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Whole-body fuel selection: ‘reproduction’
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Sélection des substrats énergétiques de I’organisme entier: reproduction

RESUME

La sélection des substrats énergétiques au cours de la reproduction chez les mammiféres
a des caractéristiques trés différentes de celles qui apparaissent apres la naissance. Les
oocytes fertilisés et les embryons jusqu’au stade de huit cellules utilisent le pyruvate et
passent & I'utilisation du glucose au stade morula ou blastocyte. Au cours des toutes
premiéres divisions cellulaires, le métabolisme de la glutamine fournit également
I’énergie cellulaire et protége probablement contre les effets néfastes des radicaux
d’oxygéne. Apreés I'élongation du trophoblaste, et pendant I'implantation, aussi bien
I’embryon que les membranes extra-embryonnaires sont actifs dans I’utilisation glyco-
lytique et oxydative du glucose. Exprimés par unités de tissu sec, ces processus
métaboliques diminuent & mesure que le conceptus se développe. Bien que 'acétate ne
soit pas utilisé par les embryons au stade précoce du clivage, il est métabolisé par le
trophoblaste, la membrane vitelline et 1'allantoide du conceptus de mouton de 19 jours
quand Pincorporation d’acétate-C dans le trophoblaste est double de celle du glucose. La
nature quantitativement minime, et pourtant hautement spécifique des besoins des
embryons au stade du clivage en nutriments évolue progressivement vers des demandes
métaboliques d’ensemble pour la gestation qui montrent une énorme diversité entre les
especes. La généralisation de ces demandes par allométrie donne une dépense d’énergie
quotidienne moyenne de 134 klJ/kg de poids de naissance pour la production des
nouveau-nés de mammiféres. En comparaison avec Ienthalpie de combustion du
nouveau-né, ce chiffre est extrémement élevé et explique les faibles efficacités (a peu
prés 14%) de 'utilisation de 1’énergie métabolisable pour la croissance du conceptus. Les
tentatives de répartir ’augmentation de chaleur entre ses sources de production
suggerent que les tissus utéro-placentaires sont un fournisseur majeur a la moitié de la
gestation, et méme tard dans la gestation ils fournissent encore de 30-50% de 1’O- total
utilisé par I'utérus gravide. L’augmentation de la chaleur non imputée aux tissus foetal et
utéro-placentaire est également substantielle, mais on ne connait pas la quantité fournie
par les augmentations du métabolisme des organes materneis, du développement de la
glande mammaire et de la production de colostrum, qui sont dues a la gestation. Tard
dans la gestation, les taux élevés de consommation de glucose utéro-placentaire
nécessaire au maintien de I’état satisfaisant du foetus proviennent de la circulation
ombilicale. La concentration de glucose dans le sang du foetus dicte ses taux de transfert
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net par une diffusion facilitée entre le sang de la mere et celui du foetus. A la différence
du glucose, les acides aminés sont transportés asymétriquement a travers le placenta par
une grande variété de transporteurs. L’absorption ombilicale des acides aminés excéde
normalement celle requise pour la syntheése des protéines du foetus, et méme les acides
aminés essentiels sont oxydés par le foetus pour fournir de ’énergie métabolique. Les
niveaux d’insuline et d’IGF-1 du foetus sont tous les deux positivement corrélés avec le
poids du placenta et du foetus, et régulent 1'absorption ombilicale et I'efficacité de
l'utilisation des acides aminés par le foetus. A la naissance, la consommation d’O;
augmente rapidement, et les augmentations concomitantes des catécholamines et des
hormones thyroidiennes stimulent une réponse thermogénique augmentée par une
thermogénése non frissonnante, et chez les espéces dépourvues de tissu adipeux brun,
par une thermogénése frissonnante. Les questions importantes qui restent sans réponse
sont: (a) quels sont les mécanismes impliqués dans la programmation embryonnaire
nutritionnelle de la croissance du foetus et de sa taille & la naissance? (b) avec une
meilleure connaissance de I’absorption et du métabolisme des acides aminés, les acides
aminés spécifiques peuvent-ils jouer un rble pour atténuer le retard de croissance
intra-utérin? (c) comment la malnutrition prénatale entraine-t-elle I'hypertension de
I’adulte?

Fuel selection during mammalian reproduction is characterized by features that are quite
different from those employed postnatally. From a cluster of undifferentiated dividing
cells within the zona pellucida, the recently fertilized mammalian ovum develops, in a
matter of a few days, into a blastocyst differentiated into trophectoderm and inner cell
mass. In so doing, it exhibits degrees of control over gene expression and cellular
differentiation that dwarf those required by adult tissues for functional competence
{Rieger, 1992). Development beyond this point is equally complex. Recent studies on
the preferences of the embryo during organogenesis and of the rapidly expanding
trophoblast during implantation for specific metabolic substrates illustrate this point
(Wales & Du, 1993; Wales & Waugh, 1993a). Even when organogenesis is complete the
requirement for metabolic fuels per unit dry weight of fetus is much higher than later on
in pregnancy (Bell, 1992). These examples illustrate the diverse nature of the develop-
mental processes involved in mammalian reproduction and provide a convenient
framework for reviewing knowledge on fuel selection from fertilized ovum to newborn.

THE PRE-IMPLANTATION EMBRYO

Recent studies show that exposure of early cleavage-stage sheep and cattle embryos to
different culture conditions affects their subsequent fetal growth and, therefore, size at
birth (Walker et al. 1992; Bishonga et al. 1994; Farin et al. 1994; Thompson et al. 1994).
Although the mechanisms involved in this embryonic programming of the fetal growth
trajectory are still unknown, the importance of the observation is bound to focus greater
emphasis on nutritional factors that alter metabolism and gene expression in the
pre-implantation embryo.

Rapid progress is now being made in identifying the substrates and metabolic
pathways involved in fuelling the energy requirements of the pre-implantation embryo
(Leese, 1991; Rieger, 1992; Hardy, 1993). Although there are species differences some
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broad generalizations can be made. During the early cleavage stages, pyruvate and
lactate are major substrates and glucose plays a very minor role. At this early stage
glutamine metabolism also provides cellular energy, while at the same time probably
acting to protect the embryo from the damaging effects of oxygen radicals. Following the
activation of the embryonic genome, glucose utilization increases rapidly and thereafter
is essential for normal development. In quantitative terms, glucose uptake by the
blastocyst-stage (day 7 for sheep and cattle) embryo is about 500 pmol/d (Leese, 1991),
i.e. about thirtyfold greater than that observed at fertilization. Over the same period of
development there is a fifteenfold increase in metabolism via the pentose phosphate
pathway (Rieger, 1992). Interestingly, glucose-6-phosphate dehydrogenase (EC
3.1.3.9), which is the rate-limiting enzyme in the pentose phosphate pathway, is linked to
the X-chromosome. Thus, there is a doubling of the activity of this pathway in the
glucose metabolism of female embryos compared with male embryos during early
embryonic development when both X-chromosomes are expressed. Despite the
enhanced activity of this pathway in female embryos, overall glucose metabolism is
higher for male embryos than female embryos, a finding consistent with their more rapid
rate of development to the blastocyst stage (Avery et al. 1991).

THE EMBRYO AND EXTRA-EMBRYONIC MEMBRANES

Wales & Waugh (19934) make a strong case for using the 13-19-d-old sheep conceptus as
a suitable model for in vitro studies on the preferences of both the embryo and the
extra-embryonic membranes for metabolic fuels during the initiation of fetal
organogenesis. In comparison with rodent embryos which implant soon after their
differentiation into trophectoderm and inner cell mass, the sheep conceptus is still
dependent on histotrophic nutrition during organogenesis. Wales & Waugh’s (1993a)
estimates for the amounts of ATP produced by each of the components of the conceptus
from the metabolism of glucose are presented in Fig. 1. While trophoblastic energy
production from glucose decreased with age, production by the embryo was highest on
day 15 and decreased thereafter, perhaps reflecting the need for a major reduction in
oxidative metabolism (70% in this study) in order to avoid any deleterious effects on
organogenesis which begins at this time.

Clearly absolute values for conceptus substrate utilization obtained from in vitro
culture may not be truly representative of those pertaining in vivo. The dissection of the
tissues for culture may disturb the anabolic effects (Simmen et al. 1993) of insulin and the
insulin-like growth factors (IGF) and may also isolate the conceptus from the uterine
cytokines that enhance the production of trophoblastic proteins (Imakawa et al. 1993).
Indeed, based on values (Wales & Cuneo, 1989) for the rates of RNA and DNA
synthesis by 13-19-d-old sheep conceptuses, Wales & Du (1993) concluded that their
in vitro observations for the contributions of the pentose phosphate pathway to the
provision of pentose sugars for nucleotide and nucleic acid synthesis were only 39, 28, 13
and 15% for the embryo, trophoblast, yolk sac and allantois respectively. In attempting
to explain these low contributions, Wales & Du (1993) point out that pentose production
could have gone undetected in the methods used if embryos, like adult tissues, are able
to generate pentose from fructose-6-phosphate and glyceraldehyde-3-phosphate via a
reversal of the non-oxidative portion of the pentose phosphate pathway. Whether or not
they can is not yet known.
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Fig. 1. Estimates of the amounts of ATP synthesized from the metabolism of glucose and the contribution of
glycolysis to ATP synthesis in the components of 13-19-d-old sheep conceptuses. (Data from Wales & Waugh,
1993a.)

In terms of other metabolic fuels used by the sheep conceptus, Wales & Waugh
(1993b) and Waugh & Wales (1993) investigated the role of acetate. Although acetate is
not used by early-cleavage-stage embryos it is metabolized by the 13-19-d-old sheep
conceptus. Relative to the yields of ATP from glucose, those from acetate are very small
for the embryo (<4-7% on day 13, falling to <2% by day 19). In contrast values for the
trophoblast increase sharply from <1% on days 13 and 15 to 11 and 27% respectively on
days 17 and 19. Similar sharp increases in the contribution of ATP from acetate occur for
the yolk sac and allantois between days 17 and 19, implying the initiation of a competent
Krebs’ cycle in extra-embryonic tissues at about this time. These increases are also
reflected in the increasing amounts of acetate-C incorporated into extra-embryonic
tissues. For the 19 d trophoblast this is twice that from glucose (Waugh & Wales, 1993).

THE ENERGY COSTS OF PREGNANCY

The relative uniformity in the morphology of early-cleavage-stage embryos across the
mammalian species coupled with their metabolic demands, which are quantitatively
minute yet highly specific in qualitative and temporal expression, gradually evolve into
overall metabolic demands for pregnancy that show enormous interspecies diversity.
Obvious factors contributing to this diversity are maternal size, gestation length and size
of offspring at birth; less obvious is the energy stored in the offspring approximated in
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Fig. 2. Estimates for the proportion of the heat increment of pregnancy contributed by the fetus (A, @) and
uteroplacental tissues (A, O) in the ewe and cow at different stages of pregnancy. (From data presented by
Bell, 1986.)

terms of enthalpy of combustion (MJ/kg birth weight) which varies from 3-4 for the rat
and rabbit to 56 for sheep and cattle and 89 for the human baby (Blaxter, 1989).
Nonetheless, attempts have been made to account for these interspecies differences and,
thus, provide a common estimate for the energy needed to produce a newborn mammal.
For example, Rahn (1982) divided Brody’s (1945) interspecies equation, here expressed
in SI units, E = 17-13W. 124 in which E is the heat increment of gestation (MJ) and Wy,
is birth weight (kg) by Sacher & Staffeldt’s (1974) equation for gestation length (G; d)
G = 130Wr%?%, to obtain an average daily heat increment of gestation (MJ) of
0-132W%9. When approximated to 0-132W MJ this provides an estimate for the rate of
energy expenditure in the production of the newborn of 132 kJ/kg birth weight per d.
While this exercise is valuable in placing the overall energy costs of mammalian
reproduction in context, it ignores the enormous variation in the burden of pregnancy
that exists within a species and is so vividly exemplified in the domestic sheep in which
total birth weight increases by a factor of 2-8 as litter size increases from one to four
(Robinson et al. 1977). It also fails to provide information on the important temporal
changes in energy needs imposed by the exponential growth of the fetus. For example,
half the enthalpy of combustion of the newborn lamb (about 12 MJ for a birth weight of 5
kg) accrues during the final 3 weeks of the 21-week pregnancy. With a production
energetic efficiency of only 13-5% (Robinson et al. 1980) this represents over a 40%
increase in the metabolizable energy (ME) requirement of the singleton-bearing ewe in
late pregnancy.

Implicit in the low efficiency of utilization of ME for fetal growth is a high heat
increment of pregnancy. In apportioning this to its sources of production, Bell (1986)
combined observations from a range of experiments on ewes and cows and produced
estimates for the contribution from the fetus, uteroplacental and maternal tissues in both
species. Those for the fetus and uteroplacental tissues are plotted in Fig. 2 and
demonstrate that by mid-pregnancy the fetal contribution is only 10-15%; even in late
pregnancy it is still well below 50%. In contrast, the uteroplacental tissues are a major
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contributor in mid-pregnancy. Although their relative contribution declines as pregnancy
progresses, they remain a major source of metabolic activity and heat production
throughout gestation, accounting for one-third to half the total O; used by the gravid
uterus in late pregnancy.

Within the uteroplacental tissues the placenta is the major site of metabolic activity.
While the maternal component of the placenta is perfused by blood from the uterine
artery the source for the fetal component is the umbilical artery, thus assigning control of
the metabolic activity of the fetal placenta to the fetus (Bassett, 1995). This concept that
the fetus plays an important role in placental metabolism is now making a major
contribution to understanding the mechanisms controlling nutrient utilization by the
conceptus during both normal and deranged growth.

FETAL-PLACENTAL INTERACTIONS

Under most conditions the fetus develops in an environment in which it is well protected
from adverse changes in metabolic homeostasis. The magnitude of this protection is
primarily dependent on the mother’s ability to maintain fetal nutrient supply in
conjunction with the placenta’s capacity to maximize nutrient flow to the fetus. In the
sheep, for example, placental growth is normally complete soon after mid-gestation
(Alexander, 1964), with the primary factors determining its growth being maternal
weight (Robinson et al. 1994) and nutrition (McCrabb et al. 1991). Because the ewe has a
cotyledonary placenta, the number of placentomes play a major part in determining
overall fetal growth, with the number of cotyledons per fetus decreasing as litter size
increases, the decrease not being fully compensated for by increases in the weight of
individual placentomes (Rhind er al. 1980). The important role that placental growth has
in determining birth weight and, therefore, the demand for fetal fuel, is indicated from
studies by Mellor (1983) in which irrespective of nutrient intake, almost two-thirds of the
variance in fetal weight at term is accounted for by changes in placental weight. Between
mid- and late gestation it is not unusual for the weight of the placenta to decrease by
50%, although dry weight remains constant (Vatnick & Bell, 1992). In contrast to the
metabolic rate of the whole fetus and many of its organs, which decrease by 30-50%
(when expressed on a dry weight basis; Bell et al. 1987), O, consumption by the fetal
component of the placenta remains constant (Vatnick & Bell, 1992).

The stage at which placental growth reaches a maximum (just after mid-gestation in
the ewe), corresponds to the stage of gestation at which fetal metabolic rate (per kg fresh
weight) is greatest (Bell er al. 1986). This is also the time in fetal development at which
the greatest proportion of fetal weight consists of metabolically active organs (i.e. brain,
heart, kidneys, liver and lung; Table 1). In addition, the physiological functions plus
interaction between placenta and fetus appear to be near maximal, as umbilical blood
flow, heart rate and incidence of fetal breathing movements all decrease over the final
45 d of gestation (Table 1 and Fig. 3) but can be increased following maternal hyperoxia
(Bekedam et al. 1991). Over this period the partitioning of available energy between
growth and oxidation remains constant, but there is a 37% decline in energy require-
ments per kg fetal tissue (Table 1). Despite the magnitude of these changes in fetal
metabolism, as long as maternal metabolism or placental function are not compromised
the energy requirements for fetal maintenance and growth are met in equal parts by fetal
uptake of glucose and amino acids (Lemons & Schreiner, 1983). Even essential amino
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Table 1. Effect of fetal age on the metabolic requirements for growth and maintenance of

the fetal lamb
Mid-gestation Late gestation
(75-90 d) (120-140 d)

Fetal wt* (g) 205 3200
Fetal Vo,* (ml/min per kg dry wt) 91 40
Placental wtt (g) 635 330
Placental Vo, (ul/min per kg dry wt)

Fetalt 37 37

Maternalt 53 31
Umbilical blood flow1§ (ml/min per kg) 468 260
Energy requirementi|| (kJ/d per kg wet wt)

Oxidation 320 240

Growth 190 130
Organ**:Fetal wtif 0-19 0-08

* Bell et al. (1987).

t Vatnick & Bell (1992).

1 Bell et al. (1986).

§ Lemons & Schreiner (1983).

|| Battaglia & Meschia (1978).

§ Symonds et al. (1994a).

** Combined weight of brain, heart, kidney, liver and lung.
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Fig. 3. (a) Incidence of fetal breathing movements and (b) changes in fetal heart rate during late gestation in
the ovine fetus. (Adapted from Szeto er al. 1992 and Walker et al. 1987.)

acids are used extensively as a source of fetal fuel. For example, Battaglia (1992)
reported that 20-25% of the [1-**C]leucine infused into the fetal lamb was accounted for
as 14CO; produced within the fetus and delivered into the placenta. Furthermore, the
ovine placenta appears to provide the fetal requirement for glycine by conversion from
fetal serine (Battaglia, 1992). This is particularly interesting in view of the finding by
Robinson et al. (1985) that the normal diets fed to prolific ewes during late pregnancy are
unlikely to provide sufficient glycine for fetal accretion.

The placenta is highly permeable to glucose which is transferred by facilitated diffusion
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(see Boyd et al. 1994), the concentration of glucose in maternal plasma being the primary
determinant of fetal glucose supply (Hay et al. 1990). Moreover, the rate of placental
perfusion by glucose is maintained at a sufficiently high level to ensure that it rarely limits
glucose exchange between mother and fetus (Simmons ef al. 1979). Studies on the
molecular basis of placental glucose transfer are still in their infancy, but Zhou & Bondy
(1993) provide evidence to suggest that in the rat glucose transporters GLUT1 and
GLUT3 may be important for glucose transfer to placental and fetal tissues respectively.
In contrast, amino acids are asymmetrically transported across the placenta by a range of
transporters that are largely Na dependent (Boyd ez al. 1994). The extent to which fetal
amino acid supply may be regulated by alterations in placental transport has received
little attention. Artificial manipulation of the amino acid composition in maternal plasma
only appears to increase the concentration of those amino acids in fetal plasma which
share the ‘L’ placental transport system (i.e. leucine, isoleucine, valine and phenyl-
alanine; MacMahon et al. 1990). Fetal amino acid metabolism is also altered following
continuous insulin infusion into the fetus which decreases the plasma concentration of all
amino acids (Wilkening et al. 1994). Effects on amino acid uptake are not uniform and
are dependent on the extent to which insulin concentration is increased in fetal plasma
(Phillips er al. 1990). If the insulin concentration remains below 100 pU/ml so that the
plasma concentration of glucose is unchanged, then amino acid catabolism is reduced
and umbilical uptake of amino acids which are transported via the ‘A’ transport system is
reduced (i.e. glycine, alanine, threonine, proline and serine). In contrast, if the insulin
concentration in fetal plasma rises above 100 pU/ml, then glucose concentrations
decrease by 45% and a modest increase in umbilical uptake of the majority of amino
acids is observed (Phillips e al. 1990). Hyperinsulinaemia in conjunction with an
artificially maintained euglycaemia does not, however, alter the total N uptake across the
fetal hind limb tissues yet the uptakes of alanine, glycine, isoleucine, methionine and
tyrosine are all enhanced (Wilkening ef al. 1994).

MATERNAL NUTRITION AND FETAL GROWTH

The largest changes in fetal metabolism are observed following maternal food depri-
vation which results in both maternal and fetal hypoglycaemia (Hay et al. 1984) and in
some cases this is associated with a complete cessation of fetal growth (Mellor &
Matheson, 1979). Glucose uptake can decrease by up to 30% following a S d period of
starvation in late-gestation sheep (Lemons & Schreiner, 1983). Amino acid uptake
remains unchanged but much greater proportions of amino acids are oxidized and this
leads to a doubling in urea-N production. The net result is impaired growth of skeletal
muscle. Amino acid catabolism is also enhanced during chronic maternal undernutrition
and this too is usually associated with a reduction in fetal growth. If, however, the level
of undernutrition is not too severe, placental weight may be enhanced (Faichney &
White, 1987). Further evidence that a decrease in nutrient availability determines fetal
growth following maternal feed restriction or placental growth retardation is provided
from studies in which fetal growth was restored following intravenous or intragastric
infusion of glucose and amino acid mixtures directly into the fetus (Charlton &
Johengen, 1985, 1987).

The full extent to which nutrient supplementation can benefit the growth-retarded
fetus remains in doubt (Harding et al. 1992). This is partly because fetal growth
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retardation may not only result from a reduction in energy supply, but may also be linked
to hypoxia and acidosis (Soothill et al. 1987). Fetal glucose supplementation, therefore,
can exacerbate an underlying acidotic condition (Nicolini et al. 1990), particularly if it is
associated with ketoacidaemia (Miodovnik et al. 1986). Failure of fetal growth can also
alter the flux of nutrients between the fetus and its placenta to the extent that amino acids
are supplied to the placenta from the fetus, thus leading to a wasting of the fetal body
(Owens, 1991). It would appear, however, that during periods of decreased delivery of
glucose to the fetus, gluconeogenesis from fetal tissue amino acids comes secondary to
glycogenolysis and the release of free fatty acids from fetal lipid stores (Milley, 1993). It
has been suggested that maternal O, administration, which improves fetal oxygenation
(Paulick et al. 1992), may be one way of treating fetal growth retardation (Battaglia et al.
1992), although associated effects on fetal glucose homeostasis have not been described.
It is important to appreciate, however, that if fetal undernutrition is of sufficient duration
then growth retardation can be of such magnitude as to be irreversible (Mellor &
Murray, 1981).

The mother’s ability or otherwise to maintain glucose homeostasis has a number of
tissue-specific effects on fetal growth. For example, growth of the endocrine pancreas is
enhanced in overweight infants of diabetic mothers and decreased in infants that are
small-for-dates (Fowden, 1989). This response is likely to be mediated via changes in
fetal glucose supply as glucose is a potent stimulator of pancreatic B-cell replication
(Hellerstrom & Swenne, 1991), although it should be noted that the insulin secretory
response to glucose is much lower during fetal than postnatal life (Bassett et al. 1973).

The fetus is capable of making a number of metabolic and physiological adaptations in
response to maternal undernutrition. These include the initiation of hepatic gluco-
neogenesis (Dalinghaus et al. 1991), although this is still unlikely to prevent fetal
hypoglycaemia (Liechty & Lemons, 1984). However, the fetus can decrease metabolic
requirements by reducing both the incidence and amplitude of breathing movements
(Fowden et al. 1989). These have been associated with a lower rate of lung liquid
secretion and occurrence of fetal swallowing (Harding ef al. 1984; Moessinger et al.
1990). Changes in fetal glucose homeostasis not only influence plasma concentrations of
insulin (Bassett & Madill, 1974) but also concentrations of IGF. IGF-1 levels are
positively correlated with placental and fetal weight and circulating levels of glucose and
O, (Owens et al. 1994). Intrauterine growth retardation in humans is also associated with
a pronounced reduction in plasma concentrations of IGF-1, but not IGF-II (Lassarre
et al. 1991). In contrast, De Chiara et al. (1992) found that in mice the transmission of an
inactivated IGF-IT gene from male chimeras produced heterozygous offspring that
exhibited a 40% reduction in fetal and placental size. With regard to the influence of
IGF-1 on fetal growth, recent studies indicate that in contrast to chronic hyper-
insulinaemia, which has variable effects on the growth of major fetal organs (Susa ez al.
1984; Milley, 1986), long-term IGF-1 administration enhances the growth of fetal heart,
kidney, liver and lung (Robinson et al. 1994). Its stimulatory effect on fetal growth is
accompanied by a reduction in fetal amino acid oxidation, enhanced feto-placental
amino acid and glucose uptake with no change in uterine or umbilical blood flow, thus
leading Harding et al. (1994) to conclude that IGF-1 has anabolic effects on feto-
placental protein and carbohydrate metabolism. Although IGF-1 increases the pro-
portion and surface area of fetal trophectoderm in the placenta and, therefore, the
potential for an enhanced rate of nutrient transfer across the placenta, no increase in
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either simple or facilitated placental diffusion was observed by Harding et al. (1994). Of
course, the IGFs are bound to specific proteins which, depending on the circumstances,
may either inhibit or enhance IGF action. Intrauterine growth retardation caused by
pre-eclampsia in humans is accompanied by increases in maternal IGF-binding protein-1
(IGFBP-1) and in animal experiments the decreases in fetal IGF-1 that accompany
maternal food restriction and fetal hypoxia arising from reduced uteroplacental blood
flow are all associated with increases in IGFBP-1 (Chard, 1994).

MODIFIERS OF FETAL GROWTH AND FUEL NEEDS

In intrauterine growth retardation caused by either fetal crowding or environmental heat
stress there is a decrease in uterine blood flow (Dreiling et al. 1991; Ferrell & Reynolds,
1992). This leads to a fall in the supply of O; and glucose, and these are general features
of fetal growth retardation. In Britain and other Northern European countries, winter
shearing of ewes that are kept indoors during pregnancy is a recognized method of
alleviating heat stress, and leads to an increase in lamb birth weight of about 15%.
Prolonged cold exposure results in chronic maternal metabolic and hormonal adap-
tations, which prevent the usual catabolism of fetal tissues that occurs in undernourished
ewes in the final days of gestation (Symonds et al. 1994b). Unlike the well-nourished
situation this beneficial effect of cold exposure does not appear to be mediated by an
increased rate of maternal glucose supply to the fetus. Fetal responses to alterations in
maternal activity also vary with nutritional status in that maternal exercise enhances
umbilical glucose uptake and placental glucose transfer capacity in underfed but not
well-fed ewes (Leury et al. 1990).

Hormone and drug administration to the maternal body during pregnancy can also
influence fetal growth. For example, Spencer & Robinson (1993) observed 20 and 15%
increases in fetal and placental size respectively in rats receiving exogenously-
administered thyroxine (T4), yet there was no effect on fetal T4 concentrations. Feeding
the B-adrenergic agonist, clenbuterol, to pregnant rats induces an anabolic response in
the maternal muscles but reduces the weight, muscle mass and total muscle fibre
numbers of the fetus (Maltin et al. 1990). It is not known whether this is a direct effect on
the development of immature muscle or an indirect effect arising from the repartitioning
of nutrients between the fetal and maternal bodies. The B;-adrenergic agonists are used
in human pregnancy to prevent premature labour but little is known about their
metabolic effects on the fetus. In sheep experiments, Bassett e al. (1989) found marked
disturbances in fetal metabolism in the form of elevated plasma glucose, insulin, lactate
and free fatty acids as well as severe hypoxaemia when the commonly-used B;-adrenergic
agonist, ritodrine, was infused into the fetus. Prolonged infusion also resulted in severe
depletion of the fetal lamb’s brown adipose tissue (BAT; Bassett & Symonds, 1993).

MAMMARY GLAND DEVELOPMENT

Pregnancy is accompanied by major increases in the numbers of lobule-alveolar
epithelial cells in the mammary gland. These complete their differentiation during
pregnancy and commence secretion of milk components (precolostrum) with a timing
that is very variable both between species and between secretory constituents within a
species (Forsyth, 1986). In the ewe the weight of the mammary gland is positively
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correlated with total lamb birth weight (about 350 g/kg birth weight) with over 95% of its
growth occurring during pregnancy (Robinson et al. 1978; Robinson, 1986). This
compares with about 60, 70 and 80% for the rat, rabbit and mouse respectively, three
species in which the sucking stimulus further enhances mammary gland growth. In
women the increment in mammary gland weight during pregnancy is about 10% of infant
weight (Prentice & Whitehead, 1987). These examples demonstrate the enormous
species diversity in the magnitude of mammary growth during pregnancy; they also
demonstrate that compared with the fuel needs of the gravid uterus, those for the
mammary gland are relatively minor in most species. Yet, as the estimates presented in
Fig. 2 for the heat increment of pregnancy in sheep and cattle indicate, the proportion of
the heat increment not accounted for by the fetal and uteroplacental tissues and,
therefore, assumed to be from maternal tissues, is still quite substantial in late pregnancy
(22 and 51% of the total for sheep and cattle respectively). How much of this arises from
pregnancy-induced increases in the metabolism of maternal organs such as the heart,
liver, kidney and gastrointestinal tract as opposed to the mammary gland is unknown.
Based on measurements of mammary blood flow, O, uptake and CO; output, Oddy et al.
(1984) estimated that the sheep mammary gland uses energy to produce milk with an
efficiency of 90%, thus implying that the production of colostrum per se may be a minor
contributor to the heat increment of pregnancy.

BIRTH

The metabolic responses which occur during the transition from fetal to neonatal life
represent a change from a quiescent state in which inhibitory stimuli dominate to one of
near maximal rates of metabolic activity that are rarely matched again during postnatal
or adult life. In the fetus at term metabolic activity is minimized by limited placental
transfer of O;, the presence of placental inhibitory factors, low concentrations of
stimulatory factors and an immature development of BAT (Symonds et al. 1994a).

For the lamb, natural birth and concomitant exposure to the cold stimulus of the
extrauterine environment are key stimuli for establishing both continuous breathing
(Harned & Ferreiro, 1973) and thermogenesis. O2 consumption rapidly rises to
approximately 30 mlmin per kg body weight (Mercer er al. 1979). Changes in
metabolism by BAT and the liver play a primary role in the initiation and maintenance of
these responses as a consequence of post-birth increases in BAT thermogenic and
iodothyronine 5'-deiodinase (EC 3.8.1.4) activities (Symonds, 1995). After birth, not
only is heat production by BAT and hepatic triiodothyronine synthesis stimulated, but
there is also a transition from net anabolism to catabolism as lipid and glycogen stores are
mobilized in order to meet the dramatic increase in metabolic rate (Mellor & Cockburn,
1986).

Thermoregulatory maturity at birth largely determines metabolic adaptation to the
extrauterine environment. For example, altricial species such as rodents, which are
immature at birth, benefit from the protection of a higher local environmental
temperature by huddling in a nest. In contrast precocious species, such as lambs, have to
thermoregulate independently at birth. Differences in temperature control are reflected
in BAT development which peaks several days after birth in rats (Nedergaard er al.
1986), compared with 1-2 h postpartum in sheep (Symonds et al. 1994a). Lambs born
spontaneously at term are able to maintain a constant body temperature over the first
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0-5 h of life, irrespective of the level of maternal nutrition over the final month of
gestation (Symonds et al. 1994b). In contrast, pigs are an example of a group of mammals
that do not possess BAT and, therefore, are entirely dependent on shivering
thermogenesis in order to increase heat production (Mellor & Cockburn, 1986). This is a
comparatively inefficient mechanism by which to maintain body temperature as it
increases air movement around the animal, thereby reducing external insulation
(Alexander, 1979). In piglets the post-birth surge in plasma concentration of triiodo-
thyronine is one-third (2 nm; Berthon et al. 1993) that observed in lambs (6-6 nwm;
Symonds et al. 1994¢). Piglets exhibit an appreciable decrease in rectal temperature of 2°
after birth, a response which is increased if fetal hypothyroidism is induced by feeding
sows a diet high in glucosinolate rapeseed (Berthon ez al. 1993). Lambs, therefore, have
a distinct survival advantage in being able to recruit both non-shivering and shivering
thermogenesis after birth; shivering alone is insufficient to maintain body temperature
and only appears to be recruited when heat production by BAT is limited (Symonds et al.
1992).

A primary factor influencing metabolic adaptation by BAT at birth is the route of
delivery, since caesarean-section delivery of full-term infants or lambs compromises the
newborn’s ability to thermoregulate (Christensson et al. 1993; Symonds et al. 1994b).
This response appears to be linked to a reduced postpartum surge in thyroid hormones
{Symonds ef al. 1994¢) and lower plasma concentrations of catecholamines (Irestedt ez al.
1982). An additional factor which influences metabolic adaptation in lambs delivered by
caesarean section is ambient temperature, which may induce differential effects on
catecholamine and thyroid status (Clarke er al. 1994; Symonds et al. 1994¢). Over the first
0-5 h of life, delivery into a warm ambient temperature is not associated with any change
in the noradrenaline or adrenaline content of BAT. This contrasts with a halving in the
noradrenaline and fourfold increase in adrenaline contents of BAT in lambs delivered
into a cold environment (Symonds et al. 1994c¢). By 1 d after delivery into a cool ambient
temperature (15°) there is an increase in the plasma concentrations of thyroid hormones.
These are important in neonatal thermoregulation in that they stimulate an enhanced
thermogenic response via shivering thermogenesis. In contrast, lambs delivered into a
warm (30°) environment do not show this elevation in thyroid hormones (Clarke et al.
1994).

THE FUTURE

Despite enormous advances in our understanding of the metabolism of the embryo, fetus
and newborn, numerous important questions remain unanswered. What, for example,
are the mechanisms involved in the nutritionally-mediated embryonic programming of
fetal growth and size at birth? In attempting to alleviate intrauterine growth retardation,
without inducing some of the metabolic and respiratory complications associated with
glucose or indeed O supplementation (Phillips ez al. 1984; Warburton et al. 1987), is
there a role for manipulating fetal amino acid metabolism? Epidemiological studies
suggest that intrauterine growth retardation leads to adult hypertension (Barker, 1992);
is its cause maternal malnutrition or, as suggested by Edwards er al. (1993), increased
fetal exposure to maternal glucocorticoids arising from a reduction in placental 1183-
hydroxysteroid dehydrogenase (EC 1.1.1.146) activity? These are only a few of the many
important questions that need further investigation.
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