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Abstract

Piglets are immature at birth, which renders them highly sensitive to environmental
conditions during the neonatal period. Lean and fat tissues are important components
for survival and later growth capabilities. This chapter focuses on the development of
skeletal muscle and adipose tissue during intra-uterine life, suckling and post-weaning.
Available data show that the profile of myosin heavy chain isoforms and the glycogen
content are good descriptors of skeletal muscle maturity around birth. Expression levels
of key genes such as DLKI and IGF2, regulating the transition from proliferation to
differentiation of constitutive cell precursors, could also be assessed as indicators of the
relative level of maturity in adipose tissue at this period. The provision of nutrients to
foetuses affects the development of muscle and adipose tissues during gestation and alters
their functionalities after birth. Spontaneous intra-uterine growth restriction markedly
delays the genetically programmed development of lean and fat tissues and especially
impairs the formation of myofibres, thereby reducing the adaptive abilities of small
neonates to the extra-uterine environment. Maternal energy or protein overfeeding have
no beneficial effects on muscle development in foetal pigs, but nutritional avenues using
supplementary arginine or vitamin D in sow diets at specific periods of gestation may be
favourable for foetal myogenesis. The best strategies to increase body fat content before
birth and enhance lipolytic and oxidation capacities of piglets soon after birth remain
to be developed. During the suckling period, myofibre composition and size undergo
marked changes. Adipose tissue growth is also accelerated and this is exacerbated in small
littermates with detrimental effects on their physiology later in life. Supplementing the
diet of suckling or post-weaned piglets with branched-chain amino acids could improve
muscle maturation and affect adipose tissue metabolism. With the multiplicity of factors
acting on the development of muscle and fat tissues in piglets, identifying optimal feeding
strategies remains difficult.

Keywords: adipogenesis, intra-uterine growth retardation, myogenesis, nutrition,
weaning

2.1 Introduction

Muscle and adipose tissue are important body components because of their specific

roles in neonatal vitality and growth efficiency in postnatal life. Skeletal muscles are
fundamental components ensuring force, posture, movement and locomotion, notably
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enabling piglets to reach the teats. They are also involved in shivering thermogenesis
during the neonatal period, which is of utmost importance for the regulation of body
temperature and adaptation to the extra-uterine environment (Herpin et al., 2002).
Muscles contain significant amounts of glycogen, an essential biochemical component
that provides energy to piglets before they first suckle, as reviewed in Chapter 1 (Farmer
and Edwards, 2020). Postnatal growth rate is also positively related to the total number
of myofibres in skeletal muscles. There are indications that body fat depots may also
be important for piglet survival and postnatal adaptation. More specifically, a positive
relationship between the amount of body fat at birth and the birth-to-weaning survival
was reported (Leenhouwers et al., 2002). Subcutaneous white adipose tissue (also
called backfat) forms an insulating layer protecting newborn piglets against cold,
making them somewhat less vulnerable to temperature fluctuations. This is especially
important because piglets are devoid of brown adipose tissue which produces heat via
the activation of uncoupling protein 1 (UCP1) in other mammals. Recently, a new type
of adipocytes was discovered in white adipose tissue of mice and humans exposed to
cold and hormonal stimuli: the beige/brite adipocytes (Sanchez-Gurmaches and Guertin,
2014). Even though the presence of beige adipocytes is still a controversy in the pig,
there are some indications that cold-tolerant pigs can maintain their body temperature
through the ‘browning’ of their white adipose tissue with an overexpression of UCP3 in
the absence of UCPI (Lin et al., 2017). Furthermore, white adipose tissue is recognized
as a secretory or true endocrine organ regulating body homeostasis. Taking all this into
consideration, it is essential to decipher the mechanisms leading to skeletal muscle and
adipose tissue development during the prenatal, suckling, and post-weaning periods in
order to better understand the factors affecting these tissues and develop strategies to
enhance neonatal survival and postnatal growth in piglets.

2.2 Foetal development determining the functionalities of
muscle and fat tissues in neonates

2.2.1 Basic principles governing muscle and fat development

The development of skeletal muscle and white adipose tissue depends on complex,
continuous and interconnected biological processes that result from the commitment
of embryonic stem cells to particular differentiation pathways (muscle, adipocyte, etc.).
During the post-embryonic growth phases, there isan increase in the number (hyperplasia)
and volume (hypertrophy) of the constituent cells, enabling the development and growth
of muscle and fat tissues.

Multinucleated myofibres are the functional contractile units of skeletal muscles, hence,
understanding the development and changes in the number and metabolism of myofibres
during foetal life is of particular importance to unravel the mechanisms involved in
muscle maturity around birth. The biphasic nature of myofibre ontogenesis during the
foetal period is well illustrated in the pig. A primary generation of precursor cells (so-
called myotubes) forms from 35 to 55 days of gestation, followed by a second generation
between 55 and 90 days of gestation, which uses the primary myotubes as a scaffold
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(Lefaucheur et al., 1995). The number of secondary fibres around each primary myotube
is approximately 20 to 25, depending on the muscle (Wigmore and Stickland, 1983). The
total number of muscle fibres is considered to be almost fixed by 90 days of gestation.
Throughout gestation, primary myotubes generally express the myosin heavy chain
(MyHC) isoform I, and are destined to become slow-twitch type I fibres. In particular
cases (e.g. the superficial white portion of the pig semitendinosus muscle), primary
myotubes rather express adult fast MyHC isoforms during gestation and mature to fast-
twitch type II fibres (Lefaucheur et al., 1995). Some secondary myofibres expressing
MyHC I also start to express the a-cardiac MyHC in late gestation (Lefaucheur et al.,
1995). Altogether, the embryonic and foetal MyHC isoforms are predominant up to 90
days of gestation in skeletal muscles (Figure 2.1), whereas adult fast isoforms IIa and IIx
increase in late gestation and IIb isoform appears only after birth.

Available data show that the profile of MyHC isoforms and the glycogen content, which
increases dramatically in late gestation (going from 4 to 10% between 90 days of gestation
and birth), are good descriptors of skeletal muscle maturity around birth (Voillet et al,
2018). Metabolically, all myofibres are oxidative at birth (Lefaucheur and Vigneron,
1986). In contrast to the total number of myofibres which markedly increases during
gestation, their cross-sectional area remains rather constant during the foetal period
(Lefaucheur, 2010).

Adipose tissue development occurs later than muscle development. White adipose tissue
appears as a number of individual depots in the body, some under the skin (subcutaneous
fat depots), some in the abdominal cavity (surrounding viscera such as mesenteric and
perirenal fat depots, around the epididymis, etc.), and some within the musculature (inter-
and intra-muscular depots). These depots have specific developments and vary in sizes.
The first clusters of adipocytes appear subcutaneously at mid-gestation between 50 and
75 days (Hausman and Kauffman, 1986); then, the perirenal adipose tissue develops from
approximately 70 days of gestation onward (Hausman and Thomas, 1986). Although fat
gain in the body accelerates as of 69 days post-conception, pig neonates are characterized
by a small amount of total body fat at birth (1-2% of live weight). In all adipose tissues,
adipocytes are recruited from populations of multipotent stem cells/progenitors. Besides
pre-adipocytes defined as immature cells already engaged in the adipogenic lineage, there
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Figure 2.1. Composition of myosin heavy chain (MyHC) isoforms of pig longissimus muscle from 45 days of
gestation (dg) to a few weeks (wk) and months (mo) postnatally. The different isotypes were separated by
electrophoresis (SDS-PAGE) and gel was stained with Coomassie blue G-250 solution. Bands were identified
as embryonic (Emb), foetal and types I, lla and (llx + IIb) MyHC.
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are resident adult mesenchymal stem cells, also known as adipose tissue-derived stromal
cells. As described in other species, the characterization of porcine adipose tissue-derived
stromal cells is based on the expression of several clusters of differentiation markers
(Monaco et al., 2012, Perruchot et al., 2013). The origin of adipose tissue-derived stromal
cells and the detailed events leading to the early commitment of embryonic stem cells to
the adipocyte lineage are only partially known in mammals (Louveau et al., 2016 for a
review). Contrarily, the process whereby pre-engaged progenitors further develop into
functioning adipocytes (adipogenesis) is well characterized and includes a large variety of
orchestrated molecular and cellular changes (Gondret et al., 2013, 2018; Hausman et al.,
2006; Ramsay and Caperna, 2009). A recent proteomic analysis of subcutaneous fat tissue
in pig foetuses revealed that the mRNA abundance of many proteins involved in energy
metabolism increases from 90 to 110 days of gestation (Gondret et al., 2018), suggesting
an increased capacity for carbohydrate metabolism and oxidation in white adipose tissue
of pig foetuses just before birth. Conversely, proteins participating in organization of the
cytoskeleton were less abundant at 110 days of gestation than at 90 days of gestation,
which may account for the programmed morphological changes of adipose cells that
occur during the last month of gestation. The various steps of adipocyte differentiation
are controlled by hormones and growth factors (Louveau and Gondret, 2004).

2.2.2 Deviation from normal tissue development in piglets with
intrauterine growth restriction

Prenatal muscle growth and adipose tissue development are largely affected by foetal
nutrition. The high prolificacy of modern sows causes an intra-uterine competition
for nutrients among littermates, leading to intra-uterine growth restriction (IUGR) in
a subset of them (about 15 to 20% of newborns). Lower circulating concentrations of
glucose, arginine and glutamine are notably observed in the umbilical vein of [IUGR
foetuses compared with that of their normal littermates at 90 and 110 days of gestation
(Lin et al., 2012), suggesting a reduced availability of nutrients. It is important to note
that IUGR foetuses prioritize the growth of vital organs, such as the brain, at the expense
of other organs, such as the liver, kidney, skeletal muscles and fat (Morise et al., 2008).
The adaptive response to the intrauterine environment may depend on sex and genotype
(Cogollos et al., 2017).

Thus, many cellular and molecular changes are observed in skeletal muscle and adipose
tissue of IUGR piglets when compared with their normal-sized littermates. Of note,
IUGR piglets have less total number of myofibres during gestation than do their normal-
sized and heavy littermates (Gondret et al., 2005; Rehfeldt and Kuhn, 2006). Available
data suggest that the number of secondary fibres are specifically reduced in IUGR
foetuses, thus leading to a reduction in the ratio of secondary to primary myofibres
(Wigmore and Stickland, 1983). Foetal myogenesis in IUGR piglets is impaired due
to many changes in the mRNA abundance of muscle proteins that are involved in
cellular structure, macronutrient metabolism, protein synthesis and degradation,
immune response, extracellular matrix and antioxidant function (Wang et al., 2008).
The longissimus muscle of small foetuses especially exhibits higher expression levels of
DLKI and NCAM1/CD56 (Perruchot et al., 2015), two genes known to be downregulated
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during myogenesis in normal littermates. Expression levels of the embryonic MyHC,
both at the mRNA and protein levels, are also higher in small foetuses, whereas the ratios
of perinatal to embryonic and of adult fast to developmental MyHC isoforms are lower
in IUGR foetuses when compared with their medium-weight littermates (Perruchot et
al., 2015). Moreover, GLUT4, the muscle/fat specific glucose transporter, has a greater
mRNA abundance in the muscle of small vs normal two-day-old piglets (Chriett et al.,
2016), suggesting an early adaptation to maintain normoglycemia in the IUGR animals
soon after birth (Gondret et al., 2013). Finally, IUGR muscles exhibit a reduced protein
concentration and a lower creatine kinase/protein ratio, which also indicate a lower
muscle maturity when compared with their normal-weight littermates (Rehfeldt and
Kuhn, 2006). Changes in genome-wide methylation in skeletal muscles of IUGR piglets
have also been characterized (Tao et al., 2019).

As reviewed in Chapter 1 (Farmer and Edwards, 2020), piglets with a low birth weight
not only have reduced muscle development but also have a lower body fat content at
birth when compared with their normal-weight littermates. Indeed, the transcriptional
program of adipose tissue development is altered during gestation in IUGR piglets
(Gondret et al., 2011, 2013). More specifically, the adipose tissue of IUGR piglets
exhibits a sustained expression of DLKI gene during late gestation, thereby inhibiting
preadipocyte proliferation and adipocyte differentiation (Traustadottir et al., 2013).
During this period, the time-dependent increase in expression levels of many genes
promoting adipocyte differentiation and lipogenesis are attenuated in IUGR foetuses.
With regard to growth factors, spontaneous IUGR affects the IGF system leading to lower
mRNA levels of IGFI in white adipose tissue of piglets at 112 days of gestation and greater
mRNA levels of IGF2 in 2-day-old piglets when compared with piglets harbouring a
normal growth (Gondret et al., 2013). Whereas expression of the IGFI gene is increased
during adipocyte differentiation, expression level of the IGF2 gene is decreased (Gardan
et al., 2008). Therefore, sustained expression levels of IGF2 and DLK1 around birth may
contribute to delay the differentiation process of adipose tissue in IUGR piglets. The
differences between IUGR piglets and normal littermates in terms of development of
adipose tissue are particularly exacerbated two days after birth (Gondret et al., 2013).

Jointly with other body systems, the insufficient development of skeletal muscle and
adipose tissues during gestation in small piglets will penalize their neonatal survival,
growth potential and body composition during later life when compared with normal-
weight littermates.

2.2.3 Maternal strategies to trigger the development of muscle and adipose
tissue in pig foetuses

Different nutritional interventions with the aim of optimizing in utero environment,
preventing IUGR or specifically improving the development of muscle have been tested
over the years, with the ultimate goal of influencing embryonic and neonatal survival,
physiological maturity of neonates, and birth weight.
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Overfeeding in gestation

Twenty-five years ago, Dwyer et al. (1994) observed that doubling the feed intake of
pregnant sows from days 25 to 50, days 50 to 80 or days 25 to 80 tended to increase the
total number of myofibres formed in the offspring during these periods, with a positive
effect on postnatal growth of piglets. However, more recent studies showed conflicting
results with greater (Gatford et al., 2003), similar (Markham et al., 2009; Nissen et al.,
2003) or smaller (Cerisuelo et al., 2009) total number of myofibres in the progeny with
maternal overfeeding. Birth weight of piglets from sows receiving an increased feed supply
during gestation is generally not affected, as reviewed in Chapter 1 (Farmer and Edwards,
2020), and there are inconsistent results on the myofibre types and postnatal growth
rate of those piglets (Bee 2004; Cerisuelo et al., 2009; Gatford et al., 2003; McNamara
et al., 2011; Nissen et al., 2003). Moreover, overfeeding subsequent to a period of early
maternal diet deprivation does not modify the expression levels of stem cell markers,
myogenic signals and MyHC isoforms in skeletal muscle of piglets just before birth, but
upregulates IGF2 expression (Perruchot et al., 2015). Such findings demonstrate that this
feeding strategy aiming to induce catch-up growth in later gestation cannot counteract
the deleterious effect of IUGR and, in fact, it even tends to reduce piglet birth weight
when compared to sows fed adequate diets throughout gestation (Farmer et al., 2014).
The possible impacts of maternal feed oversupply on the amount and functionality of
adipose tissue in pig foetuses have not been investigated yet. However, it appears that
some physiological limits may have been reached in high-prolific modern sows, whereby
maternal overfeeding during gestation has no beneficial or even has detrimental effects
on tissue development and physiological maturity of piglets.

Dietary protein content

Feeding sows a high protein and low carbohydrate diet during the whole gestation does
not affect total number of myofibres nor does it influence the expression of myogenic
regulatory factors or the proportion of MyHC isoforms in skeletal muscles of pig foetuses
(Rehfeldt et al., 2012a,b). However, an in-depth study of the muscle transcriptome revealed
changes in the mRNA expressions of many genes related to cell cycle regulation, energy
metabolism, growth factor signalling pathways, and nucleic acid metabolism on day 1 after
birth (Oster et al., 2012). Especially, expression levels of genes related to the organisation
of filaments in skeletal muscle were greater in the offspring of sows fed a high-protein
diet, which may improve the adaptive response of various cells, such as satellite cells,
fat cells, and fibroblasts. A lower body fat content of foetuses is also observed in the last
third of gestation with a maternal high protein diet (Kalbe et al., 2017), with even greater
differences being present at birth (Rehfeldt et al., 2012a). A lower number of adipocytes
(Rehfeldt et al., 2012a) and subtle changes in the functionality of white adipose tissue,
including changes in protein abundance involved in carbohydrate recognition, amino
acid metabolism and protein turnover, are notably observed in the neonates of sows
fed a high protein and low carbohydrate diet during gestation (Sarr et al., 2010). These
effects on muscle and adipose tissue are likely due to an energy deficit in treated sows, so
that nutrients are partitioned in favour of maternal anabolism rather than foetal growth
(Metges et al., 2012), thereby resulting in lower piglet birth weights (Rehfeldt et al., 2011).
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Supplementation with specific amino acids

A number of experiments dealt with the supplementation of specific amino acids in
gestation diets. Many used arginine (Arg) because of its role as a precursor in the synthesis
of numerous molecules such as nitric oxide (a vasodilator and angiogenic factor) and
polyamines (that regulate protein synthesis and angiogenesis). A systematic review of
13 consolidated publications was recently published on the effects of maternal dietary
Arg supplementation on foetal development in swine (Palencia et al., 2018). Although
inconsistent data sometimes arose due to variations in amount of supplementation, period
of pregnancy in which it is fed, and litter size, this systematic review showed overall
positive results for embryo survival and foetal development. Another study confirmed
the benefits of Arg supplementation on piglet birthweight, but for the smallest female
littermates only (Oksbjerg et al., 2019). At day 75 of gestation, foetuses from sows fed
26 g of supplementary L-arginine daily from days 14 to 28 of gestation had more primary
myofibres in their semitendinosus muscle than piglets from control sows (Bérard and Bee,
2010), but the development of white adipose tissue was not affected (Gondret et al., 2011).
The benefits of dietary supplementation with Arg during early gestation on total number
of myofibres in piglets at birth were recently confirmed (Madsen et al., 2017). Moreover,
fibre diameters in the semitendinosus muscle of piglets from sows that received Arg from
days 25 to 53 of gestation were enlarged when compared with control piglets (Garbossa
et al., 2015). Whereas these results are encouraging when Arg is included in the sow diet
during the first half of gestation, studies have generally reported no differences in total
number of myofibres nor in their mean cross-sectional area in the longissimus muscle of
neonates when sows are fed extra Arg during the whole gestation (Shi et al., 2018).

Another solution to improve muscle development in foetuses may be the use of L-carnitine
as a premix or as a top-dressing supplement. Indeed, this derivative from lysine (Lys) and
methionine (Met) has broad functions in carbohydrate and lipid metabolisms and affects
the IGF system, which is important for muscle and fat tissue development. As expected,
free and total carnitine concentrations are greater in the skeletal muscle of 70-day-old
foetuses from sows fed supplemental L-carnitine during gestation (Brown et al, 2008).
When compared with controls, the embryonic myoblasts isolated at mid-gestation from
foetuses of treated sows had lower expression levels of IGF2 and myogenin, the latter
being a muscle-specific transcription factor in myogenesis. In accordance with these
effects, supplemental L-carnitine in the sow diet from breeding until day 110 of gestation
increases muscling in piglets at birth (Musser et al., 2007). However, the hypothesis that
L-carnitine supplementation can increase postnatal growth of piglets is not supported by
data in later life (Ramanau et al., 2006).

Vitamins

Although some studies show that neonatal muscle characteristics are unaffected by
maternal vitamin D supplementation (Flohr et al., 2016), others show a greater total
number of myofibres in the longissimus muscle of piglets from sows treated with vitamin
D compared with control sows at 90 days of gestation (Hines et al., 2013) and at birth
(Zhou et al., 2016). This positive effect of maternal vitamin D status may be due to the
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fact that myoblasts derived from foetal muscles of treated sows display an extended
proliferative phase (Hines et al., 2013). The mRNA levels for IGF2, myogenin and MyHC-
IIx (fast-twitch isoform) increased, whereas those for IGF1, myostatin and MyHCI (slow-
twitch isoform) and the proportion of slow-twitch fibres decreased in newborns from
sows treated with vitamin D during gestation (Zhou et al., 2016). It therefore seems
that a greater maternal vitamin D status during gestation may favour prenatal muscle
development of the offspring.

In conclusion, nutritional strategies applied to pregnant sows are largely unsuccessful
to improve the development of skeletal muscle and adipose tissue of pig foetuses,
except when specific amino acids or vitamins are used. Therefore, it would be more
effective to propose strategies combining nutrient supply in gestation with other types
of modifications in the prenatal environment. Because exposure of sows to a stressful
environment during gestation has mild negative effects on the maturity and muscle tissue
characteristics of piglets at birth (Quesnel ef al., 2019), limiting maternal stress may be
beneficial for piglet survival. Another successful strategy is to target the hormonal status
of sows during gestation. Daily injections of porcine somatotropin (pST) to sows between
days 10 and 27 of gestation increased the number of primary and secondary myofibres
in the semitendinosus muscle of piglets at birth, and this specifically in low weight piglets
(Rehfeldt et al., 2004). Furthermore, supplementation of sow diets with 20 mg/kg of
ractopamine HCI from 25 to 53 days of gestation increased the mean size of myofibres in
the semitendinosus muscle of piglets and also increased their birth weight (Garbossa et
al., 2015). However, from a practical point of view, even though these growth-promoting
agents do have some positive effects on myogenesis, their use is highly questionable and
depends on the legislation of individual countries.

2.2.4 Genetic influences on piglet maturity at birth

When comparing maternal porcine breeds for the outcome of their offspring, it is evident
that genetics has a great impact on the physiology and maturity of piglet tissues around
birth. Even though lighter at birth than European Large White piglets, newborns from
the Meishan breed (a Chinese fat breed) have a higher glycogen content in skeletal
muscle (Voillet et al., 2018). They also have greater total body fat and mobilizable body
fat, which contrasts with the positive relationship usually reported between body fat
mass and birth weight in European breeds. Recent studies provide additional insights
suggesting a greater maturity of muscle and white adipose tissue in Meishan than in Large
White piglets during the last month of gestation (Gondret et al., 2018, Marti-Marimon
et al., 2018; Voillet et al., 2014, 2018). For instance, the expression level of the embryonic
MyHC isotype was lower in the longissimus muscle of Meishan foetuses at 90 days of
gestation, whereas a greater proportion of fast (ITa + IIx + IIb) MyHC was observed at
110 days of gestation. Besides gluconeogenesis and glycolysis, the oxidation-reduction
process in mitochondria was also shown to be greater in muscles of Meishan compared
with Large White foetuses on day 110 of gestation (Voillet et al., 2018). This emphasizes
the key role of oxidative metabolism for the maturity of neonatal muscle tissue. In white
adipose tissue, there are indications of a better metabolic functionality (i.e. response to
nutrient levels and lipogenic capacity) in Meishan than in Large White foetuses at 110
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days of gestation (Gondret et al., 2018). Reciprocal embryo transfer experiments between
Meishan and Yorkshire genotypes further revealed that the maternal genotype determines
placental size up to 90 days of gestation, hence, available space in the uterus. Thereafter,
breed-specific foetal mechanisms appear to determine placental size (Biensen et al., 1998,
1999; Wilson et al., 1998, 1999). The genetic determinism of piglet maturity at birth
was also analysed within Large White piglets when sows were inseminated with semen
frozen at a 21 year-interval (Canario et al., 2007). As reviewed in Chapter 1 (Farmer
and Edwards, 2020), piglets from sows inseminated with semen from 1,998 boars had
less carcass protein and energy content than piglets born from sows inseminated with
semen of 1,977 boars. These piglets also had less hepatic glycogen and lower plasma
concentrations of glucose and IGF-I, indicating again a negative effect of selection for
leanness and litter size on the maturity of tissues in neonatal piglets.

In addition, whole-genome scans such as Quantitative Trait Locus (QTL) studies or
Genome-Wide Association Studies (GWAS) revealed that particular genomic regions
are involved in the regulation of body composition and muscle and adipose tissue traits of
piglets. Most of this information was provided from a PigQTL database (Hu et al., 2019)
containing 29,045 QTLs/associations with 59 and 200 genes associated to 54 and 86 traits
related to “muscle” or “fat”, respectively. A subset of these genes had an expression level
dependent on the parental origin. These so-called imprinted genes have key roles in the
control of placental development and growth and metabolism of the foetuses. Reciprocal
crosses between Large White and Meishan breeds allowed to investigate the impact of
half of a genome coming from either the maternal or the paternal side. In total, 472
genes were identified in muscle as having an expression preferentially regulated by one
parental genome, and most of these genes (366) were regulated by the paternal genome
(Voillet et al., 2014). Among them, IGF2 was identified and gene associations were also
revealed between IGF2, DLKI/MEG3 and MYH3 (embryonic MyHC) (Marti-Marimon
et al., 2018). Genetic engineering thus holds promise for improving the development of
foetal tissues to favour metabolism and survival of piglets. For example, insertion of the
mouse UCPI gene via the CRISPR/Cas9 technology can generate UCPI1-knockin pigs
that exhibit ectopic UCPI expression in their white adipose tissue. This is associated with
a decreased fat mass due to increased lipolysis and enhanced mitochondrial function in
adipocytes, and improved thermoregulation of piglets exposed to cold at 1 month of age
(Zheng et al., 2017).

2.3 Muscle and fat tissue growth in suckling piglets
2.3.1 Postnatal development of lean and fat tissues

The relative growth of skeletal muscle during the first postnatal week is extremely high
and is greater than later in life. The chemical composition of muscles undergoes dramatic
changes during the early postnatal period. Thus, muscle protein content is approximately
9% at birth, 15% at 3 weeks, 18% at 2 months and stabilizes at approximately 20% thereafter
(Durand et al., 1967). Postnatal muscle growth is positively correlated with the total
number of myofibres and is associated with hypertrophy of the myofibres that are present
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at birth (Dwyer et al., 1993). Postnatal muscle development results from an accretion of
nuclei derived from satellite cells that undergo proliferation, differentiation and fusion
with adjacent growing myofibres, so that the proliferation of satellite cells is particularly
intense during the first postnatal weeks. Satellite cells can contribute to the formation of
tertiary myofibres during the first postnatal days in pigs, even though the importance
of this phenomenon for muscle growth and total number of myofibres remains unclear
(Bérard et al., 2011; Lefaucheur et al., 1995; Mascarello et al., 1992; Miersh et al., 2017).
Additionally, there is a dramatic increase in the accretion of myofibrillar protein within
myofibres during the first five postnatal days (Herpin et al., 2002). Changes in the profile
of MyHC isoforms are also seen during that time with a decrease in the amounts of
embryonic and foetal MyHC isoforms in favour of the adult fast-twitch types Ila, IIx
and IIb isoforms (Figure 2.1). The concentration of muscle glycogen is very high at birth
(10% of fresh muscle) and rapidly decreases to reach 1 to 2% at 5 days of age, which is
close to values reported for adult pigs (Herpin et al., 2002). Until 3 weeks of age, a sub-
population of secondary myofibres (located in the direct vicinity of primary myotubes)
matures to type I fibres, leading to the typical and unique clusters of slow-twitch type I
fibres surrounded by concentric rings of ITA, IIX and IIB fast-twitch fibres observed in
pig muscles (Lefaucheur et al., 1995). A transitory expression of the a-cardiac MyHC,
having contractile properties intermediate between those of type I and type ITa MyHC,
also occurs in some slow-twitch fibres during the first few postnatal weeks, with a peak
expression at around 10 days (Lefaucheur et al., 1997). Besides changes in contractile
characteristics, there are important changes in the energy metabolism of myofibres, with
glycolytic metabolism dramatically increasing during the first 2 to 3 weeks after birth
(Lefaucheur and Vigneron, 1986). Oxidative metabolism, which is predominant at birth,
increases until 2 to 3 weeks of age, followed by a gradual decrease. Altogether, the first 2
to 3 postnatal weeks are a critical period for muscle contractile and metabolic maturation
in piglets (Harrison et al., 1997) until stabilization occurs starting at approximately 8
weeks of age.

Soon after birth, pigs have a remarkable capacity to store large amounts of fat. Depending
on the colostral fat content, carcass fat increases by 25 to 100% during the first days of
postnatal life (Le Dividich et al., 1997). Therefore, the body fat content evolves from 1-2%
at birth to reach 13% at 21 days of age (Frondas-Chauty, 2012). Total lipid content also
increases between 7 and 30 days of age in both subcutaneous and perirenal fat (Hauser
et al., 1997). During that same period, muscle lipid content (so-called intramuscular
fat content, IMF) almost doubles. Furthermore, marked changes occur in morphology,
cell size and chemical composition of adipose tissue. At birth adipocytes are generally
multilocular, but by day 3 many unilocular adipocytes (with one major central lipid
droplet) are observed (Hauser et al., 1997; Mersmann et al., 1975). A marked increase
in adipocyte size is then seen with average diameter increasing from 19-24 pum at 3 days
of age to 36 pum at 23 days of age (Mersmann et al., 1973, 1975). A similar increase is
reported in perirenal fat (Hauser et al., 1997). Importantly, an accelerated catch-up fat
growth is observed in IUGR piglets during the suckling period so that the relative weight
of perirenal adipose tissue, being lower in IUGR than in normal piglets at 7 days, no
longer differs between the two birth weight groups at 28 days of age (Morise et al., 2009).
Hence, many differences present at birth between IUGR and normal-sized littermates
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in terms of expression levels for adipose tissue genes are no longer apparent during
suckling (Ramsay et al., 2010; Williams et al., 2009). To conclude, the suckling period is
most particular in that myofibres and adipose tissue undergo marked changes and could
therefore be highly responsive to nutritional and/or environmental stimuli in pig rearing
systems.

2.3.2 Nutritional and environmental manipulations to trigger tissue
development in suckling piglets

Feeding procedures of the suckling piglets and their rationale regarding postnatal survival
and growth are detailed in Chapter 3 (Baxter et al., 2020). The current chapter focuses on
the effects of different nutritional or environmental interventions on muscle and adipose
tissue development in suckling piglets.

Feed supply and intermittent feeding

The effect of a feed restriction in the first weeks after birth on muscle maturation has
received much attention. Responses differed according to muscle types. Indeed, more
changes are generally reported in the longissimus, a large fast-twitch glycolytic muscle
involved in movement, whereas the rhomboideus muscle, a slow-twitch oxidative muscle
involved in posture, is not affected by feed restriction and seems to be better preserved
(Lefaucheur et al., 2003). Enhancing nutrient supply in neonatal piglets is a key factor
to increase muscle protein deposition rate, especially during the first postnatal week
(Wilson et al., 2009). A high nutrient intake (1.5-fold the adequate level) during the
suckling period leads to an enhanced expression of genes related to protein deposition
and is associated with an accelerated maturation of glycolytic myofibres. These effects
could be particularly advantageous in ITUGR piglets (Hu et al., 2018). Importantly, muscle
growth and protein synthesis are also greater when suckling piglets (1 to 3 weeks old) are
fed intermittent meals rather than continuously, and this effect of intermittent feeding
is likely related to the pulsatile patterns of insulin and amino acids levels (El-Kadi et al.,
2018).

Specific amino acid supply

Skeletal muscles of newborn piglets are highly sensitive to dietary supplementation
with specific amino acids during the first postnatal week (review by Rudar et al., 2019).
Supplementation with different functional amino acids and some of their metabolites
can potentially improve muscle maturation during the early postnatal period in suckling
piglets. The branched chain amino acids, such as leucine (Leu), have the particularity to
not be degraded in the liver, and hence to primarily serve for ATP synthesis in skeletal
muscle. Leucine strongly stimulates protein synthesis in muscle from neonatal piglets
through the mTOR pathway, providing that other amino acids and energy are available
(Manjarin et al., 2018). Moreover, Leu also enhances the proliferation and differentiation
of porcine satellite cells in an mTOR-dependent manner, which likely explains the in
vivo effects on muscle growth (Han et al., 2008). Of practical importance to improve
health status in young piglets, Leu supplementation may also limit the negative effects of
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diseases on muscle protein anabolism. Thus, parenteral Leu supplementation in newborn
piglets attenuates the reduction in muscle protein synthesis induced by experimental
endotoxemia (Hernandez-Garcia et al., 2016). The Leu metabolites a-ketoisocaproate
and -hydroxy-B-methylbutyrate similarly stimulate muscle protein synthesis (Duan et
al., 2016) and can be successfully used in neonatal piglets (Escobar et al., 2010; Kao et
al., 2016; Wheatley et al., 2014).

Because sow milk is poor in arginine (Arg), the effects of Arg supplementation during
the early postnatal period has been investigated. Thus, dietary supplementation of
lactating sows with Arg may stimulate piglet growth during the first postnatal week,
likely through an increased concentration of total amino acids in sow milk (Mateo et
al., 2008). In mice, in vitro experiments on C2C12 myoblasts and in vivo studies report
that Arg up-regulates the expression of slow-twitch type I MyHC, suggesting that Arg
may play an important role in the determination of muscle fibre type, particularly
through the Sirt1/AMPK signalling pathway (Chen et al., 2018). In adipose tissue, Arg
is known to stimulate lipolysis and the expression of key genes responsible for activation
of fatty acid oxidation, notably by inducing changes in mitochondrial biogenesis. Due
to its role on the expression and activity of AMPK, Arg supplementation may modulate
lipid metabolism towards the loss of triacylglycerols (Tan et al., 2012). Furthermore,
Arg regulates adipocyte-muscle crosstalk and energy partitioning via the secretion of
cytokines and hormones. These latter effects were observed in growing-finishing pigs,
but data in suckling piglets are lacking.

High protein diets

The development of the offspring in response to feeding sows a high protein diet during
lactation has recently been investigated (Schutkowski et al., 2018). Despite alterations
in the sow nutrient status, the small changes seen in milk composition had basically no
effects on growth and tissue development of the piglets. A better strategy is to feed piglets
with a formula enriched in proteins. A high protein intake during the suckling period
increases daily weight gain and leads to higher protein content and lower lipid content
in the carcasses of 28-day-old piglets that are either small or normal at birth and reared
in a well-controlled environment (Morise et al., 2009; Sarr et al., 2011). This reduction
in adiposity is associated with a decrease in both lipid content and size of adipocytes
in subcutaneous and perirenal adipose tissues (Sarr et al., 2012). Moreover, adipocytes
with small diameters are present in greater proportions in adipose tissues of piglets fed a
high protein formula, and the activity of lipogenic enzymes is decreased. Investigation of
the adipose tissue proteome revealed that very little changes occur in the adipose tissue
depots of IUGR piglets fed a high-protein formula, and that these changes take place in
the subcutaneous rather than the perirenal adipose tissue (Sarr et al., 2012). The proteins
affected are involved in signal transduction, redox status, carbohydrate metabolism and
amino acid metabolism. More specifically, the lower abundance of annexin-2 in piglets
fed a high protein diet may be associated with their smaller adipocyte diameter and
may have additional effects on glucose uptake. Altogether, findings indicate that a high
protein intake during suckling may reduce or delay the development of adipose tissue
while increasing protein deposition.

52 The suckling and weaned piglet



2. Lean and fat development in piglets

Ambient temperature

Ambient temperature is an environmental factor that strongly influences the energy
status of piglets. A remarkable adaptation of skeletal muscle to cold exposure has been
reported during the first 5 postnatal days (Lefaucheur et al., 2001). When compared
with piglets housed at thermoneutrality (34-30 °C), cold exposure (15-24 °C) increased
the proportion of type I and a-cardiac MyHC positive fibres in the longissimus and
rhomboideus muscles and accelerated the reduction in the expression of foetal MyHC.
Increases in muscle oxidative metabolism and fatty acid B-oxidation potential were also
observed, and the number of lipid droplets within myofibres increased markedly in a cold
environment (Herpin et al., 2002). These changes suggest an acceleration of postnatal
muscle maturation in suckling piglets that are exposed to cold, which could be triggered
by hormonal changes (e.g. thyroidal function) and muscle contraction through shivering.

2.4 Muscle and fat tissue growth in weaned piglets
2.4.1 Effects of weaning on tissue physiology

Risk factor analyses show that weaning weight and weight at 6 weeks of age are among
the main factors predicting piglet body weight at the end of the nursery period (Paredes
et al., 2012). Immediately after weaning, pigs often experience a reduction in growth rate
which is due to multiple stress factors associated with weaning (maternal separation,
relocation to new housing, introduction into new social groups, and adaptation to a
dry diet). The process of weaning notably influences piglet feeding behaviour, resulting
in a reduced feed intake and even anorexia. Weaning increases the concentrations of
growth hormone and decreases the circulating concentrations of IGF-I and IGF-II in
piglets (Carroll et al., 1998; Matteri et al., 2000). Autophagic vacuoles also markedly
accumulate in skeletal muscles shortly after weaning, suggesting that the process of
autophagy may be upregulated by the limited nutrient supply during this period (Zhang
et al., 2011). Importantly, early weaning at 14 days of age induces an inflammation in
the longissimus muscle of piglets lasting at least 7 days after weaning. There are also
increases in the expression of MyHC I and IIx, UCP3 and AMPK (a major sensor of
cellular energy deficit) at day 1 post-weaning, an increase in the activity of AMPK at day
3, and in the expression of MyHC IIb at days 5 and 7 (Li et al, 2016). During the entire
pre-weaning period, most of the fatty acids used by piglets are obtained from maternal
milk. Weaning is associated with an immediate shift to a low-fat high-carbohydrate diet
composition; therefore, there is enhancement of enzyme activities associated with de
novo fatty acid synthesis from glucose and acetate in the white adipose tissue of weaned
piglets (Mersmann et al., 1976). The older the animals are at weaning, the greater is
the increase in lipogenic activity in the post-weaning period (Mersmann et al, 1976).
Moreover, early-weaned piglets can use body fat as an energy source to cope with the
dramatic reduction of their feed intake (Fenton et al., 1985). This explains why body fat
generally increases during the suckling and post-weaning periods in piglets weaned at
standard ages, whereas early-weaned piglets (2 weeks of age) lose approximately 25% of
their body fat during the first week post-weaning (Fenton et al., 1985).
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2.4.2 Nutritional and environmental manipulations to trigger tissue
development in weaned piglets

Nutritional requirements and diet specifications of the weaned piglets are detailed in
Chapter 10 (Lawlor et al., 2020). The current chapter describes the effects of different
nutritional or environmental interventions on the growth and functioning of muscle and
adipose tissue of post-weaned piglets.

Specific amino acid supply

After weaning, muscle growth and adipose tissue metabolism are still highly sensitive
to deficiencies in amino acids, especially Lys (Katsumata et al., 2008) and total sulphur
amino acids (TSAA: Met and Cys) (Castellano et al., 2015; Conde-Aguilera et al., 2016).
Feeding a diet deficient in TSAA for 10 days to 6-week-old weaned piglets decreases
the relative weight of the longissimus muscle, whereas that of the rhomboideus muscle
is maintained (Conde-Aguilera et al., 2016). Dietary TSAA deficiency also increases
the relative importance of oxidative metabolism in both muscles, but the response
differs between muscles. Namely, a decrease in glycolytic metabolism is observed in
the longissimus muscle whereas a dramatic increase in the proportion of type I fibres is
observed in the red slow-twitch rhomboideus muscle. To the contrary, this dietary strategy
increases total body fat and lipid content of the subcutaneous adipose tissue. Expression
levels of genes involved in glucose uptake, lipogenesis, lipolysis, and activities of NADPH
enzymatic suppliers are generally higher in subcutaneous and perirenal adipose tissues
of TSAA deficient piglets, suggesting increased lipogenic and lipolytic rates (Castellano
et al., 2015).

Because a deficiency in amino acids has such huge effects on lean and fat tissue
development in post-weaned piglets, dietary supplementation with specific amino
acids can be used to limit some negative effects of weaning. Whereas effects of feeding
specific amino acids on post-weaning growth rate were demonstrated, their influence
on the characteristics of lean and fat tissues remains to be studied. For instance, Leu
supplementation in piglets weaned at 21 days of age alters the proteome profile of muscle
analysed at day 35 of age, reducing oxidative phosphorylation and fatty acid -oxidation
but activating glycolysis (Fan et al., 2017). A reduction of AMPK activity is observed in
muscles of piglets fed a Leu-supplemented diet. Such an inhibition of AMPK activity with
dietary supplementation of Leu is also observed in cultured myoblasts (Du et al., 2007).
However, contradictory results are reported when looking at porcine satellite cells, with
Leu increasing slow-twitch type I MyHC and increasing expression of genes related to
mitochondrial function through the activation (rather than inhibition) of the AMPK
pathway (Chen et al., 2019). These controversial data point out the necessity to clarify
the specific effects of Leu supplementation on the contractile and metabolic maturation
of skeletal muscles in post-weaned piglets before providing any dietary recommendation
for this growth period. Of note, in vivo and in vitro experiments have indicated that white
adipose tissue is capable of metabolizing substantial amounts of branched chain amino
acids (Leu, isoleucine and valine), which function as direct-acting nutrient signals for
protein synthesis in adipose tissue. Supplying branched-chain amino acids in low-protein
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diets decreases the expression level of lipogenic genes in dorsal subcutaneous adipose
tissue, but increases their expression level in abdominal subcutaneous and perirenal
adipose tissues. Therefore, dietary supplementation with branched chain amino acids
may alter the body fat condition of post-weaned piglets by modulating the expression of
lipid metabolic regulators in a depot-specific manner (Li et al., 2017).

Ambient temperature

After weaning, piglets exposed to cold show a dramatic increase in the proportion of type
I fibres in the oxidative rhomboideus muscle and similar, but much smaller, effects in the
longissimus muscle (Harrison et al., 1996; Herpin and Lefaucheur, 1992). However, the
oxidative soleus muscle is not affected by cold exposure (Harrison et al., 1996). A study
carried out on pigs between 4 weeks of age and slaughter at 92 kg also reported a strong
increase in the percentage of type I fibres and oxidative metabolism in the oxidative
semispinalis muscle of cold-exposed pigs, with no effects in the longissimus muscle
(Lefaucheur et al., 1991). Altogether, data indicate that the response of skeletal muscles
to cold exposure is not simply related to muscle type, but may instead be associated
to the specific physiological function of muscles. Piglets that are exposed to cold post-
weaning also exhibit less body fat (Faure et al., 2013). Three weeks of cold exposure in
5- to 8-week-old piglets specifically increases the responsiveness of the lipolytic pathway
in white adipose tissue, which may be of importance to supply substrates for tissues that
are using fatty acids as an energy source (Herpin et al., 1991).

2.5 Permanent effects of early postnatal events on muscle and
fat tissues of pigs

2.5.1 Early nutrition

According to the Barker hypothesis or the concept of ‘metabolic programming’ early
events, especially those occurring in the perinatal period, may permanently affect
growth, body composition, and health in adult life (Barker, 1990). With the selection
of hyperprolific sows in recent years, the long-lasting impacts of the inherent low birth
weights were examined in several studies (Lanferdini et al., 2018). For instance, it is
well documented that the reduced total number of myofibres of IUGR neonatal piglets
permanently decreases their postnatal growth (Gondret et al., 2006; Rehfeldt and Kuhn,
2006; Zhang et al., 2018). The reduction of muscle growth in IUGR piglets results from
lower muscle protein synthesis as early as in the first postnatal week (El-Kadi et al., 2018),
whereas satellite cells are not intrinsically different from those of normal birth weight
littermates (Chen et al, 2017). The efficiency of protein utilization is also reduced during
the growing and finishing periods in pigs that were small at birth (Zhang et al., 2018).
Furthermore, small piglets at birth exhibit enlarged myofibre cross-sectional area at
commercial slaughter weight (Bee, 2004; Gondret et al., 2005, 2006; Rehfeldt and Kuhn,
2006) and a greater proportion of MyHC IIb (Zhang et al., 2018) when compared with
littermates of normal or heavy birth weight.

The suckling and weaned piglet 55



F. Gondret, L. Lefaucheur, M.H. Perruchot, C. Farmer, L. Liaubet and I. Louveau

The impacts of a lower birth weight on fat deposition are not consistent in the published
literature. In some studies, an increase in subcutaneous fat thickness around puberty
was reported in pigs that were small at birth compared with normal or heavy littermates
(Gondret et al., 2006; Madsen and Bee, 2015). This increase in backfat was linked with
a greater activity of lipogenic enzymes, a greater lipid content, and enlarged adipocytes
in the adipose tissue of low compared with high birth weight pigs. Others found no
difference in adiposity of pigs at commercial slaughter weight between low and normal
birth weight littermates (Beaulieu et al., 2010; Bérard et al., 2008; Gondret et al., 2005).
This discrepancy likely results from differences in postnatal feeding regimen (nutrient
composition, amount fed, etc.). Indeed, the lower birth weight of piglets born from sows
fed a high protein-low energy diet during gestation has little effect on the phenotype
of their adipose tissue at puberty (Rehfeldt et al., 2012b). Furthermore, feeding a high
protein formula to piglets during the suckling period results in similar body composition
at peripuberty, despite enlarged adipocytes (Sarr et al., 2011, 2012). It therefore appears
that inadequate nutrition during gestation and the suckling period has more long-
lasting effects on muscle tissue than on adipose tissue, likely because nutrition during
the growing-finishing period largely affects the deposition and metabolism of fat.

2.5.2 Genetic effects

The genetic background obviously affects the postnatal development of pigs, hence, the
biology of muscle and fat tissue during different periods of growth and the characteristics
of these tissues around puberty. Heritabilities of muscle characteristics are moderate to
high (h?=0.20 to 0.59; Larzul et al., 1997), and the highest heritabilities were found for
some muscle traits such as the percentage of type IIB myofibres (h?=0.58; Larzul et al.,
1997) and intramuscular fat content (h?=0.52; Won et al., 2018). Postnatal development is
considered as a high-level combination of complex traits. For instance, Pena et al. (2016)
explained that fat content and composition are highly polygenic, so that very few genes
explain more than 5% of the variance of these two traits. The pig diversity in muscular
and adipose genes has been explored by comparing different lines and breeds. When
female and male Large White, Duroc, Landrace and Piétrain breeds were compared,
the phosphoinositide 3-kinase (PI3K) pathway was particularly affected, with 80 genes
exhibiting a differential abundance between breeds (SanCristobal et al., 2015). This
pathway is at the crosstalk of several biological processes including the control of skeletal
muscle development where it affects, via the extracellular matrix, receptor interactions,
actin cytoskeleton, glycolysis and glycogenesis. Moreover, Wimmers et al. (2006) produced
a quantitative trait loci (QTL) scan for microstructural properties of pig muscle, showing
that these traits are governed by genetic variations at many loci distributed throughout
the genome. Most of the QTL identified have pleiotropic effects, which means that the
same genes may affect different traits. Genome-wide association studies might help to
decipher the molecular basis of fat and muscle traits, but the main difficulties are the cost
and the invasiveness of sample collection. Nevertheless, it is possible to combine genome
scan with studies on gene expression levels, protein abundances or metabolomics, to
identify the genetic loci governing (or partially governing) gene expression levels for lean
and fat tissues. In samples collected at slaughter, 335 expression QTL (eQTL) affecting
the expression of 272 gene transcripts in skeletal muscle were identified (Liaubet et
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al., 2011). The underlying biology can be further determined by enrichment analysis
of the biological processes (Liaubet et al., 2011) and construction of co-expression
gene networks (Villa-Vialaneix et al., 2013). Such techniques allow the identification
of particular regions involved in the regulation of multiple genes. For instance, COQ4
coding for the Coenzyme Q4 has been identified in muscle. In other species, a COQ4
mutation induced in pluripotent stem cells was associated with metabolic dysfunction
and damaged skeletal muscle (Romero-Moya et al., 2017). These techniques also allow
the identification of particular genes with a high centrality within the co-expression
networks, suggesting that these genes may have important roles, although indirect, on a
variety of pathways (e.g. GPI coding for the glucose-6-phosphate isomerase known to be
involved in glycolysis and gluconeogenesis). Another strategy is to consider differentially
expressed genes or candidate genes underlying the QTL regions; then, an eQTL scan
for this short list of genes is performed to identify cis and trans-eQTL. For instance,
the genetic determinism of intramuscular fat characteristics has been studied. First,
significant associations between a genomic region on Sus scrofa chromosome SSC14
(110-114 Mb) and fatty acid composition (stearic, oleic, saturated and unsaturated fatty
acid contents) in both gluteus medius and longissimus dorsi muscles were observed in
Duroc pigs, highlighting the existence of a common genetic determinism (Gonzalez-
Prendes et al., 2019). Then, the eQTL identification was realized only for the 74 genes
located within the QTL region, and this analysis highlighted cis-eQTL for two genes
(LGALS8 and KCNIP2) co-localizing with the QTL for stearic acid content.

Finally, when polymorphisms explaining most of the variations in a specific trait are
identified, selection strategies against undesirable effects can be proposed. Examples are
however scarce in pigs. Apart the well-known Halothane mutation (n allele) causing
abnormal calcium release and lactic acid metabolism and poor meat quality (pale soft
exudative) two other mutations were described. Namely, a mutation in the PRKAG3
gene increasing muscle glycolytic potential (RN™ allele; Salas and Mingala, 2017) and
a mutation in IGF2 affecting muscle growth (Van Laere et al., 2003). However, special
attention must be given to how genetic selection can negatively impact other traits, such
as robustness. Indeed, selection to improve storage and clearance in muscle glycogen
(to improve meat quality traits at slaughter) may have degraded the ability to store and
mobilize glycogen during the first days after birth, thereby negatively affecting neonatal
survival as reviewed in Chapter 1 (Farmer and Edwards, 2020).

2.6 Conclusions

The basic principles of muscle and adipose tissue development are now well characterized
in piglets through the use of serial samples at different stages during the prenatal
and postnatal periods as well as the isolation of precursor cells in controlled culture
conditions. New insights from high throughput (-omics) technologies have completed
the knowledge obtained from histological, biochemical and molecular target analyses.
They have identified key genes and proteins that could serve as biological markers of
physiological maturity to compare piglets at or soon after birth. Tissue development,
which is under genetic and hormonal control, is largely affected by nutrition. However,
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the nutritional solutions to improve development of tissues and favour the establishment
of intrinsic characteristics that could be beneficial for survival of piglets and further
growth have yet to be developed. From the data obtained, it is likely that an ideal feeding
regimen for sows and piglets does not exist due to many interactive factors, such as birth
weight, variability in litter weight, sex, etc. Combined strategies including specific dietary
ingredients (such as specific amino acids or plants with antioxidant, anti-inflammatory
or phytogenic properties) and environmental conditions (stress reduction, temperature
control, health status, etc.) need to be tested for sows and their neonates.
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