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Epigenetic modifications may play a role in the developmental consequences of early life events
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Abstract
Many aspects of postnatal development are influenced by events before birth, including cognitive and language development. An adverse intrauterine environment, for example secondary to poor maternal nutritional status, multiple pregnancy, or late preterm birth, is associated with increased risks of delayed or impaired childhood development and altered physiology in adulthood that may predispose to increased risk of adult disease. Maternal periconceptional undernutrition and twin conception can both result in late preterm birth, but it is less clear whether cases of late preterm birth not following a recognized early pregnancy event may still have their origin in the periconceptional period. Thus, the very earliest periods of pregnancy, and perhaps even the pre-pregnancy period, may be an important period determining the developmental trajectory of the fetus, and thus both pregnancy and later health outcomes. Profound epigenetic modifications to the genome occur in the early embryo as a normal part of development. Recent evidence suggests that environmental signals acting during early development may also result in epigenetic changes which may play a role in mediating the association between early life exposures and later phenotype.
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Introduction
The association between reduced size at birth, reflecting an adverse intrauterine environment, and increased risk of common adult diseases such as type 2 diabetes and cardiovascular disease is now well established (Harding et al. 2010; McMillen and Robinson 2005). More recent data suggest that sensory and cognitive outcomes may also be linked to early life events (Raikkonen and Pesonen 2009). However, although reduced size at birth and altered postnatal growth trajectories are markers for later risk of both metabolic (Nobili et al. 2008) and cognitive outcomes (Heinonen et al. 2010; Heinonen et al. 2008), birthweight is a poor proxy for altered prenatal development secondary to an intrauterine exposure to an adverse environment (Gillman 2002). Rather, evidence is accumulating that events in the very earliest stages of pregnancy may determine developmental trajectory of the fetus, not only for outcomes such as birthweight and gestation length (Bloomfield 2011; Muhlhausler et al. 2011), but also for individual organ systems. Early embryonic development is characterized by genome wide epigenetic reprogramming between the zygote and morula stages, involving both a loss of DNA methylation and histone modifications (Feng et al. 2010). This epigenetic reprogramming may be transmitted through the germ line (Reik and Walter 2001; Reik 2007) but also can be influenced by environmental signals such as nutrients (Waterland and Jirtle 2004; Burdge and Lillycrop 2010) and hormones (Fowden and Forhead 2009). Epigenetic modifications may, therefore, be an important mechanism by which early environmental signals affect postnatal development.

Maternal nutrition, glucocorticoids, and fetal development
Both maternal undernutrition and maternal obesity are associated with altered fetal development and increased risk of disease in the offspring (Poston et al. 2011; Langley-Evans and McMullen 2010). Based to a large extent on studies in rodents (Lesage et al. 2001), which have a short gestation length, it has been proposed that the effects of maternal undernutrition on fetal development are mediated via exposure of the fetus to increased circulating concentrations of maternal glucocorticoids (Seckl and Meaney 2004).
The critical role that glucocorticoids play in fetal development is well demonstrated by the importance of the preparturient fetal cortisol surge in preparing the fetus for extrauterine life (Liggins 1994), which has been described in all species studied to date. The fetus is usually protected from excess maternal glucocorticoids by enzyme activity in the placenta (see below), but the fact that synthetic glucocorticoids are not substrates for this enzyme has been exploited clinically in women at risk of preterm birth. In this setting, administration of synthetic glucocorticoids to the mother results in maturation of the fetal lungs, gastrointestinal tract, and subependymal capillary networks resulting in approximately a halving of the risks of mortality, necrotising enterocolitis, and intraventricular hemorrhage following preterm birth (Roberts and Dalziel 2006).
Maternal undernutrition is proposed as one circumstance in which fetuses may be exposed to inappropriate levels of maternal glucocorticoids resulting in altered development with consequences in postnatal life (Seckl and Meaney 2004; Fowden et al. 1998). For example, babies with reduced size at birth or whose mothers were exposed to an unbalanced diet during pregnancy have altered functioning of the hypothalamic–pituitary–adrenal axis (HPAA) in childhood and adulthood (Jones et al. 2006; Phillips et al. 2000; Reynolds et al. 2007). However, other studies in humans have found a U-shaped association between size at birth and postnatal HPAA function assessed by cortisol responses to psychosocial stress (the Trier social stress test) (Kajantie et al. 2007), and in adults who were born to women exposed to famine during the Dutch Hunger winter there was no association between maternal exposure to famine and offspring cortisol response to a Trier social stress test. The rationale behind the hypothesis that glucocorticoids may mediate the effects of undernutrition stem from elegant experiments in rats demonstrating that undernutrition increases maternal circulating glucocorticoid concentrations and decreases mRNA expression and activity of the placental enzyme 11β-hydroxysteroid dehydrogenase (11β-HSD) type 2, which acts as a placental barrier protecting the fetus from maternal circulating glucocorticoids by inactivating active cortisol to inactive cortisone (corticosterone to dehydrocorticosterone in the rat) (Lesage et al. 2001; Blondeau et al. 2001). Furthermore, inhibition of total (both type 1 and 2) 11β-HSD activity in rats with carbenoxolone results in decreased birthweight and higher offspring blood pressure (Langley-Evans 1997). Dietary protein restriction in pregnant rat dams has been shown to result in increased expression of the glucocorticoid receptor (GR) and peroxisome proliferator-activated receptor-α in the livers of adult offspring; these changes are accompanied by hypomethylation in the promoter regions of these genes in both the second (F1) and third (F2) generations, suggesting that epigenetic modifications of key genes involved in postnatal metabolism may mediate some of the effects of maternal undernutrition and can be transmitted to more than one generation (Burdge et al. 2007).
There are also observational data in humans suggesting that 11β-HSD type 2 activity in pregnancy may be important. In Finland, consumption of liquorice, made from the rhizome of the plant Glycyrrhiza glabra, is high, with a significant proportion (11%) of pregnant women consuming more than 500 mg per week (Strandberg et al. 2001). Liquorice contains glycerrhizin which blocks activity of 11β-HSD-2. Eight-year-old offspring of women who consumed more than 500 mg liquorice/week had elevated morning salivary cortisol concentrations and also increased cortisol responses to a Trier social stress test compared with zero to low (<250 mg/week) consumers (Raikkonen et al. 2010). They also had evidence of impaired cognitive development, with lower scores on the vocabulary (word knowledge and verbal fluency), similarities (abstract reasoning, categories, relationships), and block design (spatial, visual abstract problem solving) subscales of the Wechsler Intelligence Scale for Children III (Raikkonen et al. 2009). Narrative memory scores were also lower, and children exhibited higher scores for externalizing behavior. However, women who were high consumers also had a significantly higher risk for preterm birth (odds ratio for preterm birth prior to 34 weeks’ gestation compared with zero-low consumers 3.07 (95% confidence intervals 1.17–8.05) (Strandberg et al. 2001)). As it is becoming increasingly clear that even late preterm birth (beyond 33 weeks’ gestation) is associated with impaired neurodevelopmental outcomes (see below), it is difficult to be certain that the outcomes described in these studies are indeed due to exposure of the fetus to excess maternal glucocorticoids.
There are also limited data on the effect of chronic undernutrition on circulating maternal glucocorticoid concentrations in mammals with longer gestational periods. The best data come from studies in sheep which have a gestation length of 145–150 days and a fetal developmental profile which is not dissimilar to that of the human. Large mammals are also outbred, in contrast to the inbred, genetically highly similar, strains of rodents. This results in increased variability in the data, but also means that results are likely to apply widely across the species. When ewes were chronically undernourished from 60 days before mating to 30 days after, there was an initial up-regulation of the maternal HPAA in response to onset of undernutrition, but this was then followed by a chronic down-regulation which persisted for 20 days beyond the end of the period of undernutrition (Jaquiery et al. 2006). The down-regulation of the maternal HPAA was accompanied by decreased activity of placental 11β-HSD-2; however, activity remained lower in the undernourished ewes in mid-pregnancy after maternal HPAA activity had returned to normal (Connor et al. 2009). Thus, although the period of undernutrition was accompanied by suppressed HPAA activity and decreased placental 11β-HSD-2 activity, it is possible that the fetus could have been exposed to increased maternal glucocorticoid concentrations in mid-pregnancy, 50 days after the end of undernutrition.
Thus, the effects of maternal undernutrition on fetal development may be mediated by exposure of the fetus to excessive concentrations of maternal glucocorticoids in some situations, but this may not be a unifying mechanism in all cases.

Maternal nutrition in early pregnancy, preterm birth, and epigenetic changes in the fetus
Although many of the animal studies investigating maternal nutrition have applied the nutritional insult during gestation, maternal nutritional status in the pre-pregnancy and early pregnancy periods is attracting increasing attention. Maternal moderate undernutrition in sheep, extending from 2 months before pregnancy until placental attachment is complete, results in preterm birth (Bloomfield et al. 2003). Fetal developmental trajectory is also perturbed, with late gestation fetuses of periconceptionally undernourished ewes demonstrating accelerated maturation of the HPAA and the glucose–insulin axis (Oliver et al. 2001; Bloomfield et al. 2004). These fetuses also have hypomethylation and hyperacetylation (H3K9) of the GR and proopiomelanocortin genes in the ventral hypothalamus (Stevens et al. 2010). This region plays a critical role in regulating appetite and satiety, and 5-year-old offspring of periconceptionally undernourished ewes have increased fat mass as a proportion of total body mass (Oliver, Jaquiery, Harding, and Bloomfield, unpublished data). Thus, maternal nutrition in the early pregnancy period, when fetal nutrition is histiotrophic rather than hemotrophic (Bloomfield and Harding 2006), results in epigenetic changes in regions of the brain that do not even mature until a stage of gestation that is beyond the period of undernutrition. These epigenetic changes in appetite regulatory centers are associated with altered adult fat mass. Adult offspring also demonstrate altered laterality (Hernandez et al. 2007), akin to handedness in humans, increased aversion to humans (Hernandez et al. 2007), and suppressed HPAA responses to a stress test (Hernandez et al. 2010; Oliver et al. in press), but no differences in learning ability in a maze test (Hernandez et al. 2007), compared with offspring of ewes that were well nourished throughout pregnancy.
Undernutrition in early pregnancy is also associated with an increased risk of preterm birth in humans. Women in the Gambia who conceive during the rainy season, a time of year when the average weight loss due to sparse food supply is 2.6 kg or 5% of body weight, equating to a daily energy deficit of 10–15%, have significantly shorter gestation lengths than those who conceive during the harvest season (Rayco-Solon et al. 2005a). Women with the lowest body weight at the time of conception were most at risk (Rayco-Solon et al. 2005b). Once again, there are intriguing data suggesting that altered maternal nutrition around the time of conception is associated with epigenetic change in the offspring. In the Gambian studies, methylation of five genes which display a stochastic regulation of methylation in the normal population (termed metastable epialleles) was increased by approximately 10% compared with children conceived during the dry season (Waterland et al. 2010). Metastable epialleles in genetically identical mice are associated with pronounced phenotypic variability (Morgan et al. 1999), including a propensity to obesity. If the same is true in humans, then identification of epigenetic marks in early life may provide a means both of identifying individuals at risk and of targeting potential interventions.
These data are supported by data from the longitudinal studies of adults conceived during the Dutch Hunger Winter at the end of the Second World War. Sixty-year-old offspring of women who were exposed to famine in the periconceptional period had decreased methylation of the IGF2 differentially methylated region compared with same-sex non-exposed siblings (Heijmans et al. 2008). Methylation of other genes, notably the INSIGF locus of the IGF-2 gene (derived from the INS gene and alternatively spliced to downstream IGF2 exons), was specific both for sex and for the exposure window (periconceptional vs late gestational exposure to famine) (Tobi et al. 2009). These sex and exposure window-specific effects for methylation of specific genes match the sex and exposure window specificity of various phenotypic traits, including psychiatric and metabolic outcomes (Susser et al. 1996; Lumey et al. 2009; Ravelli et al. 1999), following in utero exposure to the Dutch famine.
Following on from these experimental and observational studies, recent data from two prospective cohort studies of women in the south of England suggest that early life identification of epigenetic marks which may identify individuals at risk of a later adverse phenotype may indeed be possible (Godfrey et al. 2011). The Southampton Women’s survey prospectively followed 12,579 non-pregnant women, a proportion of whom became pregnant (Inskip et al. 2006). Umbilical cord DNA was collected at birth, and body composition measured by DXA scan at age 6 years, in 239 children born to these women. The Princess Anne cohort followed women who were less than 17 weeks’ pregnant and collected dietary information via a food frequency questionnaire at 15 weeks’ gestation. Seventy-eight of the babies born to women in this cohort had both DNA from umbilical cord collected at birth and body composition measured at age 9 years. In both of these cohorts, promoter methylation of retinoid X-receptor α (RXRA) in umbilical cord tissue was associated with fat mass and % fat mass in children at age 6 (Southampton Women’s survey cohort) and 9 (Princess Anne cohort) years (Godfrey et al. 2011). RXRA is a nuclear receptor involved in transcriptional regulation of a variety of genes including the peroxisome proliferator-activated receptors, which are known to be involved in insulin sensitivity, adipogenesis, and fat metabolism. In the Princess Anne cohort, maternal nutritional data were available at 15 weeks’ gestation; mothers with the lowest carbohydrate intake in early pregnancy (<261.5 g/day) had children with the highest promoter methylation of RXRA, further indicating an association between maternal nutrition, offspring metabolic phenotype, and epigenetic regulation.

Twin conception per se is associated with altered fetal development and epigenetic marks
Status as a twin is, of course, determined early after conception. If the concept that events very early in pregnancy may determine both pregnancy outcome and postnatal phenotype, then the study of twin pregnancies may provide valuable insights. Twin conceptions have increased dramatically over the past three to four decades (Chauhan et al. 2010; Pinborg 2005), partly as a consequence of increasing use of assisted reproductive technology and partly secondary to increasing maternal age. Twins are born both earlier and smaller than singletons, even when only spontaneous births are considered (Chauhan et al. 2010). Observational studies in humans suggest that fetal reduction of higher order multiples to twins or to singletons may not completely abrogate the increased risk of preterm birth and reduced birthweight associated with multiple pregnancies (Wimalasundera 2010). Pregnancies in sheep also may be either singleton or twin. We have exploited this fact to test the impact of twin conception on gestation length and size at birth experimentally. Random fetal reduction of one twin of a pair in early pregnancy, with the remaining fetus continuing pregnancy as a singleton after having been conceived a twin, does not prevent the shorter gestation length and reduced size at birth seen in twin pregnancies which underwent a sham procedure and in which both fetuses continued to term (Digby et al. 2009). That is, gestation length and size at birth in twins are largely determined in early pregnancy. Although the association between twin conception and later risk of adult disease has been controversial (Phillips et al. 2001), more recent data utilizing within twin-pair statistical techniques suggest that, indeed, twins are at increased risk of diabetes and altered fat deposition in later life (Poulsen et al. 2009; Vaag and Poulsen 2007). A comparison between twins and singletons in the Avon Longitudinal Study of Parents and Children found that language development at age 20 months in twins was approximately 1.7 months behind that of singletons (MacArthur Communicative Development Inventory, by questionnaire), increasing to 3.1 months at 3 years of age (McCarthy Scales of Children’s Abilities, administered by researchers) (Rutter et al. 2003). Twins had lower scores on all subscales of the Preschool Language Scales 3—verbal score, perceptual score, quantitative score, and general cognitive index. The authors concluded that these differences were not due to earlier birth, developmental immaturity, or family factors but were related to status as a twin (Rutter et al. 2003). Within twin pairs there is frequently discordance for language development, with the heritability estimated at between 0.35 and 1.0 (Stromswold 2001). In monozygotic twin pairs, heritability for language development is estimated to be about 0.6 (Stromswold 2001), and antenatal and perinatal environmental factors appear to play a larger role in discordant language development in twins than do postnatal factors (Stromswold 2006). Evidence that monozygotic twins within a twin pair have different levels of gene expression in two different cell types (umbilical vein endothelial cells and blood mononuclear cells) at birth (Gordon et al. 2011) suggests that antenatal environmental factors, in addition to stochastic effects, may alter gene expression in utero, presumably via epigenetic mechanisms. The findings that 19% of monozygotic twins differ with respect to the X chromosome inactivated (Wong et al. 2010; Wong et al. 2011), and that epigenetic differences in twins increase with increasing age (Wong et al. 2010; Fraga et al. 2005) provides further evidence that phenotypic differences within twin pairs are epigenetically determined and that this can occur before birth (Bell and Spector 2011). The differences in X chromosome inactivation patterns suggest that epigenetic differences in twins are likely to occur as early as the wave of epigenetic reprogramming in early embryonic life; however, differences in X chromosome inactivation at this time are likely to be stochastic. Preliminary data from studies in sheep, demonstrating different epigenetic responses to periconceptional undernutrition between singletons and twins (Begum et al. 2011) suggest that environmentally driven epigenetic modifications in early pregnancy may also explain some of the differences in outcomes between singleton and twin pregnancies.

Late preterm birth
As can be seen from the above, both periconceptional undernutrition and twin conception result in altered fetal development and earlier birth. Although gestation length may be reduced, in the majority of cases birth still occurs either in the late preterm period or within the range defined as term (Papageorghiou et al. 2008). The incidence of preterm birth overall has increased significantly over the past few decades, and the majority of the increase is in late preterm gestations (Raju 2006). Only some of the increase can be explained by increasing maternal age, increasing use of assisted reproductive technologies and consequently increased numbers of multiple conceptions. Recent data suggest that even in developed countries, maternal nutritional status is suboptimal in many women of child-bearing age (Inskip et al. 2009; Jacobs-Starkey et al. 2001; McDermott et al. 2009). Dieting (Johnstone et al. 2005; Johnstone et al. 2008), and both low and high extremes of body mass index (Han et al. 2011), are associated with an increased risk for preterm birth and may also affect fetal development (Poston et al. 2011; Haugen et al. 2005). It is not known whether some of the increase in late preterm births may be due to maternal nutritional status. However, it is now clear that late preterm birth is itself associated with long-term effects on health and neurodevelopment. Birth between 35 and 36 completed weeks’ gestation is associated with increased use of antihypertensive medications in young adulthood (Crump et al. 2011) and both blood pressure and insulin sensitivity are inversely related to gestational age across the late preterm birth and early term range of gestations (Dalziel et al. 2007). Late preterm birth is also associated with lower scores on reading scales, increased need for individualized educational programs and increased enrolment in special education in the first years at school (Chyi et al. 2008). Both intelligence quotient and requirement for special education are inversely related to gestational age at birth (MacKay et al. 2010; Kerr-Wilson et al. 2011) and, for requirement for special education, this inverse relationship extends across the range of normal term gestations up to 41 weeks’ gestation (MacKay et al. 2010). Within IQ subtests, school age children born at late preterm gestations, but who do not have special educational needs, have lower scores for ideation, sustained attention and hyperactivity, and higher scores for internalizing problems (van Baar et al. 2009). There are very few data on the development of language in late preterm babies. One small study used questionnaire responses from teachers, general practitioners, and parents to identify behavior and learning problems in all late preterm births in the county of Oxfordshire in 1990 (Huddy et al. 2001). Teacher responses were only obtained for 66% (n = 117). These responses suggested that children born at late preterm gestations had incidences of speaking/listening and reading difficulties that were significantly higher than population averages. However, the potential difficulties with these data must be acknowledged; more robust studies of the consequences of late preterm birth on language and cognitive development and on behavior are urgently needed.
Babies born preterm can also be thought of as undergoing a nutritional challenge, as postnatal growth faltering following preterm birth is common (Fenton 2003; Cole et al. 2011). Although a discussion of the literature on postnatal nutrition and neurodevelopmental outcome following preterm birth is beyond the scope of this paper, the relationship between head circumference, growth, estimated brain volume, and neurodevelopment is well established (Bartholomeusz et al. 2002; Yeung 2006). A potential link between prenatal growth, postnatal growth, nutrition, and cognitive development may be through nutritional regulation of the mammalian target of rapamycin (mTOR) pathway. mTOR complex 1 has been described as a cellular nutrient sensor, receiving signals from nutrients, particularly amino acids, and hormones such as insulin and insulin-like growth factor 1 (Kim 2009). Activation of mTOR results in phosphorylation of downstream effector proteins and the promotion of cell growth and proliferation. The recent recognition that various neurodevelopmental disorders, including some with endophenotypes in the speech and language domain such as autistic spectrum disorder and tuberous sclerosis complex, can be linked with the overactivation of the mTOR pathway with effects on synaptic connectivity thus provide a potential link between nutrition in the developing organism and the basis of disorders of cognitive development (Kelleher and Bear 2008; de Vries 2010). It is not yet known whether this link may be mediated through epigenetic regulation of the mTOR signalling pathway, as has been shown to occur through the Evi1 leukemia oncogene in myeloid malignancies (Yoshimi and Kurokawa 2011).

Conclusion
Maternal periconceptional undernutrition, twin conception, and late preterm birth are all associated with altered development and increased risks for adverse neurodevelopmental and metabolic outcomes in childhood and later life. Maternal periconceptional undernutrition and twin conception also both are associated with an increased risk of late preterm birth. It is not known whether some of the late preterm births without obvious cause may have their origin in early pregnancy events. Maternal nutritional factors and twin conception also are associated with epigenetic change in the offspring; there are no data on whether late preterm birth is associated with epigenetic changes. Thus, it is possible that epigenetic changes in response to environmental signals may represent a unifying mechanism explaining the long-term consequences of a poor start to life and these changes may occur very early in pregnancy. The challenge will be to determine whether interventions can prevent, or modify, these effects, thereby resulting in a healthier start to life and optimizing both later metabolic and neurodevelopmental outcomes.
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