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Abstract 

The discovery of insulin in 1922 was a major breakthrough in medicine and therapy in patients with diabetes. The dramatic rise in the prevalence of overweight and obesity has been tightly linked to an increased prevalence of gestational diabetes mellitus (GDM), which poises major health concerns. Babies born to GDM mothers are more likely to develop obesity, type 2 diabetes and cardiovascular disease later in life. Evidence accumulated during the past two decades revealed that high levels insulin, such as those observed during GDM, can have a widespread effect on the development and function of a variety of organs. This review article summarizes our current knowledge on the role of insulin in the placenta, cardiovascular system, and the brain during critical periods of development and how it can contribute to lifelong metabolic regulation. We also discuss possible intervention strategies to ameliorate and hopefully reverse developmental defects associated with obesity and GDM. 
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Introduction
In recent decades worldwide obesity levels have increased exponentially. Whilst several genetic polymorphisms linked to childhood weight gain have been identified [1], these are few, only account for small increases in body weight, and explain less than 5 % of the heritability of the condition. The importance of the early life environment in shaping later life disease risk is now well established. Although this was a field of research born out of observations of reduced fetal growth and under-nutrition in utero, the far more common situation nowadays is that of overweight or obesity during pregnancy, both of which are associated with changes to insulin levels. The number of pregnancies complicated by obesity is increasing in line with the worldwide obesity crisis; recent estimates suggest that in developed countries more than 50% of pregnancies are in overweight or obese women [2-4]. Studies have shown that the children of obese and/ or diabetic mothers are more likely to develop obesity, type 2 diabetes (T2DM) and cardiovascular disease later in life [5; 6]. Growing evidence suggests that this does not simply reflect transmission of obesogenic genes from mother to child. For example, studies of siblings discordant for in utero exposure to maternal obesity show the sibling exposed to maternal obesity has increased adiposity and greater insulin resistance [7], demonstrating the increased risk of metabolic disease is in addition to heritable or current lifestyle factors.

The maternal ‘programming factors’ associated with an obese or diabetic pregnancy that are responsible for mediating changes in fetal development remain unknown. The majority of metabolic hormones (e.g. insulin and leptin) with key roles in maintaining energy homeostasis are altered during pregnancy in direct relation to the metabolic state of the mother [8; 9]. Both gestational diabetes and obesity during pregnancy are associated with hyperinsulinemia in the mother [8]. Due to the known effects of insulin on fetal growth [10], developmental hyperinsulinemia has been suggested as a potential mediating factor in the perinatal programming of obesity and type 2 diabetes. Several interventions aimed at targeting maternal or fetal insulin levels during pregnancy have produced promising improvements in offspring outcomes, demonstrating the importance of insulin levels during the perinatal period for later offspring health. 

Early reports suggested that insulin could be detected in mouse embryonic tissue by embryonic day (E) 8 [11]. However, it is now known that the mouse pancreas is very immature at E8 suggesting that any detectable insulin at that time would be generated from non-pancreatic tissue. Supporting this hypothesis, pro-insulin mRNA was detected in tissues other than the pancreas, such as the developing central nervous system (CNS) from E10 [12]. By E11 in the mouse, the two pancreatic buds have expanded and begin to form the highly branched structure characteristic of the adult pancreas. The majority of endocrine cells in the mouse differentiate between E13 and E18 (Figure 1), and the development of immature islets from committed endocrine cells begins around E18. In both human and mouse, all pancreatic endocrine cell types are present at birth and mature endocrine cells aggregate into islet structures shortly after birth. During neonatal life, insulin levels remain relatively stable (Bouret, unpublished data) and do not exhibit major developmental regulation, unlike other metabolic hormones such as leptin and ghrelin [13; 14].

In this review we will discuss the unique insulin dynamics during pregnancy, and how these are altered in pregnancies complicated by diabetes and/or obesity. We will also review the defining experiments in animals and human studies that demonstrated the relationship between insulin and fetal growth, and the impact changes to insulin levels have on the development of fetal organs such as the placenta, heart and CNS. Lastly, we will discuss interventional studies that have aimed to tease apart the complex metabolic milieu in mother and fetus to establish a definitive role for insulin in programming of cardio-metabolic disease.

Insulin dynamics in pregnancy
Throughout pregnancy, the mother undergoes a myriad of physiological and endocrine adaptations in order to support the demands of the growing fetus. These metabolic changes promote expansion of adipose tissue in early gestation, followed by insulin resistance and lipolysis in late pregnancy [15], promoting the use of fatty acids as energy substrates in the mother, thus saving glucose and amino acids for the growing fetus. It was first recognized that pregnancy is associated with decreased insulin sensitivity in the 1950s [16]. Later studies utilising hyperinsulinemic-euglycemic clamps in pregnant mothers at distinct timepoints throughout pregnancy demonstrated that insulin sensitivity progressively decreases by up to 50-60% during pregnancy [17]. In healthy pregnancies, insulin release in response to glucose is increased throughout pregnancy [17], allowing the maintenance of euglycemia. Skeletal muscle is the principal site of whole-body glucose disposal, and along with adipose tissue, becomes severely insulin resistant during the latter half of pregnancy [18], however liver insulin sensitivity is maintained [19]. The mechanisms mediating progressive maternal insulin resistance throughout pregnancy are not fully defined. Many placental-derived hormones have been suggested to reprogram maternal physiology, but aside from a few exceptions [20], there is not compelling evidence in human pregnancy that any placental hormones directly correlate with changes in maternal insulin resistance. Mechanisms underlying resistance at the level of cellular insulin signalling are unclear and still being explored (for review see [21]). Although levels of the insulin receptor (IR) appear to remain the same throughout pregnancy, changes downstream of the receptor such as a decrease in levels of Insulin Receptor Substrate-1 (IRS-1) and changes in tyrosine kinase phosphorylation have been reported in skeletal muscle of pregnant women compared to non-pregnant women [18; 22]. 
The natural state of insulin resistance during pregnancy is worsened in pregnancies complicated by gestational diabetes mellitus (GDM) or obesity [18; 23; 24]. Obese and pre-GDM women typically begin pregnancy with greater insulin resistance as compared with normal weight women, and the 50 to 60% increase in insulin resistance during pregnancy further increases metabolic stress in these women. In these circumstances, insulin release is inadequate to compensate for the heightened reduction in insulin sensitivity, thus leading to a state of hyperglycemia in the mother and fetus (since glucose freely crosses the placenta). Interestingly, the augmented insulin resistance seen in gestational diabetic pregnancies seems to be caused by enhanced activity of the same mechanisms present in an uncomplicated pregnancy, rather than via novel pathogenic routes [20]. Of particular note, the adipokine TNF strongly correlates with both BMI and insulin resistance, and has been suggested as a key mediator of enhanced insulin resistance during obese or GDM pregnancies [20]. Another factor implicated in pregnancy insulin resistance is adiponectin, levels of which decline with advancing gestation and are lower in GDM pregnancies, suggesting it could be involved in both normal pregnancy related insulin resistance, plus the enhanced state seen in GDM. The augmented insulin resistance seen in GDM and obese pregnancies contributes to greater postprandial increases in FFAs and increased hepatic glucose production, as the liver does not maintain insulin sensitivity in pregnancies complicated by GDM or obesity [25]. Altogether, these changes create a metabolic environment of excess nutrients in which the fetus develops. The consequences of this increased fuel availability for fetal development are discussed throughout the rest of this review. 
Exploration of maternal and fetal hyperinsulinemia during pregnancy
Much of the initial work on the consequences of diabetes during pregnancy for fetal development was undertaken at a time when type 1 diabetes (T1DM) was only recently discovered, and due to far lower rates of overweight and obesity, T2DM and GDM were much rarer than they are today. The underlying pathophysiology of T1DM and GDM/T2DM are fundamentally different: T1DM being primarily autoimmune destruction of the pancreatic beta cells, and therefore a lack of insulin, and T2DM/GDM associated with insulin resistance. It is therefore perhaps surprising that in both instances, fetal overgrowth and macrosomia are a common outcome. In both cases however, the overarching characteristic is the inability to maintain glucose homeostasis in the mother, resulting in maternal hyperglycemia and consequently fetal hyperglycaemia. Indeed, as insulin cannot cross the placenta [26], any changes in fetal growth as a consequence of fetal hyperinsulinemia induced by maternal hyperglycemia must be due to fetal insulin release, therefore explaining how these conditions with differing underlying causes result in similar fetal outcomes.
The hypothesis that fetal overgrowth is caused by increased transfer of glucose to the fetus, which subsequently stimulates the release of insulin by the fetal pancreas and macrosomia is credited to Pederson, a physician who spent the large part of his career treating women with T1DM. This theory, now often referred to as the Pederson hypothesis (reviewed in [27]), stated that “maternal hyperglycaemia results in fetal hyperglycaemia and, hence, in hypertrophy of fetal islet tissue with insulin-hypersecretion. This again means a greater fetal utilization of glucose. This phenomenon will explain several abnormal structure and changes found in the newborn”. Despite the publication of Pederson’s ideas in the 1950s and 60s, it was some time before definitive evidence for fetal insulin release was shown in a non-human primate (NHP) model [28], and not until 1980 that experiments by Grasso et al demonstrated fetal insulin release in response to changes in maternal glucose levels [29]. 
Later definitive studies in humans demonstrated that maternal Insulin sensitivity in late gestation has a strong correlation with both placental weight and neonatal birth weight [30], and that umbilical cord insulin concentrations are strongly correlated with fetal growth [31]. The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study showed strong, continuous associations of maternal glucose levels, even below those classified as GDM, with birth weight [32].  More recent studies have shown hallmarks of insulin resistance in newborn offspring of GDM and obese mothers [33; 34] demonstrating that persistent fetal hyperinsulinemia in response to maternal hyperglycemia can lead to the development of insulin resistance whilst still in utero. Recently, an improvement of maternal HOMA-IR after bariatric surgery has been shown to be associated with reduced birth weight compared to previous pregnancies [35], demonstrating that these relationships are reversible depending on maternal metabolic health.

Insulin resistance and type 2 diabetes are disorders affecting more than just glucose metabolism, and the aforementioned studies do not discriminate between the role of insulin and other factors such as increased fatty acids and triglycerides, which are also hallmarks of insulin resistance. However, experimental studies in animals have given some insight into the effects of manipulation of fetal insulin levels in isolation. Insulin is a key growth factor and has strong effects on fetal growth. Short-term culture of rat embryos in insulin-depleted serum results in reduced growth and development, that is rescued by the addition of exogenous insulin to the culture [36]. Experimental fetal insulin deficiency in vivo, for example by fetal pancreatomy or streptozotocin injection, results in a uniform decrease in fetal bodyweight across species [10; 37]. In humans and mice, genetic disruption of the IR or signalling components downstream results in severe growth retardation [38; 39]. Conversely, experimental hyperinsulinemia induced by minipump delivery of insulin in NHP results in increased placenta and birth weight [40], and insulin injection in the fetal rat accelerates growth [41], at least in part by enhancing fetal fatty acid synthesis [42]. 

Insight from Genome Wide Association Studies
Recent genome wide association studies have demonstrated an interplay between maternal and fetal genetics and the in utero environment in determining birth weight (reviewed in [43]). Examining the interaction of maternal and fetal genetic factors associated with birth weight allows us to examine the relative importance of maternal and fetal insulin in determining fetal growth. Genes may influence birth weight through maternal genotype, by increasing maternal glycemia in pregnancy, or through fetal genotype, by altering fetal insulin secretion. The impact of the maternal genome on the offspring’s predisposition to adult disease can therefore be mediated through perturbation of the in utero environment. The clearest example of this are heterozygous glucokinase (GCK) mutations in which a fetal mutation results in reduced insulin release and a reduction of birth weight of approximately 500g, whereas the same mutation in the mother (with an unaffected fetus) will increase maternal glycemia to cause fetal hyperglycemia and insulinemia, and results in an increased birth weight by approximately 500g. If both the mother and fetus carry the mutation, the effects on birth weight cancel each other out [44]. 
A recent study examining maternal genetic effects on birth weight independent of fetal genetic effects reported that 7 out of the 10 maternal loci that are most strongly associated with birth weight are consistent with the maternal genotype acting via the in utero environment, rather than effects of shared alleles with the fetus [45]. Interestingly, among the known T2DM variants that influence birth weight, those with the largest birth weight lowering effects also have large effects on T2DM risk [46]. These loci are all associated with reduced beta cell function, showing the important of fetal insulin for growth. Conversely, the T2DM predisposing alleles shown to have the largest effect on raising birth weight through the maternal genotype are those known to increase maternal fasting plasma glucose (FPG) levels, and therefore contribute to a hyperglycemic in utero environment [47; 48]. 
A recent elegant study designed by Hughes et al generated a fetal genetic score for birth weight using loci previously identified as contributing to birth weight, then analysed the associations with offspring birth weight at varying levels of maternal FPG. This study demonstrates that fetal genotype and maternal glucose have independent and additive effects on birth weight [49].  Even though maternal FPG explained approximately twice the variance in birth weight as the fetal genetic score for birth weight, fetal genetics have an influence on birth weight even in the face of strong environmental influences such as maternal GDM. Whilst neither cord insulin nor cord C-peptide was associated with the fetal genetic score, there was a strong association between maternal FPG and cord insulin levels, highlighting the important impact of maternal environment on fetal insulin release and therefore growth.
Impact of Insulin on the Placenta
The placenta is a complex fetal organ that fulfils numerous roles during fetal development acting as a site of gas exchange, hormone release, metabolic transfer and a physical barrier to protect the fetus. The placenta separates the maternal and fetal circulation but is in contact with both through different surfaces: the syncytiotrophoblast on the maternal side and the endothelium on the fetal side. Because of this unique position, the placenta is exposed to the influence of hormones, growth factors, and fuel substrates present in both circulations and is susceptible to regulation by these factors, potentially leading to downstream changes in fetal development. 
Insulin cannot cross the placenta but can have actions on it. The placenta expresses high amounts of IRs relative to other tissues in the body, but their location and expression undergoes developmental regulation. Early pregnancy may be a time of increased placental sensitivity to maternal insulin as IRs are abundant on the syncytiotrophoblast in the first trimester, while at term they are predominantly expressed at the endothelium [50; 51]. This change in IR location is paralleled by a change in regulation, since insulin-induced gene expression is highest in the first trimester trophoblast [52]. This suggests a shift in control of insulin-dependent processes from the mother at the beginning of pregnancy to the fetus near the end, aligning with the development of a functional pancreas. Despite this shift from maternal to fetal influence, maternal insulin at term is still strongly associated with the weight of the placenta, highlighting the effect of maternal hormone levels even in the final stages of gestation [53]. In the syncytiotrophoblast, insulin predominantly activates the mitogen- activated protein kinase (MAPK) pathway, whereas insulin stimulates the Akt pathway in the endothelium [52]. This suggests a mitogenic effect of insulin on the maternal side [54], whereas fetal insulin may stimulate metabolic processes within the endothelium near the end of pregnancy when both fetal and placental mass rapidly expand. Whether fetal insulin acting on the placental endothelium causes placental release of nutrients back to the fetus is unknown.
There are relatively few conclusive studies on insulin signalling defects or resistance in the placenta in human pregnancies complicated by diabetes, and even less for obese pregnancies. In diet-treated GDM, the amount of trophoblast IRs is lower than in non-diabetic pregnancies, whereas in insulin-treated GDM, the placenta contains more IRs [55]. Such changes in IR expression could lead to changes in insulin sensitivity of the placenta on the maternal side, which could influence the transport of nutrients to the fetus and influence fetal growth [56; 57]. Although the levels of IR may be altered by maternal metabolic state, no evidence of attenuation of placental insulin-stimulated Akt signalling was found in pregnancies complicated by obesity or GDM [58]. GDM women generally have heavier and larger placentas than healthy women, even when they have good glycemic control. In GDM pregnancies a negative correlation has been shown between maternal oral glucose tolerance and placental and fetal weight at delivery, suggesting that both fetal and placental growth are affected by the maternal insulin resistance associated with GDM [59; 60]. Heavier placentas have an enlarged surface area of nutrient transfer, explaining why placental weight is correlated with birth weight and contributing to fetal macrosomia seen in GDM pregnancies.  
Glucose is the primary energy source for fetal growth. The high demand for glucose, in combination with the minimal contribution of fetal gluconeogenesis, is achieved via rapid transfer of maternal glucose via glucose transporter (GLUT) proteins along a concentration gradient to the fetus. Even though many GLUT isoforms have been identified in the human placenta, GLUT-1 is considered the primary placental GLUT based on the fact that it is the only one detected as a functional protein near term in the syncytiotrophoblast. Net D-glucose uptake rates correspond to GLUT-1 density, suggesting the maintenance of a high GLUT-1 density along with increased surface area accounts for the increase in placental glucose transport in the latter part of pregnancy [61]. Importantly, maternal insulin is not required for placental glucose transport via GLUT-1, so the impact of maternal insulin on glucose transport to the fetus is likely to be low. It has recently been suggested that insulin stimulates GLUT-4 trafficking to the syncytiotrophoblast, although the contribution of GLUT-4 to placental glucose uptake remains unclear [62]. 

Placental transfer of free fatty acids (FFAs) is a complex process that involves the release of fatty acids from maternal lipoproteins by several lipases such as lipoprotein lipase (LPL) and endothelial lipase (EL), followed by the uptake of FFAs by membrane-bound proteins, including fatty acid binding protein (FABP), fatty acid translocase (FAT), and fatty acid transport proteins (FATP) [63]. Fetal demand for FFA increases as gestation proceeds, and increased levels of LPL are a potential mechanism for increasing placental transfer of lipids. Placental LPL expression seems to be modulated by insulin; trophoblast cells show altered LPL expression after exposure to insulin [64]. In human placenta, maternal insulin sensitivity appears to correlate with the expression of some placental fatty acid carriers (including EL, FABP, and FAT) [65]. These results were confirmed in an in vitro study in which a choriocarcinoma cell line was treated with either insulin or insulin signalling inhibitors, supporting the hypothesis that insulin is a key player in modulating placental lipid transport. Administration of insulin and FFAs in combination to trophoblasts in culture increased the accumulation of fat droplets by up to 5-fold, (although expression of FATPs was unchanged) [66]. Furthermore, high insulin levels in GDM are associated with higher levels of some specific fatty acid carriers in the placenta and may thus contribute to the increased fetal adiposity in GDM pregnancies. 

Insulin effects on cardiovascular system in offspring
Accelerated fetal cardiac growth and altered cardiac development and function are well-documented complications of diabetic pregnancies that have been recognised since the 1940s [67]. Maternal hyperglycemia is considered to be a primary determinant of cardiac malformations in the fetus (reviewed in [68]), although the extent to which this relationship is mediated through increased glucose-stimulated fetal insulin release is unclear. The fetal heart is insulin-responsive from early in development [69; 70] and it has therefore been hypothesized that elevated fetal insulin induced by maternal diabetes may be a cause of fetal cardiac overgrowth. Insulin signalling contributes to both embryonic and postnatal cardiac growth [71], and newborn infants with congenital hyperinsulinism exhibit hypertrophic cardiomyopathy [72]. Rodent models have shown that maternal obesity with T2D induces cardiac hypertrophy in embryonic hearts [73], and even short term in utero hyperglycemic exposure induces fetal hyperinsulinemia and rapidly induces cardiac septal overgrowth via altered myocardial proliferation [74]. However, epidemiologic studies have disagreed to the extent that the degree of maternal hyperglycemia predicts newborn cardiac overgrowth [75; 76].
Insulin- like Growth Factor (IGF) signalling components are also present in the fetal heart from early in gestation [77]. IGF-1 stimulates cardiac hypertrophy in adult life [78], although in fetal life the role of IGF-1 is less clear. Some studies have shown that IGF-1 is involved in the proliferation of cardiomyocytes [79] whereas others have shown an effect on hypertrophy [80]. Cardiac gene expression of both IGF-2 and IGF-2R receptor decreases with increasing gestational age [77]. As the IGF-2 receptor acts as a clearance receptor, downregulation in late gestation is important to allow measured cardiac growth in response to IGF-2. Embryonic mice with non-functional IGF-2R have increased circulating IGF2 and larger hearts due to cardiomyocyte proliferation compared with controls [81]. The cardiomegaly seen in these mutant animals is such that they die close to birth due to heart failure, suggesting IGF-2 is a crucial regulatory signal in the fetal heart that must be tightly controlled. 
Studies in diabetic women have demonstrated increased fetal heart rate variability [82; 83], which may be secondary to cardiac malformations. It is not clear whether this is due to the fetal hyperglycemia, hyperinsulinemia or both associated with a diabetic pregnancy. However, experimental infusion of exogenous insulin to fetal lambs at levels sufficient to produce hyperinsulinism but not hypoglycemia results in increased fetal heart rate [84], suggesting a role for fetal insulin. As fetal heart rate variability is a marker of well-being during gestation, hyperinsulinemia could have significant effects on fetal health and survival.
Neurodevelopmental effects of insulin
The presence of insulin receptors in the central nervous system was first reported four decades ago [85]. Brain insulin receptor expression is high during neonatal life and declines during adulthood, including in humans, supporting a role for insulin in brain development [86, 87] (Figure 2). Brain regions that exhibit relatively high densities of insulin binding sites throughout embryonic and postnatal development include the hypothalamus, olfactory bulb, cortex, choroid plexus, and cerebellum [88]. Other brain regions, such as the caudate-putamen neuroepithelium or some brain stem nuclei express high densities of insulin receptors, but only for a distinct developmental period restricted to the late embryonic and early postnatal period (i.e., E18 to P7). Insulin binding to these brain sites declines gradually to low levels over the course of brain maturation [88]. 
At the subcellular level, the insulin receptor is a component of synapses, where it localizes at the postsynaptic density in cultured hippocampal neurons, suggesting a role for insulin in regulating synaptic function and/or morphology [89]. Consistent with this hypothesis, IRSp53, an insulin receptor substrate enriched in the brain, localizes to synapses as a component of the postsynaptic density [89] and the overexpression of IRSp53 increases spine density in cultured hippocampal neurons and induces filipodium formation and neurite outgrowth in neuroblastoma cells. In contrast, loss of IRSp53 decreases spine density and alters spine morphogenesis [90-92]. Moreover, IGF-1 null mice display a marked reduction in dendritic arbor length and complexity as well as spine density of pyramidal neurons [93]. 
Perhaps because of its critical role in neuroendocrine regulation, the best documented neurodevelopmental effects of insulin have been on hypothalamic neurons. This concept was pioneered by the work of Toran-Allerand and colleagues who found that incubation of isolated explants from the fetal hypothalamus with insulin induced neuritic extension [94]. These effects of insulin on axon outgrowth were also confirmed in other neuronal systems including the brain stem and ganglions [95-97]. Further in vivo studies confirmed a role for insulin in hypothalamic circuit formation. Intra-hypothalamic implants of insulin in rat pups between postnatal day 2 and 8, a critical period for hypothalamic axon growth [98, 99], resulted in higher body weight and glucose intolerance later in life [100]. Moreover, maternal injections of insulin between gestational day 15 and 20 increases the density of norepinephrine-containing fibers innervating the paraventricular nucleus of the hypothalamus [101]. In contrast, a reduction of insulin levels achieved by maternal STZ injection disrupts hypothalamic melanocortin circuits [102]. In addition, although the genetic loss of IR in pro-opiomelanocortin (POMC) neurons does alter their development in normal conditions, it prevents the HFD-induced disruption of POMC projections to the pre-autonomic compartment of the paraventricular nucleus [103]. Similarly, the parasympathetic innervation of pancreatic beta cells is reduced in animals born to obese dams, but this effect is abrogated if insulin receptor is deleted in POMC neurons [103]. 
In addition to influencing neural connectivity, insulin also affects cell numbers in the hypothalamus, possibly by regulating neurogenesis. Maternal hypoinsulinemia induced by STZ injection increases the number of arcuate nucleus neurons involved in energy balance regulation such as neuropeptide Y-, POMC-, galanin-, and tyrosine hydroxylase-containing neurons [102, 104-106]. Moreover, an increased number of POMC neurons is found in insulin receptor-deficient mice, which can partially be rescued by the specific re-expression of the insulin receptor on POMC neurons [107]. The impaired number of arcuate neurons in offspring of diabetic mothers can be also prevented by the normalization of gestational hyperglycemia using pancreatic islet transplantation [106], suggesting that neurodevelopmental defects observed in offspring of diabetic dams is caused by changes in insulin and/or glucose levels. Furthermore, cross-fostering experiments indicate that pups born from control mothers and raised by diabetic mothers have an altered number of arcuate neurons [108], showing the importance of postnatal insulin in influencing hypothalamic cell numbers. Consistent with this idea, a single injection of insulin on postnatal day 8 in rats is sufficient to induce lifelong morphological remodeling of hypothalamic nuclei, including a reduction of neuronal density in the VMH and an increase in the mean area of neuronal nuclei in the DMH [109]. A more recent study has reported that fetuses of obese dams display reduced expression of proliferative genes in the hypothalamus and disrupted neurosphere growth and that these two surrogate markers of neuronal proliferation were correlated with maternal insulin levels [110]. Insulin resistance in the developing hypothalamus, including from alterations in insulin receptor DNA promoter methylation, could explain the reduced neuroproliferative response of hypothalamic neurons to insulin in pups exposed to a maternal obesogenic environment [110-112].
A role for insulin in glial cell development has also been suggested. Insulin levels during early postnatal life are positively correlated with the number of astrocytes. Moreover, pups born to protein-restricted rat mothers are hypoinsulinemic and have less neurons and astrocytes [113], whereas hyperinsulinemic offspring of diabetic dams display an increased number of neurons and astrocytes [100, 105]. Furthermore, cerebellar astrocyte morphology in vitro is influenced by insulin levels. High concentrations of insulin in the culture medium favors presence of fetal radial glia with long processes but cultures mostly consisted of flat undifferentiated glial cells when insulin levels were low [114]. Notably, the effect of insulin on glioplasticity appears to be maximal during fetal life as the trophic response of glial cells to high insulin concentrations appears markedly attenuated when cultures were derived from newborn pups [114] . Given the increased importance of glial cells in neuroendocrine functions, it is possible that this documented developmental effect of insulin on glial cells could have lasting effects in metabolic regulation [115].
Interventions during obese/GDM pregnancies 
GDM and obesity are associated with a myriad of other changes in addition to hyperinsulinemia, such as hyperglycemia, hyperleptinemia and elevated FFA/ cholesterol. Interventions that correct specific aspects of the maternal metabolic milieu are hugely beneficial in unpicking the roles of individual factors. In a mouse model of maternal obesity and GDM during pregnancy, maternal fasting insulin levels during pregnancy were shown to correlate significantly with offspring fasting insulin in adulthood. A moderate exercise regime in obese dams attenuated maternal hyperglycemia and hyperinsulinemia, but maternal adiposity and circulating leptin levels remained elevated compared to obese non-exercised dams [116]. This rescue of maternal hyperinsulinemia resulted in a reduction in placental lipid deposition, and restoration of insulin sensitivity in offspring. Maternal exercise also prevented cardiac hypertrophy and restored cardiac ejection fraction, but failed to prevent hypertension [117] suggesting this is programmed by a different route than in utero exposure to hyperinsulinemia. It is possible that offspring hypertension is caused by fetal exposure to hyperleptinemia, as leptin levels in an obese pregnancy were not corrected by the moderate exercise regime, and hyperleptinaemia has been shown to mediate the hypertension associated with obesity in adulthood [118]. This is also reflected in a recent study in the Generation R birth cohort which reported high maternal insulin concentration in early gestation is associated with increased systolic blood pressure in offspring, but these associations attenuated to non-significance after adjustment for maternal BMI, suggesting hypertension is programmed by other factors related to maternal weight than hyperinsulinemia [119]. Future studies in animal models may help to delineate the contribution of maternal circulating factors independent of each other and of maternal BMI.
As fetal insulin levels during diabetic and/or obese pregnancies are often elevated due to the fetal response to maternal and consequently fetal hyperglycemia, a significant challenge has been in determining whether it is fetal hyperglycemia, fetal hyperinsulinemia, or both that drives developmental changes in response to maternal hyperglycemia. In cases of GDM where maintenance of maternal euglycemia is not achievable by control of the maternal diet, insulin or oral anti-hyperglycemic drugs such as metformin or glyburide are utilised. Unlike insulin, metformin and glyburide can cross the placenta [120; 121], so effects on fetal growth could result from direct actions on the fetus rather than just the correction of maternal hyperglycemia/ hyperinsulinemia. Hence, while fetal growth can be assumed to be directly linked to maternal glucose levels in GDM treated with diet or insulin, there is the possibility of the uncoupling of maternal glycemic control and fetal growth as a result of treatment with metformin or glyburide. A recent systematic review of the comparative impact of pharmacological treatments for GDM on neonatal anthropometry showed that although metformin, glyburide, and insulin are all equally effective for maternal glycaemic control, the effects on fetal growth differ [122]. Specifically, babies exposed to glyburide are born larger and with increased adipose mass, and babies exposed to metformin being born smaller and with reduced lean mass, compared to those treated with standard insulin therapy. Normalisation of maternal hyperglycaemia by glyburide relies on stimulating increased insulin production from maternal beta cells. However, as glyburide can cross the placenta and also reaches the fetal beta cells, these may also be stimulated to release excess insulin. As fetal insulin levels are a critical regulator of fetal growth, this is a plausible mechanism by which fetal exposure to glyburide could result in fetal overgrowth and adiposity, even when maternal hyperglycaemia has been corrected by glyburide administration. Thus, this study has highlighted important considerations for the clinical treatment of GDM, but also helps to delineate the effects of maternal and fetal insulin levels on fetal growth. 
Summary and conclusions
Insulin is a critical regulator of fetal growth, and as such maternal hyperinsulinemia and hyperglycemia - as often seen in pregnancies complicated by diabetes or obesity- significantly influence fetal development, both through direct effects on the placenta or via the induction of fetal hyperinsulinemia, respectively. Developmental changes to vital organ systems such as the cardiovascular system and CNS can have long-lasting implications for organ function, and such changes have been linked to the increased susceptibility to develop cardio-metabolic disease in the offspring of obese or diabetic mothers. Due to the close regulatory relationship that exists between insulin and glucose levels it has proven challenging to dissect out the relative contributions of maternal and fetal glucose and insulin in programming developmental changes. Animal models in which the complicated metabolic milieu of the mother and fetus can be manipulated and controlled will help to establish definitively the role of insulin in programming of cardio-metabolic disease and may lead to the refinement and/ or development of pharmaceutical interventions or clinical guidelines.
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Figure Legends

Figure 1. Schematic summarizing the programming effects of insulin during perinatal development

Figure 2. Developmental regulation of insulin and insulin receptor. (A) The density of insulin-positive cells is low during early fetal life and the majority of endocrine cells in the mouse pancreas differentiate between embryonic day (13) and E18. The development of immature islets from committed endocrine cells begins around E18 and mature endocrine cells aggregate into islets structures soon after birth. During post-natal life, insulin levels do not exhibit major developmental regulation. (B) Brain insulin receptor expression in the developing brain is low during early fetal life but exhibit a peak at E18 in a variety of regions including in the rostral prosencephalon (RSP), telencephalon (Tel), peduncular hypothalamus (PeHy), prosomere 3 (p3),  prosomere 2 (p2), prosomere 1 (p1), midbrain (M), prepontine hindbrain (PPH), pontine hindbrain (PH), pontomedullary hindbrain (PMH),  and medullary hindbrain (MH). Insulin receptor expression in these brain regions declines gradually after birth to reach basal levels after weaning. Image credit: Allen Institute, https://developingmouse.brain-map.org/gene/show/16110)


