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Introduction
Low birthweight due to intrauterine growth restriction 

(IUGR) encumbers United States and global livestock produc-
tion by increasing neonatal mortality, reducing growth ef�ciency, 
and diminishing carcass yield and quality. Low birthweight 
food animals that survive typically exhibit impaired muscle 
growth and metabolic dysfunction that leads to poor feed con-
version, lighter carcasses, and reduced carcass merit (reviewed 
by Yates et al., 2018). The growth and metabolic pathologies as-
sociated with low birthweight are among the top One-Health, 

or multi-species, concerns. In addition to livestock, metabolic 
dysfunction has been observed in low birthweight dogs, horses, 
wildlife, and humans (reviewed by Yates et al., 2018). In fact, 
the consistency with which characteristics of IUGR are shared 
among mammals makes information ascertained from research 
in livestock highly translatable to humans. Even as toddlers, 
low birthweight children can exhibit insulin resistance, higher 
blood pressure, and greater body fat that progresses to diabetes, 
hypertension, and obesity in adulthood as detailed in previous 
reviews (Anthony et al., 2003; Limesand et al., 2018; Yates et 
al., 2018). A fundamental step in improving health outcomes 
of low birthweight individuals is to identify and target the mo-
lecular mechanisms underlying stress-induced fetal program-
ming of poor growth and metabolism. Until recently, very few 
advancements had been made in this area and the mechanisms 
driving IUGR pathologies were largely unknown. In the last 
decade, however, several research groups across the globe have 
prioritized building a better understanding of IUGR fetal pro-
gramming from a mechanistic perspective. These efforts have 
been aided by powerful sheep models that recapitulate the low 
birthweight conditions and outcomes reported in both humans 
and other animal models (Anthony et al., 2003; Yates et al., 
2018). The objective of this review was to present an overview 
of these sheep models of IUGR and to discuss how they pro-
vide a fundamental basis for further improvement of low birth-
weight outcomes. As part of this discussion, we will highlight 
the integral role that several fetal and neonatal sheep models of 
IUGR have played in narrowing this gap in knowledge.

Sheep Models for Recapitulating 
Characteristics of the IUGR Human Fetus

The pregnant sheep is the ideal model for studying human-
applicable intrauterine conditions, fetal development, and 
neonatal outcomes for several reasons. Most importantly, the 
relative developmental milestones of the sheep fetus are similar 
to those of the human fetus, and their propensity for singleton 
or twin pregnancies avoids the confounding factors of litter 
bearing in rodents and pigs. In addition, the sheep fetus is tol-
erant of surgical and experimental manipulation due to high 
placental progesterone production in late gestation, and their 

Implications

�	 Intrauterine growth restriction (IUGR) continues to be a glo-
bal epidemic that is associated with high early-life mortality 
rates and greater risk for developing metabolic disorders that 
lower length and quality of life in affected individuals.

�	 Fetal programming of muscle growth and metabolic function 
associated with IUGR is often comparable among nonlitter 
bearing mammalian species, which allows much of the infor-
mation learned in domestic animal models to be applicable to 
humans (and other animals).

�	 Recent studies in sheep models of IUGR have begun to un-
cover the molecular mechanisms linking adaptive fetal pro-
gramming and metabolic dysfunction.

�	 Targets of adaptive fetal programming indicated by sheep 
studies include adrenergic and in�ammatory pathways that 
regulate skeletal muscle growth and glucose metabolism. 
Adaptive changes in these pathways represent potential 
focus areas for prenatal interventions or postnatal treat-
ments to improve outcomes in IUGR-born offspring.
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large size allows for greater volume and frequency of blood/
tissue sampling (Anthony et al., 2003). Several experimental 
techniques have been used to create IUGR in sheep. Most of 
these rely on inducing placental insuf�ciency by either stunting 
placental development or mechanically diminishing placental 
structure. Some common techniques for either producing or 
mimicking placental insuf�ciency in the pregnant ewe are de-
scribed below and summarized in Figure 1.

Maternal hyperthermia
Hyperthermic induction of IUGR in pregnant ewes is a 

well-characterized sheep model of IUGR (Hay et al., 2016; 
Limesand et al., 2018). Maternal heat stress reliably produces 
placental insuf�ciency, thus recreating the most common cause 
of IUGR in humans and animals. Regular experimental use of 
the model began in the late 1980s following earlier proof-of-
concept studies in which heat-stressed Merino ewes produced 
smaller placentae and lambs as described in our recent review 
(Yates et al., 2018). Over time, the parameters for this model 
have been re�ned to 35�40 °C and ~35% relative humidity for 
50 to 60 consecutive days beginning around the 40th day of 
gestation (Hay et al., 2016; Limesand et al., 2018), although 
the degree of growth restriction can be reduced with fewer 
days in heat (Galan et al., 1999). The hyperthermic timeframe 

corresponds to peak placental growth, and thus fetal growth 
restriction results from placental insuf�ciency and not fetal 
hyperthermia per se. Because of this, fetal growth restriction 
and the associated pathologies are not present at the end of the 
hyperthermic period (day 90 to 105), but appear soon after and 
progressively worsen as the fetus outgrows the stunted placenta 
(Limesand et al., 2018). This model of placental insuf�ciency-
induced intrauterine growth restriction, or PI-IUGR, consist-
ently reduces placental mass by up to 64% and fetal growth 
by 30% to 60% at term (Anthony et al., 2003; Limesand et 
al., 2018). Although highly regarded and well characterized, 
the PI-IUGR model requires the availability of environment-
controlled chambers large enough for sheep, which can be a 
limitation.

Overnutrition in young ewes
Another technique for producing fetal growth restric-

tion via placental insuf�ciency is to overfeed adolescent ewes 
for the majority of gestation, but particularly during the 
second and third trimesters. For this model, which is utilized 
by the research group of J.M. Wallace among others, young 
ewes are implanted with embryos just after puberty and then 
fed diets containing ~200% of their normal energy require-
ments (Carr et al., 2012). In a recent review, Wallace (2019) 

Figure 1. Sheep models that recapitulate the pathologies of IUGR humans. 1Placental insuf�ciency-induced intrauterine growth restriction (PI-IUGR). 
2Maternal in�ammation-induced intrauterine growth restriction (MI-IUGR). 3Single umbilical artery ligation (SUAL). 4Carunclectomy (Cx).  
5Nutrient-restricted (RES).
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