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ABSTRACT

Since the first mention of fetal programming of adult health and disease, a plethora of programming events in early life
has been suggested. These have included intrauterine and postnatal events, but limited attention has been given to the
potential contribution of the birth process to normal physiology and long-term health. Over the last 30 years a growing
number of studies have demonstrated that babies born at term by vaginal delivery (VD) have significantly different
physiology at birth to those born by Caesarean section (CS), particularly when there has been no exposure to labour,
L.e. pre-labour CS (PLCS). This literature is reviewed here and the processes involved in VD that might programme
post-natal development are discussed. Some of the effects of CS are short term, but longer term problems are also
apparent. We suggest that VD initiates important physiological trajectories and the absence of this stimulus in CS
has implications for adult health. There are a number of factors that might plausibly contribute to this programming,
one of which is the hormonal surge or “stress response” of VD. Given the increasing incidence of elective PLCS, an
understanding of the effects of VD on normal development is crucial.
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I. INTRODUCTION

The hypothesis that the intrauterine environment impacts
upon health in later life (Barker, 1998) has gained wide
acceptance and significant support from epidemiology
and experimentation. There are numerous reports linking
intrauterine conditions to compromised adult health,
including hypertension (Alexander, 2006), cardiac disease
(Meyer & Lubo, 2007), obesity (Wild & Byrne, 2004) and
the metabolic syndrome (McMillen & Robinson, 2005). The
process by which the intrauterine environment modifies the
phenotype of the neonate, altering disease susceptibility, has
been termed ‘programming’. The trimester of pregnancy in
which the programming event occurs appears key to the
long-term outcomes for the offspring. It seems likely that this
dependence on timing is a consequence of differences in the
temporal trajectories of organogenesis. One example of this
mechanism is the development of the endocrine pancreas in
rats, as reviewed by (Fowden & Hill, 2001).

One time point, the process of birth itself, has received
little attention as a possible programming point. During the
last 30 years a number of studies have shown that babies
born at term by pre-labour Caesarian section (PLCS) have
altered postnatal responses and physiology immediately after
birth when compared to those born by vaginal delivery
(VD) and that these responses are associated with long-term
effects. An example of such a response is the association of
cord cortisol concentration at birth and the stress response
to immunisation at two months of age, that led the authors
to hypothesise that mode of delivery may have long-term
programming effects (Miller et al., 2005). Evidence has also
been accumulating that differences in physiology between
PLCS and VD infants persist and may lead to disease in later
life. Two large meta-analyses published recently have asso-
ciated CS with increased susceptibility to type-I diabetes and
asthma (Cardwell ¢t al., 2008; Thavagnanam et al., 2008).

In this review we identify some of the changes that are
required at birth to allow the infant to adapt to the postna-
tal environment, then describe the short- and medium-term
medical consequences for babies born at term by CS and the
systems involved in these adaptations. We briefly describe the
processes thought to contribute to these adaptations at birth,
and the contribution of VD and the process of labour to
normal development. The rate of CS delivery is potentially
highest for preterm deliveries in some countries [over 50%
in babies born at less than 32 weeks gestational age in the

USA (Malloy, 2008)]. However, as preterm birth introduces
a large number of confounding influences upon long-term
health, we have confined this review to studies comparing
mode of delivery at term, and where no significant differ-
ence in the gestational age at birth between CGS and VD
groups 1s reported. Finally we discuss the components of
these responses that are plausible determinants of increased
disease susceptibility in individuals born at term by CS and

PLCS.

II. ADAPTATIONS TO POSTNATAL LIFE

In utero, the fetus is provided with nutrients and oxygen
wa the placenta and the umbilical cord, maintained
at a constant temperature and protected from the
majority of pathogens. Following birth the surrounding
temperature falls dramatically, pulmonary oxygen uptake
1s required instantly, food supply becomes irregular, waste
products must be eliminated, exposure to pathogens
increases and the surrounding environment is no longer
constant. As a consequence the baby must be able to
regulate thermal and respiratory homeostasis, respond to
orexigenic signals (appetite stimulating) and regulate blood
glucose within narrow limits. To combat the increased
exposure to pathogens and entry of pathogens through
the gastrointestinal and respiratory tracts, adaptations are
necessary by the infant immune system. Finally the baby must
be able to respond to environmental fluctuations, although in
humans the extent of this requirement is reduced compared
to other precocial mammalian species. These adaptations
[reviewed extensively elsewhere (Leone & Finer, 2006; Ward
Platt & Deshpande, 2005)] require modifications to the
respiratory, metabolic, immune and central nervous systems.
In each case, analysis of offspring born by CS indicates that
the process of labour is crucial to the initiation of adaptation
and that failure to adapt appropriately increases the risk of
compromised health in the immediate newborn period.

III. SHORT-TERM PHYSIOLOGICAL CHANGES
IN RESPONSE TO CAESAREAN SECTION

The short-term physiological differences between CS and
VD babies include impaired lung function, reduced
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thermogenic response, and alterations to metabolism,
feeding, immune phenotype and blood pressure.

(1) Impaired lung function

Lung function is significantly compromised in infants born
by CS compared to VD with significant differences in
tidal volume and minute ventilation up to 2 h post-partum
(Faxelius et al., 1983). Mean thoracic gas volume 6 h after
birth 1s reduced in PLCS compared to VD babies (Lee et al.,
1999; Milner, Saunders & Hopkin, 1978).

In a retrospective review of almost 30,000 births between
1992 and 1999 in Ilinois, USA, including 4301 CS
deliveries, there was an almost fivefold increase in the
incidence of persistent pulmonary hypertension and a
threefold increase in the risk of transient tachypnoea
(Levine et al., 2001). Similar data are found in studies of
babies requiring extracorporeal membrane oxygenation for
respiratory distress or persistent pulmonary hypertension;
consistently babies born by CS are over-represented in these
groups (Keszler et al., 1992).

This widely reported impairment of lung function is
consequent upon delayed clearance of lung liquid (Lee ¢ al.,
1999; Milner et al., 1978), pulmonary hypertension (Keszler
et al., 1992; Levine et al., 2001), and surfactant insufficiency.
The association between increased respiratory morbidity
and PLCS remains even after allowing for complications of
pregnancy (e.g. type-II diabetes, hypertension, intrauterine
growth restriction) and maternal life style factors (e.g. alcohol
consumption, smoking, maternal body mass index) (Hansen
et al., 2008).

Studies in sheep demonstrated that a catecholamine surge
at delivery inhibits the secretion of, and drives absorption of,
lung fluid (Brown et al., 1983; Walters & Olver, 1978). This
mechanism appears to be mediated by increased sodium
ion uptake by the lung epithelium, driving liquid from
the lumen into the interstitium where it is absorbed into
the circulation (Bland et al., 1982). The mechanism also
appears to be driven by dibutyryl-cAMP (Walters, Ramsden
& Olver, 1990), cortisol and aldosterone (Kindler, Chuang
& Perks, 1993). The absorption of lung fluid in response to
both adrenaline and dibutyryl-cAMP can be attenuated by
thyroidectomy (Barker ez al.,, 1988) implying an important
role for thyroid hormones.

(2) Reduced thermogenic response

Significantly lower axillary and skin temperatures 90 min
after birth have been reported in babies delivered by CS,
compared to VD babies, indicative of an impairment of
the thermogenic response (Christensson et al., 1993). Lower
rectal temperatures have also been reported in calves
born experimentally by CS prior to labour compared
to CS performed during labour (Uystepruyst et al., 2002).
Consistent with this suggestion, PLCS delivery reduces the
capacity for non-shivering thermogenesis in animal models
(Clarke et al., 1997; Symonds & Clarke, 1996) partially due
to reduced levels of uncoupling protein-1 (UCPIL) in the

brown adipose tissue and altered plasma thyroid hormone
concentrations (Symonds & Clarke, 1996). Such a reduction
in plasma thyroid hormones may also be associated with
reduced plasma cortisol levels, an additional regulator of
UCP1 expression and activity (Mostyn et al., 2003).

(3) Altered metabolism

Several studies in humans and animals have noted differences
in plasma glucose levels following birth by PLCS compared
with VD. A number of studies have shown hypoglycaemia
in babies born by CS (Dobric et al., 1998; Hagnevik e al.,
1984) or have identified CS as a significant risk factor for
hypoglycaemia in the neonate (Zanardo etal., 1999). In
piglets (Hyde etal., 2010) and rats similar changes have
been found (Sodoyez-Goffaux, Sodoyez & De Vos, 1979).
However, some human studies describe no effect of birth
method on plasma glucose levels (Bird ez al., 1996; Diwakar
& Sasidhar, 2002), the reason for this discrepancy is unclear,
although post-partum plasma glucose concentrations are
known to be very sensitive to different nutritional intakes and
handling/storage methods (Ward Platt & Deshpande, 2003).

Similarly, concentrations of plasma glycerol and non-
esterified fatty acids (NEFA) are reduced in PLCS compared
to VD neonates, probably due to lower rates of lipolysis
(Bahnsen et al., 1984; Bird et al., 1996; Comline & Silver,
1972; Hagnevik et al., 1984). Possible mechanisms for this
reduction in levels of plasma metabolites include reduced
adrenergic stimulation (Jones & Ritchie, 1978), and lower
plasma prolactin (Lorenzo, Roncero & Benito, 1986;
McNabb, 2003) and thyroid-stimulating hormone (TSH)
concentrations (Miyamoto et al., 1991). These effects have
been reported in CS-delivered infants and are associated
with reduced lipolysis in the neonate (Marchini et al., 1995;
Pearce et al., 2005).

(4) Altered feeding

Initiation of breastfeeding is reduced in mothers who deliver
by CS, although once breastfeeding has started, mode
of delivery is generally not a factor influencing duration
(Kearney, Cronenwett & Reinhardt, 1990; Tamminen e al.,
1983). We have confirmed this in a meta-analysis which
demonstrated a pooled unadjusted odds ratio (OR) for
breastfeeding initiation comparing all GS with all VD babies
was 0.66 (95% CI =0.58, 0.75; P < 0.001; 20 studies;
CS N =67177, VD N = 222812) (Prior et al., 2010). The
failure of CS-delivered babies to initiate suckling as quickly
as VD babies results in reduced breast milk intake in the
immediate post-partum period, delaying post-partum body mass
gain (Vestermark et al., 1991). Babies born by CS (both
elective and emergency) have significantly (P< 0.05) lower
milk intake on days 2 to 5 post partum compared to VD
babies, and consequently, by day 6 only 20% of CS babies
had regained their birth mass compared to 40% of the VD
neonates (Evans e/ al., 2003). Failure to gain mass may also
be due to reduced insulin-like growth factor 1 (IGF-1) levels
in breast milk following CS compared to VD (Pawlus ¢t al.,
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2004) and to reduced IGF-1 production by the neonate
(Kearney et al., 1990; Tamminen et al., 1983).

An altered pattern of breastfeeding following CS in
comparison to VD may also be due to differences in
maternal hormones (Nissen e¢tal, 1996; Zanardo et al.,
2001). In particular, decreased oxytocin secretion in CS
mothers during breastfeeding may not only reduce milk
ejection, but also interfere with mother—infant bonding
(Nissen et al., 1996). Furthermore, maternal circulating
dopamine concentration is increased following CS (Jones
& Greiss, 1982). Dopamine is an inhibitor of prolactin
secretion, and may thereby limit lactogenesis (Ben-Jonathan
& Hnasko, 2001).

In a rat model, pups exposed to simulated VD (by
applying pressure to one uterine horn, similar to the
pressure experienced during labour) before delivery by CS,
were significantly (P< 0.01) more likely to be suckling
2h post partum than pups from the same litter delivered
without simulated VD (from the other uterine horn, without
application of pressure). This suggests a role for the
mechanical stimulus of VD in the initiation of suckling (Abel,
Ronca & Alberts, 1998), or possibly a catecholamine response
to mechanical stimulation. The anorexigenic hormone leptin
may also be an important stimulus initiating suckling in
neonates. A post-partum reduction in circulating leptin levels,
stimulating appetite and increasing the drive to suckle, has
been observed in ovine studies; notably this decline is delayed
in PLCS offspring (Bispham ez al., 2002).

(5) Altered immune phenotype

Babies born by PLCS have a significantly reduced cord
blood leucocyte count (Nikischin, Peter & Oldigs, 1997).
This reduction is not limited to any specific immune
cell type and includes reduced neutrophil, monocyte,
and natural killer (NK) cell populations (Gronlund et al.,
1999b; Thilaganathan, Meher-Homji & Nicolaides, 1994).
Additionally the activity of these immune cells differs
following PLCS. For example, the apoptotic response to
Fas ligand antibody stimulation, interleukin-8 (IL-8)-induced
neutrophil chemotaxis and the expression of complement
receptor-3 (CD11b) are lower following PLCS (Gessler &
Dabhinden, 2003; Yektaei-Karin et al., 2007). The effects of
mode of delivery on NK cell activity and on phagocytotic
activity are less clear. Additional to changes in immune
cell populations following CS in comparison to VD, is
the change in the concentration of a number of cytokines.
For example, the circulating concentrations of soluble IL-2
receptor (sIL-4r), IL-18, IL-6 and tumour necrosis factor
a (INF-a), are significantly reduced in PLCS compared
to VD infants (Malamitsi-Puchner ¢t al., 2005) (Zanardo,
Solda & Trevisanuto, 2006). There is a twofold decrease in
interferon-y (INI-y) gene expression seven days after birth
in the liver of PL.CS piglets compared to VD animals (Hyde
et al., 2010) with a similar trend persisting for up to 14 days
after birth (Daniel et al., 2008). Furthermore, the livers of
PLCS piglets have reduced expression of a number of genes
related to the innate immune system and the INF-y response
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(e.g. NKp80, C-reactive protein, inflammatory response 6)
seven days post partum compared to their VD counterparts

(Hyde et al., 2010).

(6) Altered blood pressure

At least four studies have demonstrated significantly reduced
systolic and diastolic blood pressure in CS compared to
VD infants up to three days of age (Gemelli et al., 1992;
Holland & Young, 1956; O’Sullivan, Kearney & Crowley,
1996; Sedaghat et al., 2008). In one study, these differences
were noticeable up to three months post partum (although not
significant beyond three weeks) (Holland & Young, 1956).
However in another study no difference was found in blood
pressure on the basis of mode of delivery (Uhari, 1980).
In a further study, though blood pressure at birth was the
same, during the first 24 h post partum the blood pressure of
the VD infants increased to a greater extent than that of
the CS infants, producing a significant difference in blood
pressure at 24 h post partum (Gemelli et al., 1992). This finding
may be attributable to differences in the renin-angiotensin-
aldosterone system (Broughton Pipkin et al., 1974; Fujimura
et al., 1990; Oliveira Filho & Procianoy, 1995).

Additionally, there are two reports of a reduced
haematocrit in CS compared to VD infants during the first
24 h of life (Gemelli et al., 1992; Martin & Norman, 1997).
Possible explanations are a reduced placental transfusion
following CS, or delayed loss of extracellular fluid (Martin &
Norman, 1997).

IV. LONGER TERM EFFECTS OF DELIVERY
BY CAESAREAN SECTION

More recently, it has become apparent that mode of delivery
may have long-term effects on health, mediated by changes
in the immune system, metabolism and the central nervous
system. These longer term consequences may well arise from
the alterations in metabolism and in the immune system that
underpin short-term effects.

(1) Immune-related conditions

A significant number of studies indicate a marked increase
in the susceptibility of children who were born by PLCS to
a range of immune-related conditions. One relatively early
manifestation of this outcome is a significant increase in the
number of cells secreting immunoglobulins A and G (IgA
and IgG), one year post partum (Huurre et al., 2008). Further, a
retrospective study of data from the Swedish medical service
registers found that CS led to increased risk of hospitalisation
after one year of age due to asthma (OR = 1.31; 95%
CI =1.23-1.40) and gastroenteritis (OR = 1.31; 95%
CI = 1.24-1.38) (Hakansson & Kallen, 2003). Similarly,
a retrospective study of 9,000 American children showed a
significant increase in the risk of developing atopic rhinitis
following CS delivery (OR = 1.37; 95% CI = 1.14-1.63)
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(Renz-Polster et al., 2005). A prospective cohort study of
nearly two million Norwegians showed an increased hazard
ratio for asthma in children born by CS compared to
VD (adjusted hazard ratio = 1.52; 95% CI = 1.42-1.62)
(Tollanes et al., 2008). A meta-analysis of 23 studies showed
a 20% increase in the risk of developing childhood asthma
following CS versus VD (OR = 1.22; 95% CI = 1.14-1.29)
(Thavagnanam et al., 2008). A further large cohort study
published after this meta-analysis from the Oxford Record
Linkage study also found an increased incidence of asthma
following CS versus VD birth (Davidson et al., 2010). While
it 1s conceivable that the increased risk of immune-related
conditions following CS birth may be linked to the differences
seen in immune components of the blood immediately after
delivery, itis possible that the differences seen in lung function
at birth between CS and VD neonates may also impact on
development of later respiratory complications.

The effect of delivery by CS in other allergic disorders isless
clear. A study of 865 one-year-old German children showed
that infants born by CS (N = 147) had an increased risk of
food allergy (adjusted OR = 2.06; 95% CI = 1.123-3.80)
(Laubereau et al., 2004). A separate study confirmed this
effect of CS if the mother had a history of atopy (OR = 7.0;
95% CI =1.8-28.0; P =0.001) but not if there was no
maternal history of atopy (OR = 1.9; 95% CI = 0.6-6.0)
(Eggesbe et al., 2003). A similar association of parental history
with increased asthma in babies delivered by CS was shown
by (Roduit et al., 2009). This pattern is repeated for cow’s
milk intolerance in children born by CS (Eggesbo et al.,
2005). Together these data suggest that there is an additive
effect of delivery by CS on genetically determined immune
sensitivity.

A potential mechanism for the effect on the immune
system 1s altered bacterial colonisation. Children with either
atopic dermatitis or a positive skin prick test have decreased
colonization of the intestinal tract with bifidobacteria
(P < 0.05) and Bacteroides spp. (P < 0.05) and increased
levels of clostridia (P < 0.05) (Bjorksten et al., 2001). A similar
pattern of colonization has been found in children born by
CS when compared to VD infants (Bennet & Nord, 1987;
Gronlund ¢ al., 1999a; Neut et al., 1987).

In addition to allergy, CS delivery is implicated in the
development of type-I diabetes, another immune-related
disease. Meta-analysis indicates a 20% increase in the
risk of developing type-I diabetes in childhood when
delivered by CS compared to VD, even when controlling
for gestational age, birth mass, maternal age, birth order,
breastfeeding and maternal diabetes (adjusted OR = 1.19;
95% CI = 1.04-1.36; P = 0.01) (Cardwell et al., 2008).

(2) Body mass

A recent, large population study, of children aged 7, found
no difference in body mass between offspring born by
CS or VD (Ajslev et al., 2011). However, it is conceivable
that differences in body mass may not be observable until
after puberty, when most metabolic disturbances become
apparent or until a sufficient time has elapsed for relatively

small differences in appetite regulation or metabolic control
to lead to a significant increase in body mass. In agreement
with this, an increased risk of being overweight associated
with CS has been reported in two studies of young
adults. An epidemiological study of 179,414 adolescents
i Utah, USA between 1998 and 2007 evaluated body
mass and mode of delivery at the time of application for
a driver’s license at age 15-19 (Utz, 2008). The study
sample represented approximately 60% of live births during
1983-1990, of which 19.8% were born by CS. Young adults
born by CS were 1.4 times more likely to be overweight
than children born by VD (Utz, 2008). A second study,
utilising a prospective cohort of 2057 subjects in Brazil,
recruited during 1978 and studied at the age of 23—25 years
showed an adjusted risk of obesity 58% higher in CS-
born adults, than in VD adults [prevalence ratio = 1.58;
95% CI = 1.23-2.02; adjusted for sex, birth mass, income,
smoking status, education, physical activity and maternal
factors (education and smoking status during pregnancy)]
(Goldani etal., 2011). The mechanism leading to this
difference is unknown. It is possible that the difference arises
from altered appetite regulation, as concentration of ghrelin,
an appetite-controlling orexigenic peptide, is reduced in
babies born by CS (Bellone et al., 2003). We have noted
reduced hepatic mRINA expression for two other orexigenic
peptides, galanin-like peptide and angiopoietin-like 4 in
PLCS piglets, seven days post partum (Hyde et al., 2010).
These data implicate VD in initiating post partum appetite
regulation. Additionally, in piglets, plasma gastrin levels and
increased gastric pH have also been shown to depend on
mode of delivery (Sangild et al., 1995), possibly suggesting
a role for delivery in the generation of the appropriate
environment for digestion.

(3) Hepatic consequences

Hepatic metabolism is a significant contributor to glucose
regulation in adult life (Nordlie, Foster & Lange, 1999).
Indeed increased hepatic lipid concentration (non-alcoholic
fatty liver disease) contributes to the metabolic syndrome
(Rafiq & Younossi, 2008). Alterations in hepatic metabolism
may well therefore contribute to obesity. We have recently
reported approximately twofold higher intra-hepatic lipid
levels seven days after birth in piglets born by PLCS,
irrespective of feeding regimen (in parentally fed animals
PLCS resulted in lipid levels compatible with non-alcoholic
fatty liver disease) (Hyde et al., 2010). The effect of mode
of delivery was not restricted to a single genotype of piglets
as it was observed in both commercial and Meishan breeds
(M. J. Hyde, P. Kemp and L. Clarke). The cause of the
higher liver lipid concentration appeared to be failure of
PLCS animals to activate gluconeogenesis from glycerol,
(PLCS animals had higher hepatic glycerol and reduced
glycerolphosphate dehydrogenase levels), rather than altered
de novo synthesis of lipid. PLCS piglets also had a lower plasma
glucose concentration at birth. In PLCS animals that were
fed enterally, plasma glucose levels remained lower seven
days post partum (Hyde et al., 2010).
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(4) Neurological and stress-related problems

CS delivery is associated with altered biochemical and
behavioural responses to stress in humans and animal models.
In the first two days after delivery PLCS infants are less
excitable and show a reduction in the number of optimal
responses to neurological tests (Otamiri et al., 1991). At the
time of immunisation at eight weeks of age, salivary cortisol
concentration was significantly (P = 0.001) reduced in PLCS
versus VD infants (Miller ez al., 2005), and the length of time
the baby cried was significantly less (Taylor, Fisk & Glover,
2000). These data indicate persistence of the effects of mode
of delivery.

Animal studies demonstrate an association between PLCS
and dopamine metabolism in the brain. In two-month
post-partum rats PLCS is associated with altered spatial
dopamine concentrations (El-Khodor & Boksa, 1997): a
53% decrease in the prefrontal cortex (P = 0.008) and a
40% increase in the nucleus accumbens (P = 0.011) and
striatum (P = 0.003) (El-Khodor & Boksa, 1997). When
PLCS was accompanied by 15 min of anoxia the differences
in dopamine concentration between PLCS and VD rats
were totally ameliorated (El-Khodor & Boksa, 1997). The
authors concluded that these results may be due to circulating
concentrations of adrenaline, which were high in the VD
and PLCS accompanied by anoxia groups, but low in the
PLCS-alone group. These limited data indicate that transient
hypoxaemia associated with compression of the umbilical
cord during passage through the vaginal canal is a stimulus
that may be of importance in neurological development.

V. HOW MIGHT PLCS ACCOUNT FOR THESE
PHYSIOLOGICAL DIFFERENCES?

Given that some of the longer term changes associated
with CS in contrast to VD are associated with the short-
term responses, it is reasonable to consider if they might
be driven by the same mechanisms. The process of VD
1s associated with several distinct stimuli and responses
that are absent during PLCS. In order to understand the
mechanisms potentially programming the differences in long-
term physiology, it is necessary to discuss briefly the stimuli
and physiological responses associated with the birth process.

(1) Hormonal responses at delivery

VD elicits a stress response in mother and baby, and plasma
catecholamine and cortisol levels are markedly increased
in the neonate (Table 1). Catecholamine concentrations in
the VD newborn are higher than in many adults with
myocardial infarction or pheochromocytoma (Lagercrantz,
1996). During labour, contraction reduces the volume of
the uterus forcing the baby through the vaginal canal, and
compressing the infant and umbilical cord in the process.
Increased cranial pressure and transient hypoxaemia are
also likely to contribute to the changes in stress hormones
(Smolich & Esler, 1999).
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(a) Catecholamines

A number of authors describe up to fourfold lower plasma
adrenaline and sixfold lower noradrenaline levels in neonates
following PLCS compared to VD (Agata et al., 1995; Falconer
& Lake, 1982; Faxelius, Lagercrantz & Yao, 1984; Hagnevik
et al., 1984; Irestedt et al., 1989; Jones & Greiss, 1982; Otamiri
etal., 1991; Zanardo et al., 2006) (see Table 1). The elevated
levels of plasma catecholamines in the fetus during labour
are known to be of fetal origin, as this effect is not found in
adrenalectomised fetuses (Padbury et al., 1987). Furthermore,
maternal analgesia during labour (that reduces levels of
maternal catecholamines; (Shnider et al., 1983), does not
diminish the plasma catecholamine concentrations of the
fetus, supporting the conclusion that the stress responses of
the fetus and mother are independent (Bistoletti ¢ al., 1983).

The rise in fetal plasma catecholamines is in response to
compression and occlusion of the umbilical cord during
passage through the vaginal canal. This may only be
momentary: a 5 min partial occlusion increases adrenaline
concentration in the fetus tenfold (Gu, Jones & Parer, 1985).
Furthermore, permanent cessation of umbilical blood flow
following cord severance will also increase catecholamine
secretion (Padbury et al., 1981).

(b) Cortisol

Cortisol concentration increases in the fetal circulation
several days prior to onset of labour, probably due to
increased output from the maturing adrenal glands. During
passage through the vaginal canal there is a further marked
rise in cortisol levels indicative of a fetal stress response (Mears
etal., 2004). In keeping with the reduced catecholamine
response to CS, cortisol is also reduced in babies born
by PLCS when compared with VD (Bird etal, 1996;
Zanardo et al., 2006), although there is no difference between
emergency CS and VD, suggesting that the process of labour
mcreases cortisol concentration. The difference in circulating
cortisol levels can persist in rats up to 14 days post partum
(Boksa, 1997). Given the physiological impacts of cortisol,
this rise in concentration is a plausible candidate effector of
short- and long-term effects.

(¢) Profile of other hormones

Adrenaline and cortisol are not the only hormones known
to be altered by mode of delivery. There is a transient
increase in thyroxine (T4) and triiodothyronine (T3) in
CS compared with VD babies at birth (Bird et al., 1996;
Ramezani Tehrani, Aghace & Asefzadeh, 2003), that does
not persist beyond 24 h post partum (Bagnoli et al., 1993, cited
in (Bird ez al., 1996). Other studies report an increase in cord
blood thyroglobin levels (Ericsson, Ivarsson & Persson, 1987).
Two studies report an increase in plasma T'SH concentration
(Bird et al., 1996; Ramezani Tehrani et al., 2003), although
one study found the reverse (Miyamoto el al., 1991); the
reason for this discrepancy is unclear and further work is
required to establish the dynamics of TSH after different
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Table 1. Impact of method of birth [elective caesarean section (CS) or vaginal delivery (VD)] on the concentration of plasma
catecholamines, hormones and metabolites in the neonate immediately post partum. NS, no significant difference

Plasma concentration

Parameter CS neonates

VD neonates P Reference

9.9
13.9
5.24
3.4
5.8
12.8
8.8
2.7
30.4
3.6
1.3
0.6
1.1
1.3
4.2
3.2
196
271
435
125
6.09
6.5
12.1
7.8
Thyroxine (T4) (nmol 171 97
109
1.39
1.11
1.32
2.8

Noradrenaline (nmol 171

Adrenaline (nmol 171

Cortisol (nmol 171

Prolactin (nmol 171
Thyroid-stimulating hormone (TSH) (IU m1~")

Triiodothyronine (T3) (nmol 171

Interleukin-6 (pg 171
Glucose (mmol 171

3.2
0.10
0.61
0.030

Non-esterified fatty acids (NEFA) (mmol 171)

Glycerol (mmol 171)

33.5 <0.05 (Otamiri ¢t al., 1991)
21.4 NS (Faxelius et al., 1984)
21.88 <0.01 (Falconer & Lake, 1982)
14.1 <0.01 (Faxelius et al., 1983)
31.0 <0.01 (Hagnevik et al., 1984)
22.7 <0.01 (Jones & Greiss, 1982)
34.2 <0.01 (Irestedt et al., 1989)
5.8 <0.01 (Zanardo et al., 2006)
69.93 <0.05  (Agata e al., 1995)
4.7 NS (Otamiri ¢t al., 1991)
4.3 <0.05 (Faxelius et al., 1984)
2.6 NS (Faxelius et al., 1983)
4.2 <0.05 (Hagnevik et al., 1984)
4.2 <0.01 (Irestedt et al., 1989)
10.8 <0.01 (Jones & Greiss, 1982)
6.5 <0.05 (Agata et al., 1995)
663 <0.01 (Faxelius et al., 1983)
512 <0.05  (Bird et al., 1996)
629 <0.05 (Dobric et al., 1998)
393 <0.001  (Zanardo et al., 2006)
9.56 <0.01 (Heasman, Spencer & Symonds, 1997)
9.5 <0.005 (Miyamoto et al., 1991)
3.3 <0.001 (Ramezani Tehrani ez al., 2003)
4.9 <0.01 (Bird et al., 1996)
66 <0.05 (Ramezani Tehrani et al., 2003)
92 <0.05  (Bird et al., 1996)
1.13 <0.05 (Ramezani Tehrani ¢t al., 2003)
0.68 <0.01 (Bird et al., 1996)
7.58 <0.01 (Zanardo et al., 2006)
4.4 <0.01 (Hagnevik et al., 1984)
3.7 NS (Bird et al., 1996)
4.6 <0.001  (Dobric et al., 1998)
0.15 <0.05 (Hagnevik et al., 1984)
0.72 NS (Bird et al., 1996)
0.054 <0.01 (Hagnevik et al., 1984)

modes of delivery. The plasma concentration of biologically
active renin 1s reduced in CS neonates (Fujimura ef al.,
1990), possibly as a result of the increase in cord blood
pH (Tetlow & Broughton Pipkin, 1983). Consistent with
this finding, plasma angiotensin II concentration is reduced
(P =0.03) in CS neonates (Broughton Pipkin et al., 1974;
Kingdom et al., 1993; Lumbers & Reid, 1977). Cord blood
aldosterone concentration is elevated by labour (Oliveira
Filho & Procianoy, 1995). As mentioned previously, the
post-partum decline in leptin levels is delayed after PLCS in
an ovine model, resulting in significantly higher neonatal
plasma leptin concentration 1 h after birth when compared
to VD offspring (Bispham et al., 2002). Conversely, in human
studies plasma leptin concentration in umbilical venous and
arterial blood from PLCS neonates is reduced compared to
VD neonates and maternal leptin concentrations are also
lower up to 24 h following CS delivery compared to VD
(Nuamabh et al., 2004; Yoshimitsu et al., 2000). It is therefore

difficult to assess the biological consequences of altered leptin
levels in response to PLCS delivery.

(2) Colonisation of the intestinal tract

Bacterial colonisation of the intestinal tract is an important
postnatal phenomenon. In animal and human studies
differences are found in the intestinal microbiota following
CS (Hall etal., 1990). In particular, colonisation of the
intestinal tract with bacterial species is delayed in CS infants.
This may affect the maturation of innate immunity. Bacterial
cell counts per 1 g faeces remain lower in CS infants one
month after birth (P = 0.001) (Huurre etal,, 2008) and
the accumulation of Bifidiobacterium-like and Lactobacillus-
like bacteria takes more than one month to reach that
found in VD infants at birth (Gronlund efal, 1999a).
Similarly, reduced populations of Bacteroides spp. (Bennet
& Nord, 1987; Neut et al., 1987), and increased C. difficile
colonisation (Penders et al., 2006), have been shown in the
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faeces of one-month-old CS babies compared to VD babies.
Following antibiotic treatment during the perinatal period,
the microflora was slower to regenerate in the CS compared
with VD subjects with alterations in profile between the two
groups (Bennet & Nord, 1987).

It 1s not known exactly how the microflora is altered by
mode of delivery. It is widely believed that this is attributable
to contact with maternal perineal bacterial flora during VD
(Bezirtzoglou, 1997; Li et al., 2005). However, there is now
evidence that bacterial colonisation of the infant may begin
in utero. Firstly it has been possible to isolate Lactobacillus
species from umbilical blood samples (Jimenez et al., 2005)
and meconium (Jiménez et al., 2008) of infants born by CS.
Furthermore there may also be some transfer of bacteria
from the maternal gut to the fetus as it is possible to isolate
genetically modified bacteria from the amniotic fluid of
pregnant mice orally inoculated with such an identifiable
bacterium (Jimenez et al., 2005). Finally, comparison of the
bacterial composition of the baby’s stool with that of the
mother’s vagina and milk demonstrated that five days post
partum only 23% of babies showed the presence of bacterial
species isolated from the perineum at delivery and less than
2% still had these bacterial species in their stools at one month
of age (Matsumiya et al., 2002). Consequently it may appear
that the process of VD plays a smaller role in the colonisation
of the newborn microflora than previously thought.

One alternative possibility is that the major source of
microflora species acquired after birth is breast milk (Balmer
& Wharton, 1989; Martin etal, 2007), particularly as
VD-born babies are breastfed earlier and are more likely
to be breastfed than their GS-born counterparts (Leung,
Lam & Ho, 2002; Prior etal, 2010; Rowe-Murray &
Fisher, 2002). Additionally, the maternal hormonal milieu
during and following labour and VD (Nissen et al., 1996)
may also alter breast milk composition, in turn impacting
upon bacterial species; indeed differences in milk hormone
content have been reported between mothers giving birth
by CS compared with VD (Pawlus ez al., 2004). It is also
conceivable that differences in the immune system of babies
born by CS and VD (see Section IIL5) allow different
patterns of colonisation, with altered immune responses
immediately after CS birth predisposing to colonisation by
different bacterial species. Alterations in metabolism in the
CS baby (see Section IIL.3) may also mediate differences in
the gastrointestinal environment.

VI. HOW DO THE PHYSIOLOGICAL CHANGES
AROUND BIRTH PROGRAMME HEALTH?

The detailed mechanisms by which catecholamines, cortisol
and mechanical factors contribute to the immediate
adaptation of the newborn to postnatal life have been
extensively reviewed (Aynsley-Green, 1985; Bassett, 1989;
Bland, 2001; Duee et al., 1996; Fowden, Apatu & Silver,
1995; Sangild, Fowden & Trahair, 2000). However, these
reviews have not addressed longer term effects. Below we
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summarise aspects that appear relevant to altered adaptation
that occurs in PLCS infants and are likely to contribute to
the increased susceptibility to disease in later life. We confine
our discussion to effects on metabolism, the immune system
and the central nervous system.

(1) Adaptation to intermittent feeding

In utero the fetus receives a constant supply of nutrients and in
late gestation accumulates energy stores. Following cessation
of blood flow between mother and baby, the supply of
nutrients to the baby stops but the requirement for energy by
the neonate remains resulting very quickly in hypoglycaemia.
This is corrected by: (z) a shift from predominant anabolism
to catabolism releasing the energy stored in late gestation,
including glucose from hepatic glycogen and NEFA from
lipid stored in the adipose depots and the liver; () the intake
of enteral nutrition, generally in the form of milk.

Post partum, glucose metabolism changes rapidly to meet the
needs of the baby. Plasma glucose concentration drops after
birth, reaching a nadir about 1 h post partum (Hoseth et al.,
2000; Srinivasan et al., 1986). The rise in plasma glucagon
levels (Sperling et al., 1974) at delivery drives glycogenolysis
providing glucose for up to 10 h post partum (Shelley, 1961).
When glycogen stores are depleted the neonate becomes
dependent on endogenous glucose production or alternative
substrates such as ketones, as glucose supplied by milk intake
falls short of requirements to maintain euglycaemia and
energy balance. Glucose production starts within 2 h of birth
and has been estimated at 45 mg kg™! min~! (Kalhan et al.,
1980), 2—3 times more, per unit body mass, than in older
children (Ward Platt & Deshpande, 2005). Gluconeogenesis
in the newborn uses both amino acids and glycerol as
important substrates with both pathways significantly up-
regulated following birth. The increase in amino acid
usage is mediated primarily by increased expression and
activity of phosphoenolpyruvate carboxykinase (PEPCK)
(Duee et al., 1996; El Manoubi e al., 1983; Mitanchez, 2007).
Expression of gluconeogenic enzymes increases (e.g. glucose-
6-phosphatase and fructose-1,6-bisphosphatase; (Mersmann,
1971). PEPCK expression increases over 1000-fold in the rat
(Lyonnet et al., 1988) and fourfold in piglets (Grun et al.,
1982) during the first day of postnatal life. Gluconeogenesis
from glycerol, both from lipolysis of adipose stores and milk,
1s increased by a 10-fold rise in glycerol kinase and glycerol-
3-phosphate dehydrogenase activity in the rat (Vernon &
Walker, 1970).

To maintain gluconeogenesis in the neonate, the onset
of lipid oxidation is essential in order to provide adenosine
triphosphate (ATP) and reducing equivalents (Mitanchez,
2007). In particular, a high rate of B-oxidation is
a prerequisite for the elevated ratio of reduced/non-
reduced nicotinamide adenine dinucleotide NADH/NAD
ratio essential for shifting the glyceraldehyde 3-phosphate
dehydrogenase reaction in the direction of glucose synthesis
(Bohme, Sparmann & Hofmann, 1983). Birth also marks
a shift from a low-fat diet pre partum to a high-fat diet post
partum (in human milk lipid supplies 40—60% of the calories;
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(Hamosh, 1987; Jensen, 1999). This fat, together with initial
mobilisation of lipid from adipose tissue post partum, driven by
high plasma catecholamine concentrations following VD
and a favourable insulin/glucagon ratio (Bahnsen e al.,
1984; Herrera & Amusquivar, 2000; Kimura & Warshaw,
1983), results in high concentrations of circulating NEFA
and triacylglycerol (TAG) in the neonate (Van Aerde
etal., 2003). In response to increased circulating NEFA
concentrations, the VD neonate commences B-oxidation
and ketogenesis within the liver and peripheral tissues e.g.
the heart (Duee e al., 1994). The increased lipid catabolism
is probably due to increased carnitine palmitoyltransferase
(CPT1) expression, mediated by enteral feeding (Gu & Li,
2003) and increased concentrations of circulating glucagon
and T3 (Louet et al., 2001). Furthermore, increased levels
of circulating long-chain fatty acids, possibly from the first
enteral feed, also increase gene expression associated with
fatty acid oxidation (Pegorier, 1998; Pegorier e al., 1998).
Additionally glucagon and cyclic adenosine monophosphate
(cAMP) mediate a decrease in the half maximal inhibitory
concentration (ICsp) of carnitine palmitoyltransferase for
malonyl-CoA, also inducing B-oxidation post partum (Girard
et al., 1992; Prip-Buus et al., 1990).

While changes in metabolism at birth are mediated to a
large extent by the first intake of enteral nutrition, they are
also driven by increased circulating glucagon and T3 levels
at delivery in the neonate. Given that there appears to be
no difference of mode of delivery on plasma glucagon levels
in humans (Johnston & Bloom, 1973), although we have
reported reduced plasma glucagon concentration in PLCS
compared with VD piglets at birth (Hyde ez al., 2010), it seems
unlikely that either of these hormones, or the onset of enteral
feeding 1s responsible for the differences seen in metabolism
between CS and VD neonates (see Section III.3). Treatment
of mothers prior to PLCS with terbutaline increases cord
blood glucose level to concentrations similar to those in
VD babies suggesting that reduced exposure to adrenaline
contributes to the relative hypoglycaemia in PLCS babies
(Eisler, Hjertberg & Lagercrantz, 1999).

Changes in hepatic metabolism are likely to reflect alter-
ations in hepatocyte differentiation. Cortisol is known to be
important in the maturation of hepatocytes, in particular
in the expression of genes associated with gluconeogeneisis
(Fowden et al,, 1995). It is also worth noting that cAMP
is an important regulator of hepatocyte differentiation in
combination with glucocorticoids. For example, both the
c¢AMP and glucocorticoid response elements of the tyrosine
aminotransferase (TAT) promoter are activated i vivo in
the perinatal period in transgenic mice (Boshart et al., 1990;
Ruppert et al.,, 1990). Furthermore, a tissue-specific extin-
guisher (TSE1) that suppresses TAT expression in other cell
types was identified as the Rla subunit of cAMP-dependent
protein kinase (Boshartet al., 1991). We found that the expres-
sion of a number of markers of hepatic stem cells persisted in
the liver of CGS-delivered piglets seven days after birth (Hyde
et al., 2010). However, the contribution of cAMP or TSE]1 to
the expression of these markers remains to be established.

(2) Adaptation to increased exposure to pathogens

Additional to microbial exposure at birth, fetal cate-
cholamines released during VD appear to play a major role
in modulating the neonate’s immune response and CS deliv-
ery is associated with a different cytokine pattern compared
to VD. Parturition itself is associated with a marked increase
in levels of inflammatory markers and leucocytes in the
myometrium (Norman et al., 2007), and although leucocyte
populations in the fetal membranes are not increased, there
is a marked acute inflammatory gene expression signature
(Haddad et al., 2006).

Although there is inconsistency in available data,
differences have been noted in concentrations of IL-6,
1L-2, TL-13, INF-y and TNF-a in the first week of life
between CS and VD infants (Bessler et al,, 1998; Ly et al.,
2006; Malamitsi-Puchner e al., 2005; Zanardo et al., 2006).
The increase in sIL-2R and sIL-4R levels following VD
has been hypothesised as regulating the immune response
to VD (Malamitsi-Puchner e/ al,, 2005). These changes in
concentrations of cytokines in CGS compared with VD babies
are in keeping with data from both human and animal
studies suggesting differences in the production of cytokines
by monocytes in response to lipopolysaccharide exposure,
dependent on mode of delivery (Brown, Rad & Halonen,
2003; Daniel et al., 2008).

Immune cells have receptors for a number of stress hor-
mones including cortisol and the catacholamines indicating
that these hormones are likely to play an important part in
the change of immune system function (Padgett & Glaser,
2003). However, the role for stress hormones is not entirely
clear. For example, increased stress is associated with a sup-
pression of immune function and cortisol has been implicated
in the regression of lymphoid tissue near to birth (Liggins,
1994). Cortisol is known to suppress the production of IL.-12
by monocytes an effect that would suppress leucocyte prolif-
eration (Elenkov et al., 2001; Visser et al., 1998). Furthermore
in adults cortisol suppresses the expression of INF-y, a result
that contradicts the increase in INF-y levels that is seen
following VD both immediately and over the subsequent
1—-2 weeks (Malamitsi-Puchner et al., 2005).

In contrast to this suppression of immune function as
described earlier there is a direct association between the
magnitude of the stress response and the number and types of
leucocytes present in cord blood (Yektaei-Karin et al., 2007).
Furthermore both the number of leucocytes and levels of
stress hormones are higher in babies born by assisted VD
compared to both CS and unassisted VD. Similarly there is
a direct relation between the amount of INF-y in cord blood
at birth and the stress response that the baby experiences
during the birth process (Miller ez al., 1990). The type of
anaesthesia used during CS delivery appears to have no
role in modulating the immune response in the neonate
(Dermitzaki et al., 2009).

There are at least three possible explanations for these dif-
ferences. Firstly, the increase in levels of stress hormones and
immunological markers are not causally related. Secondly,
the changes seen in response to birth reflect different stages
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of maturity of the system, and thirdly there is a different
effect of a large acute stress response and a chronic response
on the immune system.

In support of a direct role for the stress hormones in
increasing immune activity at birth, increased numbers of
NK cells have been found in response to both cortisol
and norepinephrine (Li & Diehl, 2003; Sanders & Straub,
2002). In the case of cortisol this increase probably results
from augmentation of the activity of IL-21 in stimulating
NK cell proliferation (Ly et al,, 2006). While the length
of time required to increase cell numbers in response
to mitogens probably precludes such mitogenic effects
increasing leucocyte number in cord blood, increased cell
division may well contribute to the persistent increase in the
expression of the NK receptor that we observed. Similarly
norepinephrine has been shown to increase the number of
NK-T cells in the liver of adult leptin-deficient mice (Li e al.,
2004). It is of note that the increase in hepatic NK cells
in the leptin-deficient mice was associated with a reduction
in hepatic lipid levels in common with our study in piglets
(Hyde et al., 2010).

(3) Central nervous system

A number of studies imply a role for the stress of birth on
the development of the nervous system. For example, in
babies, cord blood catecholamine concentration is signifi-
cantly correlated with muscle tone and excitability (Otamiri
etal., 1991). Comparison of adrenocorticotropic hormone
receptor mRNA expression two weeks post partum also shows
a significant difference (P < 0.016) in PLCS versus VD piglets
(Daniel et al., 1999), suggesting that birth may programme
the hypothalamic-pituitary-adrenal stress axis function long
term. Adult rats born by PLCS show significantly different
responses to repeated mild stress compared with VD rats.
In particular they showed increased tyrosine hydroxylase
activity in the nucleus accumbens and increased dopamine
transporter binding in dorsal striatum and accumbens, fol-
lowing repeated brief periods of isolation (Boksa & Zhang,
2008). These differences were ameliorated by administration
of adrenaline to the PLCS animals at birth, supporting a role
for the catecholamine surge at birth in long-term program-
ming of the central nervous system (Boksa & Zhang, 2008).
Differences in dopamine concentration in the brain of
PLCS rats are accompanied by a differential response to
amphetamine intake compared to VD rats. Animals born
by PLCS showed increased locomotor activity following
amphetamine administration compared to VD controls
(El-Khodor & Boksa, 1998; Vaillancourt & Boksa, 2000).
Differences in dopamine concentrations were associated with
lower catecholamine concentrations immediately following
birth in the PLCS wversus VD rat pups (El-Khodor
& Boksa, 1997; El-Khodor & Boksa, 1998). Although
anaesthetic administration during PLCS alters the post-natal
neurocognitive responses (Vaillancourt, Berger & Boksa,
1999), the same differences in locomotor activity are found
in rats undergoing PLCS without anaesthetic immediately
following maternal decapitation (Vaillancourt & Boksa,
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1998), suggesting that it is an absence of neonatal stress
in PLCS and not anaesthesia which drives the differences.

VII. DOES THE ABSENCE OF STRESS AT BIRTH
PROGRAMME LATER DISEASE RISK?

It is clear that the process of normal parturition at term is a
significant stimulus to the neonate at a point in time when
the respiratory, metabolic and immunological systems in the
infant need to change markedly to adapt to the outside world.
The stimulus of vaginal birth is also extremely strong, result-
ing in levels of adrenaline in the neonate that exceed those
found in response to myocardial infarction and phaeochro-
mocytoma in adults (Lagercrantz, 1996). The hormones that
are increased in response to parturition are known to drive
the differentiation of numerous cell types and commence
multiple physiological processes. It therefore seems likely
that this surge in maternal biochemical responses triggers the
differentiation of cells necessary for the adaptation of biolog-
ical systems to the postnatal environment. There is perhaps a
significant requirement in setting the hormonal threshold for
these differentiation processes at such high concentrations,
so as to prevent premature differentiation of the cells i utero,
whether in response to maternal stress from starvation and
predation, or fetal distress.

We therefore hypothesise that the stress response to birth
is a key mechanism that modifies the differentiation of a
number of cell types, preparing the baby not only for the
challenges of extra-uterine life but also long-term health and
well-being. In the absence of the hormonal milieu created
by the process of labour and/or the mechanical process of
VD, the maturation of these cells is altered leading to an
increased susceptibility to a number of diseases in later life
including asthma, type-I diabetes and perhaps an increased
propensity to adiposity and to fatty liver disease.

Studies comparing outcomes on the basis of mode of
delivery, and the mechanisms which may underlie differences
in outcomes, involve several potential confounders. These
include a lower mean gestational age at birth in CS deliveries
(whether the data are from human or animal studies), reduced
breastfeeding following CS, and other factors relating to
maternal and fetal health which drive elective pre-labour,
and more commonly, emergency in-labour, GS deliveries.
All of these factors are difficult to exclude in observational
studies of mode of delivery and may obscure the real picture.
However, given the range of studies that have been carried
out it seems more likely that they are interacting factors that
contribute to physiological differences arising from PLCS
and VD, rather than the determinants of the differences.

VIII. THE FUTURE—THE EPIDEMIOLOGICAL
IMPACT OF CAESAREAN DELIVERY

Today Caesarean section is the most common surgical
procedure in young women. In 2010, delivery by CS
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accounted for 24.8% of all births in England and Wales;
in 1985 it accounted for just 10% (HES Online & NHS: The
Information Centre, 2010). In the USA the Caesarean section
rate in 2007 was 31.8% (Martin e al., 2007) and in China
and parts of South America the rate was between 40 and
50% (Belizan et al., 1999; Lumbiganon et al., 2010). These
figures are far in excess of the World Health Organization
(WHO) recommended national rate of 15% (WHO, 1985).
In the UK the number of elective PLCS deliveries has risen
by 250% between 1980 and 2010, and currently accounts
for 40% of all CS deliveries (HES Online & NHS: The
Information Centre, 2010). In Australia, there has been
a similar increase in elective CS rate but this has not
been accompanied by increases in maternal health factors
which are normally linked with CS (e.g. maternal obesity)
(Janssens, Wallace & Chang, 2008). In 2001, the majority
of obstetricians in England & Wales suggested that they
were prepared to agree to maternal request for CS in the
absence of medical indications (Cotzias, Paterson-Brown &
Fisk, 2001). Choosing the best mode of delivery on a case-
by-case basis remains an area of particular ethical difficulty,
in which the physician’s duty to promote patient well-being
may conflict with the mother’s right to choose. Furthermore,
the rights of the infant may be at variance with those of the
mother (Kalish, McCullough & Chervenak, 2008).

Given the increasing number of births by PLCS, both
for medical indications and (Department of Health, Medical
Directorate & Respiratory Team, 2010) maternal choice,
further work on the present hypothesis is essential. This fact
is underscored by the burden that PLCS places on healthcare
providers. Epidemiological evidence shows a 20% increase
in the likelihood of asthma (Thavagnanam et al., 2008) and
type-I diabetes (Cardwell ¢ al., 2008) in offspring born by CS
delivery. Given that asthma costs the UK National Health
Service (NHS) an estimated /1 billion (Department of
Health et al., 2010), and diabetes costs the NHS £649 million
annually (The NHS Information Centre—July 2010), the
potential cost of PLCS to the national budget is significant.
Furthermore, with an increasing number of births by PLCS
this cost is only likely to increase.

IX. THE FUTURE—A RESEARCH GAP

Carefully designed animal studies will remain an important
part of the study of the physiological mechanisms driving
differentiation at birth and long-term programming. The
emergence of an increasing repertoire of non-invasive, safe
i vivo techniques is advancing study in human neonates.

An exciting prospect for the future is the possibility of
modulating programming events to improve human health.
For example maternal terbutaline administered prior to
PLCS, increases the respiratory response and offspring blood
glucose levels, similar to those found in VD babies (Eisler
et al., 1999). In animals, administration of adrenaline to CS
offspring at birth, normalises parameters to those of VD
offspring (Boksa & Zhang, 2008). Simulated VD by passing
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the neonate through a rubber ring normalises respiratory
rate and suckling behaviour in CS animals (Abel ez al., 1998;
Ronca & Alberts, 1995). These data indicate that as CS
will continue to be required for medical indications, ways of
ameliorating adverse short- and long-term effects should be
a focus of clinical research endeavour.

X. CONCLUSIONS

(1) We propose that birth is a defining moment for later
life health. Studies addressing the impact of mode of delivery
on short-term adaptations are plentiful. We suggest that
normal vaginal delivery is an important programming event
with life-long health consequences.

(2) Understanding the mechanisms by which this
programming occurs will allow us to ameliorate the effects
of operative delivery in the future. With the rising number
of pre-labour Caesarcan deliveries each year, this is an area
that requires research attention.
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