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Abstract

Previous attempts to improve growth and development of the intrauterine growth-restricted 

(IUGR) foetus during pregnancy have not worked or caused harm. Our research identifies tissue-

specific mechanisms underlying foetal growth restriction and then tests strategies to improve 

growth and ameliorate many of the metabolic problems before the infant is born. The goal of our 

studies is to reduce the impact of foetal growth restriction at critical stages of development on the 

lifelong complications of IUGR offspring.

Conclusion—Defining specific mechanisms that cause growth restriction in the foetus might 

identify specific nutrients and hormones that could be given to the mother to improve foetal 

growth and reduce metabolic complications, using strategies first tested in our IUGR animal 

model.
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INTRODUCTION

Intrauterine growth restriction (IUGR) of the placenta and the foetus affects 5–8% of all 

pregnancies (1,2), is a primary cause of stillbirth (3) and leads to 10-fold higher rates of 

neonatal morbidity and mortality (4). Ischaemic placental disease (which includes IUGR) 

accounts for well over half of all indicated preterm deliveries (5). The consequences of 

IUGR in the foetus, or foetal growth restriction specifically, reach far beyond the perinatal 

period. Growth-restricted foetuses suffer from lifelong reductions in muscle mass 

(sarcopenia) (6) and are at risk for visceral adiposity, insulin resistance and diabetes (7). 

IUGR commonly develops in pregnancies complicated by placental insufficiency (PI), which 

chronically limits nutrient and oxygen supply to the foetus and reduces foetal anabolic 

hormone concentrations. In response to such deficiencies, mechanisms are initiated in the 

PI-IUGR foetus, such as dilation of the ductus venosus (8), that shunt oxygenated blood 
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towards the heart and brain. The middle cerebral artery also dilates to maximise blood flow 

to the brain. The end result of PI-IUGR is asymmetrical foetal growth that spares brain 

growth relative to overall foetal weight and linear growth. This asymmetrical foetal growth 

restriction pattern is in contrast to symmetrically grown small for gestational age (SGA) 

neonates who are the result of normal but slower than average rates of foetal growth, such as 

those who are constitutionally small (9,10).

These adaptive adaptations also allow normal cellular oxidative metabolism to continue, 

maintaining foetal viability at the expense of growth. The successful growth-restricted foetal 

phenotype involves several adaptations that are successful for foetal survival. Increased 

capacity for foetal tissue and cellular glucose uptake (increased glucose and insulin 

sensitivity) sustains normal cellular metabolism. Increased capacity for foetal hepatic 

glucose production (HGP) maintains glucose concentrations to support cellular metabolism 

of critical organs such as the brain and the heart. Decreased foetal pancreatic development 

and insulin secretion match anabolic hormone concentrations to the reduced levels of energy 

and protein supply. Decreased capacity for amino acids to be synthesised into foetal protein 

slows cellular growth to maintain normal cellular energy metabolism (9,10).

Unfortunately, such foetal adaptations also appear to produce problems that are maladaptive 

to conditions immediately after birth and in later childhood and adult periods of life. These 

include the acute problems that growth-restricted foetuses suffer at birth (e.g. asphyxia, 

hypoglycaemia). They also include later life problems associated with foetal growth 

restriction, such as brain under growth and directly associated neurodevelopmental and 

cognitive and behavioural deficiencies, short stature, underdeveloped lungs, cardiomyocyte 

deficiency and propensity to heart failure, skeletal myocyte deficiency and associated muscle 

weakness and reduced glucose disposal capacity, and insulin resistance and excessive 

glucose production leading to the metabolic syndrome (including obesity, type 2 diabetes 

and cardiovascular disorders such as hypertension, stroke and myocardial infarctions) (9,10).

Despite these many problems during foetal life and throughout the lifespan, no one has been 

able to do very much about improving growth and development of the growth-restricted 

foetus once diagnosed in pregnancy that might prevent the development of these disorders. 

Many previous attempts at enhancing nutrition and oxygenation of the pregnant mother with 

an IUGR pregnancy (e.g. maternal oxygen and bed rest, augmented maternal nutrition, a 

variety of medications) have either not worked or caused harm, producing worse IUGR and 

even foetal death (9–12). As a result, current management of IUGR pregnancies involves 

foetal surveillance and delivery of the foetus when adverse physiology develops, even if 

preterm, hoping that the growth-restricted foetus can be treated better outside the uterus as a 

growth-restricted neonate, clearly a less-than-satisfactory strategy that continues to produce 

growth-restricted preterm neonates with considerable pathology. Understanding how IUGR 

develops, but also understanding how the growth-restricted foetus responds to corrections of 

placental insufficiency, is essential to find ways to improve restricted foetal growth before it 

produces adverse outcomes. Animal models must be optimised first to study the impact of 

adding nutrients or blood transfusions or anabolic hormones directly to the foetus before 

considering, let alone testing, future efforts to promote foetal growth and development in 

human IUGR pregnancies.
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MODEL OF PLACENTAL INSUFFICIENCY AND IUGR IN FOETAL SHEEP

Our research group has been developing and testing strategies to see whether we could 

improve growth and development of the restricted foetus before its adaptations to under 

nutrition, hypoxia and anabolic hormone deficiencies become permanently programmed.

Our first goal, conducted in established late gestation growth-restricted foetuses in our 

unique model of placental insufficiency and IUGR in pregnant sheep, has been to study 

selected organ function following increased supply of nutrients and anabolic hormones. 

These studies have focused on (i) the pancreas and insulin secretion; (ii) the liver and 

glucose production; (iii) skeletal muscle and myocyte growth and development; and (iv) the 

brain and neuronal growth and development. Our second goal has been to start replacements 

of these factors much earlier in gestation, during early phases of IUGR development, before 

programming has produced permanent changes. Our aim was to find a period when adaptive 

mechanisms in the growth-restricted foetus remain plastic enough that we could prevent or 

repair relatively unfixed, less permanent programming of molecular, cellular and 

physiological responses of the growth restriction to placental insufficiency.

With our unique model of IUGR in pregnant sheep, we are able to carefully control short- 

and long-term supplements of energy (glucose), protein (amino acids) and anabolic 

hormones (insulin). We are able to provide these replacements at graded levels and during 

critical stages of gestation that allow us to determine how they produce beneficial or adverse 

effects, what can be done to prevent or correct adverse effects, and when during the 

development of IUGR, there is sufficient plasticity of adaptations to foetal under nutrition 

that correction is successful. Our studies have characterised the progressive decline of foetal 

plasma insulin, IGF-I, oxygen and foetal amino acid uptake in our ovine model of placental 

insufficiency and IUGR in relation to muscle fibre formation and pancreatic development 

(Fig. 1) (13). These direct foetal studies then could lead to more effective treatments via the 

mother that could be tested in our model before adapting such treatments for trials in human 

pregnancies.

Our model of IUGR (Table 1) is a ‘natural’ model in pregnant sheep of placental 

insufficiency (PI-IUGR) produced by exposing pregnant ewes to elevated ambient 

temperatures for 70–80 days during mid-gestation (control ewes are housed at normal 

ambient temperatures and fed a diet matched to the PI-IUGR ewes (14). Maternal 

hyperthermia and IUGR are natural in sheep that, uncharacteristically, carry pregnancies in 

the hotter summer months, producing a smaller placenta with nutrient and oxygen transport 

defects (15). In our model of placental insufficiency-induced IUGR, the placental 

insufficiency is the result of reduction in both placental size and placental transport capacity 

of glucose, amino acids and oxygen. The placental insufficiency, therefore, under-nourishes 

the foetus, producing a growth-restricted foetal phenotype that is identical to other ovine 

models of placental insufficiency, despite very different approaches to producing placental 

insufficiency (16–19). The model also is one of the asymmetric foetal growth, such that 

foetal weight and length measurements during late gestation are more reduced than brain 

weight. The key feature in all of these models of IUGR from placental insufficiency is that 

the foetus receives less than normal amounts of nutrients and oxygen. The principal 
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advantage of our model is that it most closely mimics the human condition, representing a 

unique model for understanding foetal physiology in utero that cannot be accomplished in 

any other species, particularly in small animals.

PANCREAS AND INSULIN SECRETION

Human IUGR infants and essentially all animal models of IUGR have consistently shown 

progressive reductions in pancreatic β-cell numbers and function when placental 

insufficiency reduces nutrient supply to the foetus over the bulk of gestation (20). Our 

studies have shown that decreased supply of these essential nutrients is primarily responsible 

for the adverse changes that occur in the growth-restricted foetus in β-cell development and 

insulin secretion at the physiological (decreased in vivo and in vitro β-cell function), 

morphological (decreased β-cell mass, mitosis, islet size and impaired vascular 

development) and protein and mRNA (decreased cell growth factors) levels (21–25). Our 

studies now are aimed at normalising the foetal nutrient supply and anabolic hormone 

concentrations to promote β-cell development and insulin secretion (26–29).

Prior to testing these manipulations in growth-restricted foetuses, we have routinely tested 

the role of these nutrients and hormones in normally grown foetuses. Chronically decreasing 

or increasing foetal glucose supply inhibits glucose-stimulated insulin secretion (GSIS) and 

decreases β-cell mass and/or increases β-cell apoptosis (26,30). However, increasing foetal 

glucose supply in a pulsatile pattern increases GSIS in normal foetuses (30). Increasing the 

amino acid supply in normal control foetuses potentiates foetal glucose-stimulated insulin 

secretion, although there is no impact on islet structure (27). A foetal insulin infusion 

increases foetal insulin and insulin-like growth factor 1 (IGF-1) concentrations, but inhibits 

glucose-stimulated insulin secretion and has no impact on β-cell mass (28). With respect to 

experiments in growth-restricted foetuses, we have completed studies in which we 

normalised foetal glucose concentrations with a continuous glucose infusion in IUGR 

foetuses. The glucose infusion had no impact on β-cell mass, but further impaired insulin 

secretion (29). Disappointingly, correction of foetal glucose concentrations in growth-

restricted foetuses causes hypoxia, acidosis and decreased insulin secretion (29). These 

findings highlight the need to test prospective therapeutic strategies for foetal growth 

restriction in animal models where adverse foetal responses can be measured.

We also aim to understand the fundamental organ and cellular defects resulting in impaired 

foetal islet structure and function in IUGR. For example, an underlying cause of the 

impaired vascular development and islet insulin secretion may be reduced hepatocyte growth 

factor (HGF) production by the PI-IUGR islet endothelial cells and reduced islet vascular 

endothelial growth factor A (VEGFA) (23,31). Data resulting from this line of investigation 

demonstrate (i) the importance of HGF and VEGFA in foetal islets, (ii) the specificity of 

HGF in endothelial cell-conditioned media for stimulating islet function and (iii) impaired 

production of these hormones in IUGR foetal islets and islet-derived endothelial cells (23).

We also are testing how oxygen may play a fundamental role in the suppression of insulin 

secretion and insulin action by a mechanism of hypoxia-induced catecholamine secretion 

(32). Furthermore, hypoxia-generated increased cortisol production may promote 
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gluconeogenesis and protein breakdown. These outcomes are likely, based on evidence from 

our model of IUGR that insulin concentrations increase when foetuses are treated with 

alpha- and beta-adrenergic receptor blockers (33,34). An extension of these studies into the 

neonatal period, when catecholamine concentrations are expected to be lower (normally), 

might lead to increased insulin secretion, which will secondarily lead to hypoglycaemia 

(35). Our studies have uniquely shown that IUGR islets have increased fractional insulin 

secretion capacity, which supports the in vivo characteristics of increased responsiveness 

following adrenergic suppression (24). Our studies, therefore, may have provided evidence 

for how IUGR newborn infants can initially have hyperglycaemia, but later on have low 

glucose concentrations that appear to be due to relative hyperinsulin-like conditions (36).

SKELETAL MUSCLE GROWTH RESPONSES

Our model of IUGR demonstrates reduced transplacental transport of nearly all amino acids, 

particularly leucine, an essential amino acid that has unique regulatory effects on muscle 

protein synthesis (37,38). In addition, foetal tissue uptake of leucine is reduced in IUGR 

foetuses (Fig. 3) (39). Thus, skeletal muscle growth is particularly vulnerable in the IUGR 

foetus, with both reduced amino acid supply from the placenta and further downregulation 

of tissue amino acid uptake. The latter problem indicates that there is potential to promote 

muscle amino acid utilisation independently of amino acid supply from the placenta by 

directly infusing amino acid into the foetus (38). Our current studies are designed to 

determine the mechanisms responsible for reduced foetal uptake of amino acid and restricted 

muscle growth in the growth-restricted foetus.

Chronic foetal under nutrition has the potential to disrupt normal myogenesis because 

several studies have shown that muscle fibre number is set at birth (40–42). Early in foetal 

development, myoblasts proliferate and differentiate into skeletal myofibres (43). With 

decreased nutrient and growth factor availability, myogenesis is reduced. For example, in a 

variety of species, maternal nutrient restriction during pregnancy limits foetal myoblast cell 

cycle activity, reduces myonuclei per myofibre and reduces myofibre number in offspring 

(44–47). Similarly, placental insufficiency independent of maternal nutrient intake lowers 

the proliferative capacity of foetal myoblasts, because mRNA expression of several genes 

that regulate cell cycle progression is reduced and reflects the in situ situation with less 

proliferating cell nuclear antigen (PCNA)-positive cells (39,48). Furthermore, myoblasts 

harvested from growth-restricted foetal sheep and cultured in vitro show slower rates of 

replication (39).

Myofibre hypertrophy is the primary mechanism of muscle growth late in gestation and in 

postnatal life (13). Foetal skeletal muscle weight is disproportionately reduced in relation to 

limb length in the growth-restricted foetus (56). Furthermore, we have found that smaller 

muscle fibre area associates with the foetal growth restriction in late gestation (0.9 of 

gestation; Fig. 2) (39,49). Decreased leucine flux into foetal tissues (shown in Fig. 3) reflects 

decreased capacity for amino acid uptake that might be driven by skeletal muscle (38). 

Protein breakdown pathways might also be activated, as is the case in adults during catabolic 

states such as starvation, cancer and burn injury, for supplying amino acids to organs such as 

the heart, liver and brain (50).
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Our recent studies have evaluated the effect of increasing foetal amino acid delivery to late 

gestation control and growth-restricted foetal sheep. Normally growing, control foetal sheep 

demonstrate preferential oxidation of leucine by the foetus over glucose in response to 

increased amino acid delivery, as measured using leucine tracers and the glucose–oxygen 

quotient to estimate glucose oxidation. This effect was observed when amino acids were 

given to the pregnant ewe (51) or when given directly to the foetus, both acutely (three 

hours) (42) and chronically (10–14 days) (52). However, acute amino acid supplementation 

directly to the growth-restricted foetus for three hours suppressed protein breakdown rates 

and only minimally increased leucine oxidation, which produced increased foetal protein 

accretion rates (38) (Fig. 4). These observations have demonstrated that whereas excess 

amino acids in the normal foetus were oxidised, supplemental amino acids given for short 

periods of time in the growth-restricted foetus were used to suppress protein breakdown and 

thereby promote net protein accretion.

We also have tested the effects of growth factor supplementation on myoblast proliferation 

and growth. Myoblasts harvested and cultured in vitro from control and growth-restricted 

foetal muscle show increased proliferation in the growth-restricted foetus in response to 

insulin stimulation compared with control (53). Our studies in normally growing foetuses 

suggest that both insulin and amino acids are required for the activation of protein synthetic 

pathways (54); thus, restoration of myoblast proliferation might be possible during foetal life 

in the growth-restricted foetus, but with appropriate growth factor stimulation as well as with 

supplemental amino acids.

LIVER AND GLUCOSE PRODUCTION

Foetal hepatic glucose production is normally absent due to transplacental maternal glucose 

supply (55). In animal models of IUGR, early developmental shifts in foetal glucose 

metabolism include increased hepatic gluconeogenic gene expression, HGP and decreased 

pancreatic insulin secretion (9,24,56,57). Specifically, foetal sheep with PI-IUGR 

demonstrate increased HGP rates and hepatic gluconeogenic gene expression 

(phosphoenolpyruvate carboxykinase 1 cytosolic form [PCK1], phosphoenolpyruvate 

carboxykinase 2 mitochondrial form [PCK2] and glucose-6-phosphatase, catalytic subunit 

[G6PC]) (Fig. 5A,B) (57). Increased HGP, hepatic gluconeogenic gene expression and 

growth restriction are also present in foetal sheep exposed to chronic (>8 week) 

hypoglycaemia (58). Increased expression of PCK1 is found in the nutrient-restricted foetal 

baboon liver (59) and in the IUGR neonatal rodent liver (60).

While these adaptations may be beneficial to sustain foetal viability, they also can lead to 

pathological conditions later in life, including type 2 diabetes (9). The early mechanisms 

responsible for these metabolic reprogramming adaptations in the PI-IUGR foetal liver are 

largely unknown. We have found increased nuclear levels of phosphorylated forkhead box 

protein O1 (FOXO1) protein in IUGR livers under basal and insulin-stimulated conditions 

(57). We speculate that aberrant FOXO1 regulation as a result of hypoxia may contribute to 

increased hepatic glucose production and insulin resistance. Despite reduced nutrient supply 

and hypoxia, the IUGR fails to activate key nutrient sensors like AMP-activated protein 
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kinase (AMPK) (61). Thus, impaired nutrient sensing may be another therapeutic target for 

liver metabolism in the IUGR foetus.

We also have found increased expression of several key hypoxia target genes in the IUGR 

foetus. These include increased pyruvate dehydrogenase kinase 4 (PDK4), in both liver and 

muscle, which limits glucose oxidation and is consistent with reduced glucose oxidation in 

the IUGR foetus (Fig. 5C, D) (56,62). Lactate dehydrogenase A (LDHA) expression also is 

increased in the growth-restricted foetal liver (Fig. 5D), but not muscle, suggesting 

intrahepatic lactate production, which might provide carbon for HGP (62). These data 

support a role of hypoxia for producing HGP in the growth-restricted foetus.

Our recent data also support that coordinated changes in hepatic amino acid metabolism 

support the early activation of HGP. In response to foetal hypoglycaemia for 5 days, the 

foetal liver transitioned from net glucose uptake to net output (63). Hepatic total net amino 

acid uptake increased twofold, along with significantly increased concentrations of cortisol 

and glucagon. The increased net hepatic amino acid uptake included increased uptakes of 

both essential and nonessential amino acids. Interestingly, concentrations of branched chain 

essential amino acids, which increased by 20–40% on day 1 and day 5, were positively 

related to HGP. Thus, increased amino acid supply might support insulin production and 

muscle anabolism in the growth-restricted foetus, while also increasing foetal HGP that 

would support basal metabolism and provide energy for the anabolic conditions that amino 

acids and insulin might generate.

INCREASING FOETAL BLOOD RED BLOOD CELL AND BLOOD OXYGEN 

CONTENT BY BLOOD TRANSFUSIONS

Oxygen is fundamental for growth as well as normal cellular metabolism. Insufficient 

oxygen might be critically important in restricting foetal growth in PI-IUGR, either directly 

by inhibiting the synthesis of amino acids into net protein balance, or indirectly by 

restricting anabolic hormone production, principally insulin. This could occur by increased 

production of cortisol or catecholamines, both of which have the capacity to reduce insulin 

secretion and action (32,64,65). Our previous studies have shown that not only is the growth-

restricted foetus relatively hypoxic, but gets even more hypoxic as glucose is infused, 

compounded by hypoxia-induced excessive catecholamine secretion. The normal foetus 

responds to hypoxia with increased red blood cell production via activated erythropoietin 

production (66). Our goal is to develop a rigorous protocol for improving foetal 

oxygenation. One approach under current investigation is to transfuse red blood cells into 

growth-restricted foetuses and measure their blood oxygen content, nutrient substrate and 

hormonal concentrations, metabolic rate (oxygen consumption) and specific cell metabolic 

functions, including glucose- and amino acid-stimulated insulin secretion, amino acid- and 

insulin-stimulated skeletal muscle myocyte replication and hypertrophy, glucose and amino 

acid effects on neuronal development, and hepatic glucose output. This novel technique 

would mimic the increase in RBC production that normally happens in foetuses exposed to 

low oxygen supply and prevents growth restriction from hypoxia. Alternatively, we could 

infuse recombinant erythropoietin, which might stimulate foetal RBC production. All 
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growth-restricted foetuses from placental insufficiency experience reduced oxygen supply 

and hypoxia, which might interfere with nutrient and anabolic hormone supplement 

treatments, particularly via their stimulation of catecholamine secretion, which will inhibit 

insulin production (32,64). Catecholamines contribute to about 50% of the growth 

restriction; thus, correcting oxygen deficiency is fundamental also in reducing the secretion 

of catecholamines and thus their negative impact on foetal growth.

SUMMARY

Our studies are showing potential for improving the growth of the growth-restricted foetus 

before term gestation and birth. In some cases, this can be done early in the development of 

IUGR by simply replacing nutrients and oxygen. In others, anabolic hormone replacements 

might offer unique improvements in cell proliferation alone, as well as hypertrophy of cells 

when administered with nutrients (amino acids, principally). Key to all of these approaches 

with nutrients and anabolic hormones is to learn how to enhance foetal blood oxygen content 

to optimise energy utilisation for protein synthesis and protein balance. The studies in our 

ovine IUGR model indicate that there is much to be learned about how and when foetal 

growth restriction develops in response to placental insufficiency. Such studies should be 

performed first and then tested for the capacity to correct such foetal growth restriction in 

the same model to help determine which strategies might be successfully developed and 

applied in human cases of IUGR, since at this stage of clinical treatment, many of the 

strategies (foetal RBC transfusion, foetal intravenous nutrient and anabolic hormone 

infusions) are not yet possible. As such strategies become more realistic for adapting to 

human clinical cases of IUGR, it will be even more important for obstetricians to develop 

approaches for earlier diagnosis of IUGR (placental and foetal) during gestation and more 

accurate assessment of changes in growth that might occur in response to such potential 

treatments. It also is possible that outcomes of our studies might inform clinicians about how 

to better feed and oxygenate preterm infants to prevent or ameliorate postnatal growth 

restriction, but that would be for future studies to determine.
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Key Notes

• We have developed research strategies in growth-restricted foetal sheep to 

determine approaches that would more successfully promote foetal growth.

• These strategies might potentially limit the severity of foetal growth 

restriction prior to birth.

• Limiting the severity of growth restriction at critical stages of foetal 

development might reduce the impact of foetal growth restriction on the 

lifelong complications that it continues to produce.
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Figure 1. 
Our experimental model of placental insufficiency IUGR (PI-IUGR) produced by exposing 

pregnant sheep to daily 12 hours of hyperthermia, adapted from naturally occurring 

placental and foetal growth restriction in pregnant sheep that carry their pregnancies in the 

hot summer months We are able to measure different developmental responses (glucose and 

oxygen and amino acid supply and foetal plasma concentrations of oxygen, nutrients and 

anabolic hormones) of the foetus to reduced nutrient supply from the smaller, insufficient 

placenta at different gestational ages, and then conduct physiological studies in which we 

manipulate the supplies of oxygen, glucose, amino acids, insulin and IGF to help determine 

when the IUGR foetus can still respond with increased nutrient metabolism and growth to 

improved oxygenation and nutrition, or when programming already has developed and 

responses are limited to adverse consequences. Figure adapted from Brown et al. (13).
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Figure 2. 
Decreased myofibre size in PI-IUGR foetal skeletal muscle in late gestation. *p < 0.05 

Figure adapted from Yates et al. (39).
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Figure 3. 
Decreased leucine flux in the IUGR foetus in late gestation Blue bars represent control 

foetuses and red bars indicate growth-restricted foetuses. *p < 0.05 Reproduced with 

permission from Brown et al. (38).
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Figure 4. 
Acute amino acid supplementation of normally growing foetuses (blue bars) leads to 

increased amino acid oxidation, with no significant increase in protein accretion In contrast, 

the same amino acid supplementation of growth-restricted foetuses (red bars) does not 

increase amino acid oxidation, but does increase protein accretion by reducing protein 

breakdown. *p < 0.05 Reproduced with permission from Brown et al. (38).
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Figure 5. 
Glucose metabolism in late gestation control (CON) and growth-restricted (IUGR) foetal 

sheep during basal and hyperinsulinemic clamp (insulin) periods (A) Foetal glucose 

production rate (B) Expression of gluconeogenic genes, PCK1 and PCK2, in foetal liver 

samples (C) Glucose oxidation rate (D) Expression of PDK4 and LDHA in foetal liver 

Means ± SE are shown for CON and growth-restricted (IUGR) foetuses studied during basal 

(white bars) and insulin clamp periods (black bars). Significant effects from two-way 

ANOVA are indicated. Adapted from Thorn et al., (57) and Brown et al., (62).
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Table 1

Several important characteristics of the ovine placental insufficiency model of IUGR are very similar to 

characteristics in human placental insufficiency IUGR (67).

Class Physical/physiological variable Human IUGR Ovine PI-IUGR

Vasculature Umbilical blood flow Decreased Decreased

Pulsatility index in artery Increased Increased

Placental oxygenation at term Hypoxic Hypoxic

Endocrinology Progesterone Decreased Decreased

Placental lactogen Decreased Decreased

Growth hormone (expression) Decreased Decreased

IGF-I concentration Decreased Decreased

Morphology Placental Weight Decreased Decreased

Foetal weight Decreased Decreased

Asymmetrical growth Yes Yes

Metabolism Maternal–foetal [glucose] gradient Increased Increased

Foetal glucose concentration at term Hypoglycaemic Hypoglycaemic

Foetal lactate concentration Increased Increased

Foetal amino acid concentration Decreased Decreased
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