin-like growth
factor (IGF)-1 concentrations,9,62,63 which might contribute to reduced lean mass. Both
insulin and IGF-1 promote net protein accretion in the fetus.64–68 In fetal skeletal muscle
specifically, IGF-1 is an anabolic growth factor that stimulates myoblast proliferation,
differentiation, and myofiber hypertrophy both in vivo and in vitro.54,69Igf1 (−/−) and Igf
receptor (−/−) mouse mutants have muscle hypoplasia from decreased myocyte number.70

In subconfluent myoblasts, IGF-1 acts initially to promote proliferation and inhibit
differentiation.69,71 In differentiated myotubes that have exited the cell cycle, IGF-1 and
insulin function as maintenance factors by promoting protein synthesis.62,72 Other hormones
that play a key role in promoting skeletal muscle growth and development such as epidermal
and fibroblast growth factors might also be affected by IUGR.73 A limited pool of myoblasts
due to low circulating anabolic hormones and mature myofibers that develop resistance to
hypertrophic growth could contribute to reduced fetal skeletal muscle mass in IUGR.

Evidence for Skeletal Muscle Resistance to Stimuli for Growth
Evidence indicates that normal and IUGR fetal skeletal muscle is relatively more resistant to
increasing protein accretion in response to additional amino acid supply compared with
postnatal muscle. In normally grown fetal sheep a 2-hour mixed amino acid infusion failed
to activate signal transduction proteins that upregulate messenger RNA (mRNA) translation
in skeletal muscle, independently of physiological increases in insulin.74 Because the fetus
receives an uninterrupted supply of amino acids from the placenta resulting in fetal amino
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acid concentrations higher than those of the mother, additional amino acid supplementation
might simply drive oxidative pathways without being used for protein synthesis and
accretion.75

mTOR (mammalian target of rapamycin) is a key protein in the insulin signal transduction
pathway that responds to upstream nutrient and hormonal signals to coordinate subsequent
gene activation, protein synthesis, and cell growth.76,77 mTOR phosphorylates eukaryotic
translation initiation factor 4E-binding protein 1 (4EBP1) and ribosomal S6 kinase (S6K),
which increase mRNA translation.76,77 Interestingly, mTOR, 5′ adenosine monophosphate-
activated protein kinase (AMPK), and AKT activation (AKT or protein kinase beta, PKB, a
serine/threonine protein kinase that plays a key role in multiple cellular processes such as
glucose metabolism, cell proliferation, apoptosis, transcription, and cell migration) are
unchanged in IUGR skeletal muscle, indicating that mechanisms that directly maintain these
pathways are intact in IUGR fetal tissues. The initiation phase of mRNA translation is a
pivotal site of regulation for global rates of protein synthesis, as well as a site through which
the synthesis of specific proteins is controlled. There is no change in elongation initiation
factor 4 (eIF4) complex or 4EBP1 expression in IUGR fetal skeletal muscle, despite
increased eIF4e and decreased 4EBP1 in IUGR liver, indicating that impaired mRNA
translation in IUGR fetal tissues may result from tissue-specific mechanisms or that other
sites of restriction of the insulin signal transduction pathway are involved. Skeletal muscle
from midgestation nutrient-restricted fetal sheep also had no change in total levels of mTOR
or AMPK protein, yet they had reduced phosphorylation of mTOR and the downstream
target, ribosomal protein S6.55 Further studies clearly are needed to evaluate the effect of
insulin and nutrient stimulation of these pathways.

Impact on Myogenesis
Expression of AKT2 is reduced in the IUGR fetal skeletal muscle, which is consistent with
studies showing a distinct role of AKT2 on skeletal muscle differentiation and
myogenesis.78–80 During differentiation in vitro and during regeneration in vivo, AKT2
expression and activity are markedly induced, indicating a possible role of AKT2 during
muscle proliferation.79,81,82 Indeed in human skeletal muscle, insulin receptor substrate
(IRS)-1 and AKT2 are required for myoblast differentiation and glucose metabolism,
whereas IRS-2 and AKT1 were used for lipid metabolism.83 Similarly, in AKT2 knockout
mice there is mild growth deficiency but also age-dependent loss of adipose tissue and
severe diabetes, with neither AKT1 nor AKT3 knockout mice showing similar defects.84

These studies suggest that AKT2 down-regulation in fetal skeletal muscle in the IUGR
model could be an important factor limiting skeletal muscle growth in utero.

INTRAUTERINE GROWTH RESTRICTION FETAL PHENOTYPE: REDUCED
PANCREATIC B-CELL MASS, PROLIFERATION, AND INSULIN
PRODUCTION

Because insulin is a central regulator of fetal growth, the fetal β-cell can be seen as
functioning to match fetal nutrient supply with hormonal signals for growth. Decreased
insulin secretion may therefore be viewed as an adaptive mechanism to limit fetal growth
during placental insufficiency and restriction of nutrient supply to the fetus. Low insulin
concentrations are widely reported in human IUGR, as is decreased glucose stimulated
insulin secretion.85,86 The adaptations to IUGR that limit insulin secretion are not fully
known, but a morphological study demonstrated smaller pancreatic islets and a decrease in
β-cell mass following severe growth restriction.87 These findings contrast with a second
human morphological study that did not show decreased β-cell mass; however, these
subjects were not as severely growth restricted.88 The normal compensation to insulin
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resistance in adults is an increase in β-cell mass and insulin secretion.89,90 Any restriction of
this compensation as an individual ages and develops obesity and insulin resistance will
result in hyperglycemia and type 2 diabetes. This makes reduced β-cell mass and insulin
secretion one of the most important morbidities of IUGR for long-term health. These basic
findings in human IUGR, a progressive decrease in insulin secretion and β-cell mass, have
been replicated in many animal models of IUGR. Similar to human IUGR, the more severe
the experimental growth restriction, the more severe the β-cell phenotype.91

Severe experimental placental insufficiency–induced IUGR fetal sheep have both decreased
baseline and glucose-stimulated fetal insulin arterial plasma concentrations.92 As early as
day 90 of gestation (term is 148 days) in such fetuses, umbilical venous plasma insulin
concentrations were found to be 43% of control values, although due to large variance the
differences were not statistically significant.10 Later in gestation (133 days), baseline arterial
plasma concentrations were 32% of control values and glucose-stimulated concentrations
were 23% of control values. Pancreatic islets isolated from these fetal sheep were used to
determine responsiveness to glucose in vitro. The fraction of insulin present that was
released in response to glucose stimulation was actually increased, but the total amount of
insulin present within the isolated pancreatic islet was reduced by >80%, whether expressed
per islet or per islet DNA mass, indicating that reduced cell number was not the cause of
reduced insulin content. Thus when insulin secretion is normalized to islet number, it is
significantly decreased in these islets, as expected from the in vivo data.92 Further work has
shown a specific reduction in the β-cell population of the pancreas of severely growth-
restricted fetal sheep in late gestation,93 similar to human IUGR fetuses. Although total
pancreas weight is reduced to the same extent as total fetal weight (60%) in these fetal
sheep, the β-cell mass (percentage insulin-positive area of the pancreas determined by
immunohistochemistry multiplied by the weight of the pancreas) is reduced further, by 76%,
yet β-cell size is not different in the IUGR fetuses, indicating there are fewer β-cells in the
IUGR pancreas. β-cell apoptotic rates are not different between placental insufficiency–
induced IUGR fetuses and controls, but the IUGR β-cells were found to be progressing
through the cell cycle at rates slower than control fetuses, and the proportion of β-cells
actually undergoing mitosis was reduced by 72%. Lower rates of β-cell differentiation also
might contribute to this reduction because β-cells in the extra-islet compartment, which
might represent newly formed β-cells, are decreased in the IUGR pancreas; changes in islet
genesis, however, also could also explain the slightly lower rates of differentiation in this
population. Together, these results indicate that nutrient deficits caused by placental
insufficiency decrease the population of pancreatic β-cells by lengthening cell cycle
progression and slowing rates of mitosis;93 mechanisms for these changes in IUGR
pancreatic islets and β-cells have not yet been determined. In addition both total pancreatic
insulin content and expression are reduced in the placental insufficiency–induced IUGR
fetus. Although asymmetrical fetal growth is apparent and demonstrates fetal adaptations to
spare nutrients for critical organs, the β-cells appear to be targeted for greater reductions
than other pancreatic cells types. This is true in both severe human and sheep IUGR.93

There also is a relative sparing of pancreatic alpha, delta, and pancreatic poly-peptide (PP)
producing cells.87,93

Fetal hypoglycemia and hypoxemia are two consistent features of IUGR that likely are
important for impaired β-cell function. Both conditions can independently lower insulin
release. Chronic hypoglycemia without hypoxemia results in moderate reduction of both in
vivo and in vitro nutrient-stimulated insulin secretion.7,94–96 However, when glucose is
infused directly into experimentally growth-restricted fetuses and glucose concentrations are
normalized for 2 weeks at the end of gestation, this normalization of glucose concentrations
is not well tolerated and fails to increase insulin secretion or β-cell mass. Such results
support the concept that hypoxemia also is responsible for decreased insulin secretion in
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IUGR, raising the question of how hypoxemia suppresses in vivo β-cell function. Certainly,
in vitro low oxygen conditions inhibit isolated islet insulin release.97 In vivo, however, other
mechanisms besides a direct effect of low oxygen concentrations might be important, such
as the increased catecholamine response. Acute bouts of hypoxia (from hypoxemia,
ischemia, or a combination) increase plasma norepinephrine concentrations in fetal
sheep.98,99 In fetal sheep, as in many other species, catecholamines act on the β-cells
predominantly via the α2-adrenergic receptors to suppress insulin release.100 This indicates
that fetal hypoxemia acts in conjunction with catecholamines to chronically suppress β-cell
function. The important role for catecholamines to suppress in vivo insulin secretion in the
setting of IUGR has been experimentally confirmed.101

INTRAUTERINE GROWTH RESTRICTION FETAL PHENOTYPE: INCREASED
HEPATIC GLUCOSE PRODUCTION

Late gestation IUGR fetal sheep show normal to increased whole body insulin sensitivity to
peripheral glucose disposal,11,58 despite lower than normal glucose and insulin
concentrations. By contrast, in the liver of IUGR and hypoglycemic fetal sheep, there is
increased hepatic phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6PASE) expression and increased hepatic glucose production (HGP) compared with
control fetuses.11,35,102–104 This is not enough, however, to meet the increased demand for
glucose utilization in the fetus, and the fetus remains hypoglycemic. Upon delivery,
postnatal IUGR animals undergo rapid “catch-up” growth and, at least for a short period of
early life, continue to demonstrate increased whole-body insulin sensitivity.57,105 The early
increases in PEPCK and HGP, however, contrast with increased peripheral insulin
sensitivity in fetal and early postnatal life and indicate that chronically increased HGP in
IUGR offspring may contribute to the development of total body insulin resistance later in
postnatal animals (Figure 1). In support of this possibility, insulin mediated suppression of
PEPCK and HGP is blunted in the liver of IUGR rats studied 20 weeks postnatally.106,107

Similarly, postnatal IUGR rodents have increased PEPCK and HGP.108,109 A block in
proximal insulin signaling has been suggested as a possible mechanism in the IUGR rodent
liver.106,107,110 Future studies addressing hepatic insulin sensitivity in the fetal and postnatal
IUGR sheep are needed. Lastly, increasing human epidemiological data indicate the adults
who were IUGR are at an increased risk for developing uncontrolled hepatic glucose
production and diabetes.1,4 Collectively, these data indicate that the IUGR fetal liver may be
developing insulin resistance in terms of glucose production that likely plays an important
early role in leading to type 2 diabetes in IUGR offspring.

Induction of the Gluconeogenic Pathway in the Intrauterine Growth Restriction Liver
The molecular basis for chronic increased glucose production may be the induction of
nuclear factors that increase gluconeogenic gene expression. PGC1α (peroxisome
proliferator-activated receptor [PPAR]γ coactivator-1α), a major coactivator that encodes a
transcriptional pathway for increased gluconeogenesis, is increased by threefold in the
IUGR fetal liver.9 The IUGR liver also has increased expression of CREB (phosphorylated
cyclic adenosine monophosphate [cAMP] response element-binding protein),9,11 which
binds directly to the PEPCK promoter via the cAMP response element (CRE) binding site
and can activate PGC1α expression. The expression of CCAAT/enhancer binding protein α
(C/EBPα) and C/EBPβ, which also bind to the CRE, tend to be increased in IUGR fetal
liver.9 This indicates that cAMP-dependent regulatory pathways may drive early
gluconeogenic gene expression patterns in the PI-IUGR fetal liver. Indeed, the IUGR fetus
has been reported to have increased circulating concentrations of glucagon and
norepinephrine that activate cAMP-dependent signaling pathways.92 These results are
similar to those in another fetal sheep model of short-term (10-day) hypoglycemia, in which
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the levels of PEPCK, phosphorylated CREB, and glucose production are increased during
late gestation.104 These various observations implicate glucose deprivation as an important
causative factor for IUGR-induced gluconeogenesis through a mechanism involving cAMP-
driven signals, such as PGC1α, CREB, and C/EBP. Whether these are permanently modified
as master regulatory factors in the postnatal period is the subject of ongoing investigation.

Role of Epigenetics in the Intrauterine Growth Restriction Liver Phenotype
The mechanisms responsible for chronic tissue-specific changes in metabolism and insulin
sensitivity in IUGR may be a consequence of epigenetic changes resulting in altered gene
transcription.2,12,111,112 DNA demethylation occurs slowly during replication, due to
inhibition of maintenance methylases, specifically DNA methyltransferases (DNMTs), and
is associated with actively transcribed genes. Chromatin remodeling occurs with changes in
histone modifications.113 The PEPCK gene promoter undergoes changes in chromatin
modification and demethylation associated with activation of gene expression during the
transition from fetal to postnatal life.114–118 Recently, decreased PEPCK promoter
methylation was found in the fetal liver of baboons from a maternal nutrient restriction
model.119 Global DNA hypomethylation and increased histone acetylation have been found
in postnatal rat IUGR livers.120–123 Future studies are needed to address how these events
are modified in utero during IUGR and the role of epigenetic modifications in development
of hepatic insulin resistance.

CONCLUSIONS
If fetal adaptations to IUGR (increased peripheral glucose and insulin sensitivity, decreased
β-cell mass and insulin secretion, diminished skeletal muscle cell number and capacity for
net protein synthesis, and increased glucose production) persist into postnatal life and into
late childhood and adulthood, they could underlie the increased risk of IUGR infants for
developing obesity and type 2 diabetes as adults. Increased insulin sensitivity might
predispose the formerly IUGR infant to have abnormally increased rates of fatty acid
deposition, leading to obesity and eventually insulin resistance. If a β-cell defect persists that
limits the insulin response to peripheral insulin resistance, then type 2 diabetes would
follow. If myocytes are diminished in number, this could reduce whole body insulin action.
If increased glucose hepatic production capacity persists, this could augment hyperglycemia
caused by the development of peripheral insulin resistance and pancreatic β-cell failure to
produce insulin in response to the insulin resistance and relative hyperglycemia.

Such problems lead to two important areas for future research. One area is in the prenatal
treatment of IUGR. Previous human studies using nutritional interventions have
demonstrated variable results with potential fetal toxicity. However, mechanisms of fetal
toxicity are unknown. Animal models will be particularly useful for determining such
mechanisms and investigating safe as well as effective interventions for attempting to
improve metabolic functions and growth among fetuses with established IUGR. In addition,
future research is needed to determine how postnatal feeding practices should be modified in
the previously IUGR infant during the period of increased insulin sensitivity with a goal of
preventing future insulin resistance and obesity without sacrificing long-term
neurodevelopmental outcomes. Improved understanding of the mechanisms that produce the
IUGR fetal phenotype as well as those that underlie how such mechanisms and their
resulting changes in metabolism are affected by reintroduction of nutrients and anabolic
hormones should provide fertile ground for future research into improved outcome of IUGR
fetuses.
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Figure 1.
Transition from insulin sensitive to insulin resistant in intrauterine growth-restricted
offspring.
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Table 1

Glucose Utilization Rates in Control and Intrauterine Growth-Restricted Fetal Sheep in Relation to Fetal
Arterial Plasma Glucose and Insulin Concentrations11

Control IUGR

Glucose utilization rate (mg/kg/min) 5 5

Glucose (mg/dL) 20 10

Insulin (μU/mL) 12 5

Similar results have been found in three different models of IUGR due to placental insufficiency in fetal sheep.11,58,124

IUGR, intrauterine growth restriction.
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