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The incidence of prematurity, diabetes and cardiovascular disease have

been increasing in both the developed and developing world. Increasing
numbers of human studies suggest that these serious health outcomes

may have developmental origins originating from nutritional deficits in

the periconceptional period, with maternal nutrition around the time of

conception now shown to have important effects on the length of gestation,

trajectory of fetal growth and on postnatal growth and health. Biomedical
research using the pregnant sheep has been widely employed to gain a
deeper understanding of the underlying mechanisms involved. There is

growing awareness that this field of research has major implications for

the livestock production industry. From our own studies on sheep we

have evidence that maternal undernutrition during the periconceptional
period results in altered fetal hypothalamic-pituitary-adrenal axis (HPAA)

development, an increased rate of premature birth, altered fetal pancreatic
function, insulin signalling and amino acid metabolism, and also alterations

in maternal adaptation to pregnancy. We are currently studying the

postnatal consequences of these changes. Other research groups have

shown that restricted nutrition of sheep in the early part of pregnancy
alters postnatal muscle development, fat deposition, cardiovascular
regulation and HPAA function. One aim of this review is to illustrate

how biomedical research using animals such as the sheep has been used

to gain a better understanding of the consequences of reduced maternal
nutrition during the periconceptional period. We suggest that there are

equally important consequences of this research for the livestock

production industries.

Introduction

Maternal nutrition, and particularly undernutrition, has been recognised as an important influ-
ence on the growth and metabolism of the offspring. A large amount of research has focused on
the effects of maternal undernutrition in late pregnancy. However the effects of undernutrition
around the time of conception are now a major focus of both biomedical and agricultural re-
search. There is increasing epidemiological evidence from human populations to suggest that
poor maternal nutrition around the time of conception or in early pregnancy may lead to a
higher incidence of premature birth (Rayco-Solon et al. 2005) and an increased risk of develop-
ing hypertension, heart disease and obesity later in adult life (Roseboom eta/. 2001a; Gluckman
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et al. 2005). In the sheep, maternal nutrition around the time of conception has an important
influence on the development of the conceptus in terms of its growth, physiology (Oliver et al.
2005) and the length of gestation (Bloomfield et al. 2003). The implications for livestock
production parameters such as fat and muscle development are an important area of current
research.

The focus of this review is to discuss the importance of maternal nutrition at the time of
conception on fetal development, offspring survival, and for postnatal growth and develop-
ment. Other factors, such as the hormonal environment at the time of conception are also
recognised to have profound effects on the development of the offspring (Kleemann et al.
2001). Similarly, experiments using in vitro culture of embryos have indicated powerful effects
of the local nutrient environment, leading to alterations in cell number and allocation to differ-
ent embryonic cell lines and hence altered fetal and placental growth (Barnes 2000). It is
beyond the scope of this review to discuss these other periconceptional factors except where
they shed light on possible mechanistic aspects of nutritional effects. Rather, we will concen-
trate on the effects of maternal undernutrition around the time of conception on fetal growth,
fetal hypothalamic-pituitary adrenal axis (HPAA) development, insulin secretion and signal-
ling, regulatory physiology, maternal adaptation to pregnancy and the possible postnatal conse-
quences of all of these factors. We have recently demonstrated that late gestation twin fetal
sheep of ewes that were well nourished throughout pregnancy demonstrate a similar physi-
ological phenotype to singleton fetuses of ewes that were undernourished around the time of
conception. As twinning is an important aspect of commercial sheep breeding, we will also
overview the consequences of twinning for many of these outcomes.

Fetal growth

Early studies of the relationship between fetal growth and later disease risk came from cohort
studies of British populations born in the 1920s (Hales et al. 1991). Careful follow-up revealed
that men and women of lower birth weight had higher blood pressure, increased risk of coro-
nary heart disease (Fall et al. 1995) and impaired glucose tolerance as adults (Phipps et al.
1993; Law 1996). These initial findings by Barker and colleagues were soon replicated in many
other populations, establishing a strong and consistent link between size at birth and the inci-
dence of diabetes (Fall et al. 1998; Ravelli et al. 1998) and cardiovascular disorders in later life
(Barker, 2000). However it was less clear whether it was small birth size itself, or the cause of
that small size, that was most important in determining outcome.

One cause of small size at birth in many animal species is maternal nutritional intake inad-
equate for fetal demands. In human pregnancy, maternal undernutrition, if present, is often
chronic and confounded by other factors such as poverty and infection, both before and after
birth. The effect of different timings of severe undernutrition in a previously well nourished
human population have been described in a cohort subjected to the Dutch Hunger winter.
Towards the end of world war II the occupying German forces imposed embargos of food
supplies in response to continued Dutch resistance efforts, and severe famine resulted for 5
months before the lifting of the blockade by the Allied forces. Very good data were collected
on the timing and nature of the food rationing, and also most importantly on the babies born
during the period. Those babies have now been followed into adult life, providing a unique
insight into the effect of maternal undernutrition at different periods of pregnancy on the size
and health of the offspring. Babies of women exposed to famine conditions only in late preg-
nancy had reduced size at birth, and impaired glucose tolerance as adults (Ravelli et al. 1998).
However babies of women who conceived during the famine, that often extended well into
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the first trimester,were of normal size at birth, but as adults were at increased risk of coronary
heart disease (Roseboom et al. 2001b), hyperlipidaemia (Roseboom et al. 2000) and obesity
(Ravelli et al. 1999). These and many other studies strongly suggest that events around the
time of conception can have life long effects on the offspring, without necessarily affecting
size at birth. Furthermore, altered size at birth does not appear to lie on the causal pathway
between reduced nutrition in early pregnancy and its consequences before or after birth.

We have examined the effects of maternal undernutrition during different periods of preg-
nancy in sheep, where fetal growth trajectory can be monitored from day to day using surgi-
cally implanted catheters. In late gestation, rapidly growing fetuses slowed their growth promptly
in response to maternal undernutrition designed to reduce maternal blood glucose concentra-
tions by 30-40°/s (Harding 1997). However, fetuses whose mothers had also been moderately
undernourished around the time of conception (60d before to 30d after mating to produce a 10-
150/0reduction in maternal weight) grew more slowly in late gestation, and were able to
continue this slow growth trajectory in the face of further severe maternal undernutrition in late
gestation. These data suggest that both trajectory of fetal growth, and also the feto-placental
capacity to adapt to a late gestation nutritional insult, are determined by events around the time
of conception. Intriguingly, although trajectory of fetal growth was affected by periconceptional
undernutrition, gross fetal size (weight and length) were not different at the end of the experi-
ment, consistent with the human data from the Dutch Hunger Winter. However, the fetuses of
periconceptionally undernourished ewes had altered body composition, with proportionately
larger hearts, livers and kidneys (Harding 1997). Others have recently demonstrated that when
maternal intake is reduced by 50% from day 30 to 70 of pregnancy there is in an increased ratio
of oxidative to glycolytic muscle fibre type in 2 week old lambs (Fahey et al. 2005). Similar
nutritional restriction in early pregnancy has also been demonstrated to increase fat mass in
postnatal sheep (Symonds et a/. 2005). Thus nutrition in early pregnancy may also determine
important aspects of both prenatal growth and body composition that may not necessarily be
reflected in altered size at birth.

Growth rate of twins in late gestation is less than that of singletons and is often discordant
within the twin pair. If fetal growth has important associations with fetal and postnatal develop-
ment, studying twins may provide insights into these associations. We recently presented data
that demonstrate complex interactions in twin sheep between periconceptional nutrition, twin-
ning and fetal growth responses to maternal undernutrition in late gestation (Bloomfield et al.
2005). In response to a 3 day maternal fast in late gestation, the heavier sheep fetus of a twin
pair whose mother was well nourished around conception does not reduce its growth rate,
thereby behaving in a similar manner to a singleton fetus whose mother was undernourished
during the periconceptional period. The lighter twins of both the periconceptionally well nour-
ished and undernourished groups do slow their growth dramatically in response to maternal
fasting in late gestation. We speculate that the placenta serving the lighter twin may have less
functional capacity to maintain fetal growth. In contrast, the heavier twin of the periconceptionally
undernourished group initially slows its growth in response to maternal fasting in late gestation
in a similar manner to the lighter, undernourished twin, but then returns to its original growth
rate. The placenta serving the heavier twin presumably has better placental functional capacity
to adapt to maternal restriction and is therefore able to allow the fetus to maintain its original
growth rate. These conclusions are supported by changes in the circulating concentrations of
glucose, lactate, urea and amino acids in the fetus during the course of nutritional manipula-
tions (Bloomfield et al. 2005). We suggest that these data support two important concepts:
firstly, that aspects of twin growth and metabolism are also determined around the time of
conception and, secondly, that there may be important interactions between periconceptional
events and subsequent placental functional capacity. This may be causal in determining the
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relative size of twins within a pair, but may also determine the ability of the placenta to supply
the fetus with nutrients in the face of reduced maternal nutrient supply. The concept of placen-
tal capacity being determined in early pregnancy is supported by elegant data from Kwong et
al. who demonstrated that the proportion of inner cell mass which is allocated to the tropho-
blast and thus the placenta can be affected by the prevailing nutrient environment in the
periconceptional period (Kwong et al. 2000), thereby emphasizing the critical nature of this
period of pregnancy.

The consequences of periconceptional undernutrition for postnatal growth and development
of singleton and twin sheep are now under study. Preliminary data from our laboratory show
that in the period from birth to 3 months, weight gain was greater in singleton lambs from ewes
undernourished in the periconceptional period (Fig. 1) despite the fact that milk intake was not
increased. Insulin like growth factor 1 (IGF-1), an important marker of growth in young animals,
was also higher in the same lambs throughout the same period. However, weight at 4 months
of age was similar in both groups, suggesting an altered pattern of early postnatal growth after
periconceptional undernutrition. Twinning obscured any effect of periconceptional undernutri-
tion on weight gain and IGF-1 levels. The long term effects of periconceptional undernutrition
on important production parameters such asthe development of muscle and fat requires further
investigation.
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Figure 1. Weights of lambs from birth until weaning (means + SEM). Singleton lambs born

to ewes undernourished from 60 d before, to 30 d after mating (closed circles, n = 10)

increased in weight faster than singleton lambs born to ewes well fed during the same

period (open circles, n = 6, p < 0.05, multiple linear regression). There was no difference

between twin lambs born to ewes undernourished from 60 d before, to 30 d after mating

(closed squares, n = 13) and those born to ewes well fed during the same period (open

squares, n = 21).

Timing of birth and HPAA development

We have also reported that moderate maternal undernutrition in the periconceptional period

(individual feed intake adjusted to reduce maternal weight by 10-15% from 60 d before until
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30 d after mating) reduces the mean gestation length of singleton-bearing ewes by 8 d (Bloomfield
et al. 2003). None of these preterm lambs survived, despite being appropriately sized for
gestational age and being born indoors. More detailed physiological tests and molecular stud-
ies in a parallel cohort killed in late gestation revealed that periconceptional undernutrition had
led to precocious activation of the fetal HPAA, resulting in premature elevation of fetal plasma
ACTH, cortisol (Bloomfield et al. 2004a) and prostaglandins PGE2 and PGFM (Kumarasamy et

al. 2005), thus resulting in earlier onset of parturition (Fig 2.). Subsequent studies in human
populations have also suggested that nutrition before and in early pregnancy affects the length
of gestation, with maternal dieting, eating disorders (Cnattingius et al. 1998; Soll id et al. 2004)
and early pregnancy vomiting being associated with an increased risk of preterm birth (Dodds
et al. 2006).
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Figure 2. Fetal plasma cortisol and ACTH concentrations from 125 d until delivery. Lambs

born prematurely to ewes undernourished from 60 d before, to 30 d after mating (open

squares, n = 5) had an early rise in plasma cortisol and ACTH concentrations. Term lambs

born to ewes underfed from 60 d before, to 30 d after mating (closed circles, n = 5) or ewes

well fed during the same period (open circles, n = 8) had later increases in plasma cortisol

and ACTH concentrations (both p < 0.01, ANOVA).
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These findings have important implications for the livestock industry. Early birth of an appro-
priately sized lamb may not be recognised within the paradigm of normal farm-based breeding
practices, and subsequent death may be ascribed to causes in the immediate environment at
birth rather than nutrition of the mother five or more months earlier. Such effects may perhaps
be reflected in the high lamb mortality rates that are a regular feature of the pastoral sheep
farming industry in New Zealand. It is also widely recognised that multiple lambs are born
smaller and earlier making them more vulnerable.

Apart from an increased risk of prematurity, precocious activation of the HPAA has wider
implications for the postnatal health, growth and performance of the production animal. Cardio-
vascular and metabolic homeostasis are profoundly influenced by central HPPA activity and
also by expression of glucocorticoid receptors (GR) and 118 -hydroxysteroid dehydrogenase
(1113-HSD) isoforms in the peripheral tissues. The action of 11R-HSD-1 is to activate cortisol
from cortisone while 1113-HSD-2works in the other direction. Others have shown that early
gestation undernutrition results in increased fat deposition in postnatal lambs (Symonds et al.

2005) and it is likely that this could be mediated by changes in the expression and interaction
of leptin, GR and 11R-HSD isoforms in adipose tissues (Budge et al. 2005). Increased adipose
expression of GR and 1113-HSD-1, but decreased expression of 118-HSD-2, is observed in
obese humans (Budge et al. 2005). Leptin levels in the circulation are strongly correlated with
fat mass and chronic administration of the hormone in rats results in increased adipose expres-
sion of GR and 118-HSD-1, and decreased expression of 118-HSD-2 (Gnanalingham et al.
2005).

We have recently shown that ACTH and cortisol responses of 10 month old female sheep to
a combined CRH and AVP challenge are inversely related to birth weight in both singletons
and twins, but the birth size effect was greater in twins (Bloomfield et al. 2004b). These
findings raise the possibility that HPAA function in relation to size at birth may have important
implications for both animal production and carcass composition of twins.

Insulin secretion and signalling

The development of impaired glucose tolerance, and ultimately frank diabetes, is thought to
arise from a combination of impaired insulin secretion and insulin resistance, although the
relative contributions of these two phenomena are not always clear. The human epidemiologi-
cal studies have been primarily focused on insulin resistance (Phillips et al. 1994; Osmond &
Barker 2000), although there is also clear evidence of pancreatic beta cell dysfunction (Hales et
al. 1991; Fall et al. 1998). Our own sheep studies demonstrate that both insulin secretion
(Oliver et al. 2001) and insulin signalling (Buckley et al. 2005) may be influenced by
periconceptional undernutrition, and that the early changes are evident before birth.

In the fetus, as in the adult, pancreatic beta cells secrete insulin in response to a variety of
stimuli including glucose and amino acids such as arginine (Fowden 1980). Pancreatic matura-
tion in the late gestation fetus is characterised by increasing responsiveness to glucose (Aldoretta
et al. 1998). Late gestation fetuses whose mothers were undernourished in the periconceptional
period appear to have advanced pancreatic maturation, as evidenced by exaggerated insulin
response to glucose but not arginine challenge (Oliver et al. 2001). This apparent accelerated
maturation is consistent with the precocious development of the HPAA, described above, sug-
gesting that nutritional status around the time of conception sets the trajectory of growth and
maturation of a number of organ systems. It would be surprising, therefore, if these changes did
not lead to altered postnatal physiology, but the results of such studies are not yet available.

One possible mechanism underlying the effects of undernutrition involves altered supply of



Nutrition around conception and postnatal health 403

specific nutrients critical to developing organ systems. Taurine may be one such nutrient; a
semi essential amino acid that plays a key role in pancreatic cell development. Rats fed a low
protein diet (9°/avs 18°/0 in controls) during pregnancy have low circulating taurine levels and
give birth to offspring with impaired pancreatic beta cell function (Cherif et al. 1998). Insulin
secretion can be normalised in the offspring by supplementing the maternal low protein diet
with taurine during pregnancy. In sheep, the initial depression in maternal plasma concentra-
tions of taurine during periconceptional undernutrition is followed by an elevation in maternal
and fetal levels in late gestation, long after the mother has been returned to a normal diet. In
the same fetuses pancreatic maturation is advanced, suggesting a possible link between fetal
taurine levels and pancreatic development (Oliver et al. 2001).

The other component of impaired glucose tolerance is insulin resistance. In the rat, maternal
protein restriction (Snoeck et al. 1990) or prenatal exposure to glucocorticoids of maternal or
exogenous origin (Nyirenda et al. 2001) result in insulin resistance in the adult offspring.
Paradoxically there is often an initial increase in insulin sensitivity in the offspring of exposed
mothers in early life followed by a progressive deterioration asthey age (Petry et al. 2000). The
initial increase in insulin sensitivity is associated with elevations in the message and protein
expression of key insulin signalling proteins. Consistent with this, we have evidence that
levels of protein kinase- (PK-), a key insulin signalling protein, are elevated in the muscle of
late gestation sheep fetuses whose mothers were undernourished around the time of concep-
tion (Buckley et al. 2005). The postnatal consequences of advanced pancreatic maturation and
altered insulin sensitivity during fetal life are currently under investigation.

Physiological and metabolic regulation in the fetal/placental unit

One mechanism by which periconceptional undernutrition may result in altered fetal growth
and maturation may involve altered development of the placenta and hence feto-placental
metabolic interactions. In rats, a maternal low protein diet in the 4.5 d period before implanta-
tion results in altered distribution of cells between the inner cell mass and trophectoderm of the
blastocyst, and hence to the future embryo and placenta respectively (Kwong et al. 2000). Such
embryos also show subtle alterations in substrate metabolism with altered glucose consumption
and lactate production. Altered substrate metabolism is also evident in late gestation in fetal
sheep after periconceptional undernutrition. Plasma lactate concentrations are higher while
blood oxygen content and pH are lower than in fetuses from well nourished ewes, and the feto-
placental unit appears to convert a greater proportion of available glucose into lactate (Oliver et
al. 2005). This may represent a means of conserving carbohydrate in the fetal compartment.

It is tempting to speculate that altered balance of the development of oxidative and glyco-
lytic pathways may be reflected in the finding that 2 week old lambs whose mothers were fed
50% of requirement from day 30 to 70 have reduced fast twitch, or glycolytic muscle fibres and
more slow twitch, or oxidative fibres (Fahey et al. 2005).

Another example of altered feto-placental metabolism after periconceptional undernutrition
involves serine and glycine metabolism. Glycine is an important substrate for the growing
fetus, being essential for the synthesis of such critical end products as DNA, RNA, heme, bile
salts, collagen and glutathione (Jackson 1991). In postnatal life there is considerable capacity
for glycine synthesis, but during pregnancy demand may exceed maternal synthetic capacity,
especially when nutrition is poor (Jackson et al. 1997). In both human and sheep pregnancy,
glycine and serine do not cross the placenta in appreciable amounts, and so the feto-placental
unit must synthesise most of its requirements by complex interconversion pathways between
serine and glycine in the placenta and the fetal liver (Cetin et al. 1991). We have found that
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these pathways are perturbed in late gestation fetuses of ewes who had been undernourished in
the per iconceptional period. The ratio of serine to glycine in the fetal circulation was increased,
in association with decreased activity in the placenta of one of the enzymes involved in serine
and glycine interconversion, serine hydroxymethyltransferase (SHMT) and increased SHMT
activity in the fetal liver (Fig 3.) (Thorstensen et al. 2005). The long term postnatal conse-
quences of this imbalance remain to be determined.
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Figure 3. Placental and fetal hepatic serine hydroxymethyltransferase (SHMT) activity in

131 d sheep fetuses. Placentas from ewes underfed from 60 d before, to 30 d after mating

(dark bars, n = 10) had lower SHMT activities than those from ewes well fed during the

same period (open bars, n=9, p < 0.05, unpaired T-test). In contrast, SHMT activity

tended to be higher in livers of fetuses whose mothers were underfed from 60 d before, to

30 d after mating (p = 0.07).

Altered maternal adaptation to pregnancy

Much of the research concerning the relationship between size at birth and disease risk in
adulthood has focused on the growth, physiology and endocrinology of the developing concep-
tus. There has been much less attention paid to possible alterations in maternal physiology and
endocrinology that may give rise to such effects. In the case of periconceptional undernutrition,
we have evidence from our sheep studies that several maternal hormonal and metabolic regu-
latory systems are altered and remain affected long after correction of the original nutritional
deficit.

Excess exposure to maternal glucocorticoid has long been suggested to be the mediating
factor in nutritionally-induced adaptive changes in fetal and postnatal development. This could
happen in several ways. Firstly, undernutrition may be a stressor resulting in an elevation in
maternal glucocorticoids, which then cross the placenta and lead to fetal exposure to excess
glucocorticoids (Benediktsson et al. 1993; Cleasby et al. 2003). Secondly, activity of 11-131-ISD
2, the enzyme that normally inactivates glucocorticoids, could be reduced in the placenta as a
result of maternal undernutrition (Lesage et al. 2001) so that more maternal glucocorticoid
reaches the fetus. Thirdly, 11-SHSD-1 the enzyme that activates cortisone to cortisol (or corti-
costerone in rodents), could be increased in the placenta or fetus in response to maternal
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undernutrition (Seckl et al. 1995), again resulting in increased fetal exposure to active gluco-
corticoid. Rats fed a low protein diet (90/0vs 18% in controls) during pregnancy exhibit in-
creased corticosterone levels and give birth to pups of reduced birth weight, reduced glucose
tolerance and elevated blood pressure as adults (Langley-Evans 1997a; Seckl & Meaney 2004).
These same findings can be reproduced by administration of synthetic glucocorticoids or by
direct inhibition of 11R-HSD-2, and prevented by maternal adrenalectomy to prevent the rise
in maternal glucocorticoids in response to nutritional stress (Langley-Evans 1997b). Similarly,
synthetic glucocorticoid administration on day 28 of pregnancy in sheep results in hypertension
of the offspring (Dodic et a/. 1998), and reduced birth size in human pregnancy is associated
with decreased placental activity of 11R-HSD-2 (Hofmann et al. 2001).

We hypothesised that the effects of periconceptional undernutrition in sheep may likewise
be mediated by the elevation of maternal glucocorticoid levels in response to the "stress" of
undernutrition. However contrary to our hypothesis, we found that there was a marked de-
crease in maternal plasma cortisol and ACTH concentrations during prolonged but moderate
undernutrition (Bloomfield et al. 2004a). Similar findings have been reported elsewhere in
slightly different undernutrition experiments (Edwards & McMillen 2001; Bispham et al. 2003).
We went on to show that undernutrition was associated with an increased ACTH response to
AVP+CRH challenge but a decreased cortisol response, suggesting that the suppression of the
maternal HPAA by periconceptional undernutrition may result in adrenal ACTH resistance
(Jaquiery et al. 2006). Interestingly we found that even after 20 d of refeeding (day 50 of
pregnancy), that maternal adrenal mRNA levels of the ACTH receptor, steroidogenic acute
regulatory protein (a key regulator of cholesterol transport in steroid synthesis) and P450c17,
the rate limiting enzyme in cortisol production, were all still reduced and circulating maternal
cortisol levels were also still low. Thus it is possible that the accelerated maturation of fetal
physiology and endocrinology that we observed may result from development in a low, rather
than high, maternal glucocorticoid environment during the first half of pregnancy. However
placental 11-RHSD 2 activity was also decreased in these animals, raising the possibility that
the fetus could be exposed to excess maternal glucocorticoids later in pregnancy if maternal
adrenal function recovered while placental enzyme activity remained low. Further studies in
late gestation are currently under way to address this question.

Other aspects of maternal endocrinology were also markedly perturbed after periconceptional
undernutrition. Progesterone levels were reduced from 10 d after mating until 80-90 d of ges-
tation (Bloomfield et al. 2004a). This may reflect impaired function of the corpus luteum, and
potentially delayed transfer of progesterone production to the placenta in mid pregnancy. Oth-
ers have shown that elevation of maternal progesterone levels for the first 3 d of pregnancy
have a profound impact on local hormone production and embryonic, fetal and placental growth
(Kleemann et al. 2001). Plasma placental lactogen (PL) concentrations were reduced in
periconceptionally undernourished ewes for the last half of pregnancy (Bloomfield et al. 2004a).
It is suggested that PL in the maternal circulation promotes lipolysis (Thordarson et al. 1987)
and insulin resistance (Ryan & Enns 1988), thereby favouring transfer of nutrients to the pla-
centa and fetus. Thus impaired production of PL may be another mechanism whereby
periconceptional undernutrition may perturb fetal growth and metabolism in late gestation.
Our finding that the feto-placental unit in these animals may convert a greater fraction of
glucose to lactate as a means of carbohydrate conservation (Oliver et al. 2005) may also be
consistent with this.

The development of moderate insulin resistance is a normal physiological adaptation to
pregnancy, thought to contribute to sparing of maternal glucose supply to meet the high feto-
placental demand. In human pregnancy, impaired development of insulin resistance is associ-
ated with impaired fetal growth (Catalano et al. 1995; Bernstein et al. 1997; Caruso et al.
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1998). In sheep, we have found that maternal undernutrition from 60 d before to 30 d after
conception impaired development of insulin resistance of glucose and fat metabolism in the
mother at 65 d gestation, and that the effects on fat metabolism were still present at 120c1
gestation (Jaquiery et al. 2005). Preliminary data suggest that impaired development of preg-
nancy associated insulin resistance does not occur if the ewe is well fed until mating and only
subjected to undernutrition for the first 30 d of pregnancy. The mechanisms underlying the
development of insulin resistance in pregnancy, and thus their impairment with periconceptional
undernutrition, are not yet clear. However the changes in progesterone and placental lactogen
described above may both be contributory (Ryan & Enns 1988), and other mechanisms remain
to be explored.

Consequences of periconceptional undernutrition for the postnatal animal

Human epidemiological studies suggest that cardiovascular disease, hyperlipidaemia and obe-
sity are all increased in adults whose mothers were exposed to undernutrition in early preg-
nancy (Roseboom et al. 2001a). In a normal pastoral farm setting, premature birth of domestic
livestock due to periconceptional undernutrition would result in neonatal death, precluding a
postnatal outcome. There are a limited number of studies that have investigated postnatal
outcomes in sheep after maternal undernutrition in early to mid pregnancy. Hansen and col-
leagues demonstrated that maternal undernutrition from mating until day 70 of pregnancy re-
sulted in lambs with moderate hypertension (Hawkins et al. 2000) and an enhanced cortisol
response to ACTH both in late gestation (Hawkins et al. 2001) and in early postnatal life.
Similar regimes of maternal undernutrition result in postnatal lambs with increased fat mass,
leptin mRNA expression (Symonds et al. 2005) and an increase in the ratio of oxidative/slow
twitch to glycolytic fast twitch muscle fibres in two week old lambs (Fahey et al. 2005). In the
rat maternal low protein diet in the pre-implantation period resulted in reduced birth weight
and postnatal hypertension (Kwong et al. 2000).

There are also some preliminary data emerging suggesting altered postnatal physiology in
twins compared to singletons. Juvenile twin lambs, up to 6 months of age, appear to be more
insulin sensitive than singletons and this is related to being the lighter of the twin pairs (Clarke
et al. 2000). We did not find any difference in post pubertal glucose tolerance in post-pubertal
twin lambs, and this may reflect the switch from increased sensitivity to progressive resistance
referred to earlier. However, post pubertal female twins do have increased HPAA activity
compared to singletons, and once again the lighter of a twin pair had the higher activity
(Bloomfield et al. 2004b). Data are also emerging from human studies suggesting differences
between twins and singletons. For example, insulin sensitivity is reduced in 7 year old twins
compared to singletons (Jefferies et al. 2004) and glucose tolerance in adult Danish twins is
reduced in the lighter of the twin pairs (Poulsen & Vaag 2006). Unfortunately most studies in
twins suffer from the lack of an appropriate control group and from subject selection; more well
designed studies in both humans and animals are urgently needed to confirm or refute these
preliminary observations.

The above findings may have important implications for the livestock industry. Premature
birth and reduced neonatal survival are very costly problems for the industry. Alterations in
muscle differentiation, insulin secretion and signalling, and HPAA regulation at the hormonal
and tissue level are also likely to have important consequences for health, growth, composition
and productivity of farm animals. Many studies have manipulated maternal nutrition during
pregnancy, beginning well after conception and often also well after implantation. Our studies
suggest that nutrition before and immediately after mating may have important consequences
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for the growth and development of the offspring, its survival at birth, and its subsequent health
and productivity.

Conclusions

Maternal undernutrition during the periconceptional period has important effects on the growth
and development of the offspring in utero and there are an increasing number of epidemiologi-
cal and experimental studies that suggest there are profound effects on the health of those
offspring after birth. The length of pregnancy can be perturbed by poor maternal nutrition
during the periconceptional period and there are also increased risks of obesity, diabetes and
heart disease in postnatal life. The challenge in medical science is to develop better under-
standing of optimum nutrition in the periconceptional period and to develop methods for de-
tecting and treating perturbed development to reduce adverse consequences. In the livestock
production industry, a better understanding of the impact of maternal nutrition during the
periconceptional period on the growth, health and production characteristics of the offspring
will allow an opportunity to intervene in a way that is unparalleled in human medicine.
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