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Abstract

Placental insufficiency is a primary cause of intrauterine growth restriction (IUGR). IUGR
increases the risk of developing type 2 diabetes mellitus (T2DM) throughout life, which indicates
that insults from placental insufficiency impair p-cell development during the perinatal period
because B-cells have a central role in the regulation of glucose tolerance. The severely IUGR fetal
pancreas is characterized by smaller islets, less pB-cells, and lower insulin secretion. Because of the
important associations among impaired islet growth, p-cell dysfunction, impaired fetal growth,
and the propensity for T2DM, significant progress has been made in understanding the
pathophysiology of IUGR and programing events in the fetal endocrine pancreas. Animal models
of IUGR replicate many of the observations in severe cases of human IUGR and allow us to refine
our understanding of the pathophysiology of developmental and functional defects in islet from
IUGR fetuses. Almost all models demonstrate a phenotype of progressive loss of p-cell mass and
impaired p-cell function. This review will first provide evidence of impaired human islet
development and B-cell function associated with IUGR and the impact on glucose homeostasis
including the development of glucose intolerance and diabetes in adulthood. We then discuss
evidence for the mechanisms regulating p-cell mass and insulin secretion in the [JUGR fetus,
including the role of hypoxia, catecholamines, nutrients, growth factors, and pancreatic
vascularity. We focus on recent evidence from experimental interventions in established models of
IUGR to understand better the pathophysiological mechanisms linking placental insufficiency with
impaired islet development and B-cell function.
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Introduction

Intrauterine growth restriction (IUGR) is defined as the failure of a fetus to achieve its
genetic potential for size. Placental insufficiency is a leading cause of IUGR in humans and
complicates 4-8% of pregnancies (Hendrix and Berghella 2008; Platz and Newman 2008).
The definition of IUGR contrasts with that for small-for-gestational-age infants (SGA), who
are typically defined as having birth weights below the 10" percentile, though other
definitions have been employed. Essentially, the definition of IUGR differs from SGA in that
it refers to a pathophysiological process as opposed to a statistically derived definition. The
differences in terminology and definitions has introduced heterogeneity into human studies
(Crovetto, et al. 2016), but most studies have identified a higher risk for perinatal mortality
and short and long term morbidities in IUGR and SGA newborns (von Beckerath, et al.
2013). This includes an increased risk of developing type 2 diabetes mellitus as they age
(T2DM; Hales and Barker 2001).

Reduced nutrient and oxygen transport to the fetus are hallmarks of placental insufficiency
and are caused by lower placental mass (Marconi, et al. 2006; Regnault, et al. 2002b),
abnormal placental structure (Mayhew, et al. 2003; Sibley, et al. 2005), and decreased
glucose and amino acid transporter abundance and activity (Cetin 2003; Cetin, et al. 1990;
Economides, et al. 1989; Jansson, et al. 1998; Paolini, et al. 2001; Platz and Newman 2008).
These placental defects lead to hypoxemic and hypoglycemic fetuses with resulting higher
circulating catecholamine concentrations and lower circulating insulin concentrations
(Greenough, et al. 1990; Nicolini, et al. 1990). IUGR fetuses also are characterized by
impaired glucose stimulated insulin secretion (GSIS; Nicolini et al. 1990). In cases of severe
IUGR, fetuses have smaller and less vascularized pancreatic islets with fewer p-cells (Van
Assche, et al. 1977). This contrasts to cases of less severe IUGR in which structural
pancreatic defects are less pronounced (Béringue, et al. 2002). These data indicate that the
degree of impaired islet development may correlate with the severity of placental
insufficiency, a phenomenon observed in animal models of placental insufficiency (Gatford,
et al. 2008; Limesand, et al. 2005; Limesand, et al. 2006; Rozance, et al. 2009b). These
findings also show that reduced insulin secretion in JUGR fetuses is not solely due to
smaller islets and less p-cells.

The relationship between fetal plasma insulin concentrations and fetal growth is critical. In
addition to regulating glucose metabolism (Hay, et al. 1988), insulin produced by the fetuses
also promotes their systemic growth (Fowden, et al. 1989). Thus, the fetal p-cell links fetal
nutrient supply with fetal nutrient metabolism and anabolic signals for growth. The p-cell
defects in IUGR are even more important when one realizes that T2DM is characterized by
the combination of tissue insulin resistance and insufficient insulin secretion (Barker, et al.
1993; Hales and Barker 2001; Kasuga 2006). Interestingly, children and adults that were
formerly SGA fetuses develop insulin resistance (Jensen, et al. 2002; Mathai, et al. 2012;
Mericq, et al. 2005; Milovanovic, et al. 2014). Insulin sensitivity is lower in adults born
SGA and experiencing catch up growth compared to adults born appropriate for gestational
age (AGA) or SGA without compensatory growth (Fabricius-Bjerre, et al. 2011; Kajantie, et
al. 2015; T. Forsén, et al. 2000). Several studies also report impaired p-cell function, which
persists throughout life (Bazaes, et al. 2003; Cook, et al. 1993; Crowther, et al. 2000; Jensen
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et al. 2002; Setia, et al. 2006). Therefore, the greater risk for developing T2DM in formerly
IUGR and SGA individuals is due to a combination of both an increased risk of insulin
resistance and an increased risk of impaired p-cell development and function. The
mechanisms by which IUGR impair B-cell development and function is the focus of this
review.

Due to ethical considerations, evaluation of pancreatic islet development and function in
human IUGR other than the basic observations noted above are limited. As a result, animal
models are used to investigate the mechanistic link between placental insufficiency and the
endocrine pancreas phenotype (Green, et al. 2010). Similar to IUGR humans, animal models
of placental insufficiency and IUGR are characterized by progressive islet and p-cell
dysfunction, impaired glucose tolerance, and a propensity to develop T2DM (Green et al.
2010). In this review, we focus on recent studies with animal models of IUGR in which
interventional experiments have manipulated the fetal and/or neonatal environment
following established placental insufficiency and/or IUGR to further our understanding of
the mechanisms linking placental insufficiency with B-cell dysfunction and impaired islet
development and function.

Animal models of IUGR with B-cell dysfunction

Rodent models

Rodent models of placental insufficiency and IUGR are valuable for determining the
adulthood pathogenesis of diabetes and the intergenerational impacts due to their short
lifespan and generation interval. Three well-defined rat models of IUGR show impaired
pancreatic islet development, establish lasting effects in adults, and have been subjected to
experimental perinatal interventions to better define the mechanisms leading to diminished
islet development and function. Uterine artery ligation (UAL) at embryonic day (E) 18-19
causes an acute decrease in fetal nutrients and oxygen near term (E22), and results in a 10 to
20% reduction in body weight (Delghingaro-Augusto, et al. 2014; Ikeda, et al. 2016; Ogata,
et al. 1986; Siebel, et al. 2010; Wigglesworth 1964). Maternal dietary restrictions also are
widely utilized in rodents to induced IUGR. Specifically, IUGR is produced when dams are
fed an isocaloric diet with low protein (LP; generally 40-50% relative to controls)
throughout gestation (Boujendar, et al. 2002; Snoeck, et al. 1990; Zhang, et al. 2016).
Reductions in fetal weight are observed as early as E14 (Zhang et al. 2016). IUGR also is
produced when maternal caloric intake is reduced by 50% during the last week of gestation
and results in a 12-20% reduction in offspring birth weight (CR; Garofano, et al. 1997,
1998; Woodall, et al. 1996). Observations in these models demonstrate a strong connection
between in utero fetal undernutrition with impaired pancreatic islet development and
progressive B-cell dysfunction which can be evident at or before birth and persist into
maturity leading to glucose intolerance and T2DM.

Sheep Models

In fetal sheep, p-cell responsiveness to glucose develops during the second half of gestation,
paralleling the fetal glucose responsiveness observed in human pregnancies (Aldoretta and
Hay 1999; Molina, et al. 1993; Nicolini et al. 1990). Due to the accessibility of the fetal
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vasculature for chronic catheterization, sheep models of placental insufficiency and IUGR
allow for testing mechanisms that link in utero conditions of IUGR, impaired islet
development and p-cell dysfunction. Placental insufficiency occurs when pregnant sheep are
exposed to elevated ambient temperatures in mid to late gestation. Experimental replication
of this naturally occurring phenomenon in sheep (PI-IUGR) results in a progressive
reduction in the capacity for nutrient and oxygen transport to the fetus resulting in IUGR
(Bell, et al. 1987; Regnault, et al. 2002a). Near term (~ 90% of gestation to term), placental
and fetal weights are reduced by ~40% (de Vrijer, et al. 2004; Galan, et al. 1999; Limesand
et al. 2006). Alternatively, the cotyledonary placenta, unique to ruminants, can be
experimentally manipulated by the surgical removal of most of the uterine caruncles prior to
pregnancy to induce placental restriction and IUGR (UC-PI; Robinson, et al. 1979). Similar
to the PI-IUGR model, the placental restriction resulting from carunclectomy lowers the
supply of nutrients and oxygen to the fetus, resulting in a 20% decrease in body weight near
term compared with controls (Mellor, et al. 1977; Owens, et al. 2007; Robinson et al. 1979).
Comparing data from both of these models provides the opportunity to see a spectrum of
fetal outcomes based perhaps on the severity of placental insufficiency and IJUGR. The sheep
models of IUGR are advantageous in that decrements in placental nutrient and oxygen
supply to the fetus can be quantified and /n vivo fetal experimental interventions can be
performed. Following these interventions fetal glucose tolerance tests and /n vitroislet
functional assays can be combined with structural analysis of the pancreas to determine
which specific nutrients or hormones are limiting for islet development and function.

Pancreatic development

Relationships between IUGR and pancreatic p-cell function must be interpreted within the
context of pancreatic development. Although fetal sheep more closely mimic humans in the
overlapping developmental transitions of the pancreas and islets, the distinct developmental
transitions in rodent models allow investigators to elucidate the specificity of the
developmental stages in their response to insults or interventions. Important transitional
periods and developmental adaptations in the pancreas of IUGR animals have been recently
reviewed (Conrad, et al. 2014; Green et al. 2010; Jennings, et al. 2015; Willmann, et al.
2016). Briefly, the primary transition of the endoderm begins at embryonic day (E) 11 in
rats, before 24 days gestational age (dGA) in sheep, and 25-26 dGA in humans (term
gestation is E22, 147 dGA, and 40 weeks of gestational age for the rat, sheep, and human,
respectively). Initiation of the secondary transition in the fetal rat occurs at E15-18 with the
identification of mature secretory products and is followed by isletogenesis (E17-21) and
endocrine cell proliferation (E21.5-22). The secondary transition, isletogenesis, and
endocrine cell proliferation in sheep and humans occurs over a broad period during gestation
(approximately 20% of gestation to term).

Reduced insulin secretion and pancreatic dysfunction in the IUGR fetus

Lower insulin secretion, smaller islets, lower islet density, less p-cells, and decreased
pancreatic weight and insulin content are hallmarks of the IUGR fetal pancreas in the
various animal models (Abuzgaia, et al. 2015; Green et al. 2010). Defects in p-cell
replication and expression of genes regulating p-cell proliferation, apoptosis, and neogenesis
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all contribute to reduced B-cell mass to varying extents in the different models. (Dumortier,
et al. 2007; Kelly, et al. 2017; Limesand et al. 2005; Petrik, et al. 1999). In PI-IUGR fetal
sheep, basal insulin concentrations and glucose-stimulated insulin secretion (GSIS) were
lower than controls at both 70% and 90% of gestation (Limesand, et al. 2013; Limesand et
al. 2006). Additionally, the insulin content of the islets isolated from near term IUGR fetuses
was ~80% lower than control islets. Despite this, the IUGR islets secreted a higher
proportion of their insulin in response to glucose and other secretagogues, which likely
relates to increased expression of genes responsible for much of the stimulus-secretion
coupling in the islets (Kelly et al. 2017; Limesand et al. 2006). In contrast to the severe
insulin secretion defects observed in the PI-IUGR model, insulin secretion was not reduced
in fetuses following uterine carunclectomy when compared to controls. However, insulin
secretion was inversely correlated with factors associated with placental insufficiency like
fetal weight and blood oxygen concentrations (Owens et al. 2007). Importantly, the subtle
fetal insulin secretion defects in the carunclectomy model of placental insufficiency were
progressive as insulin secretion was reduced in one month old post carunclectomy lambs (De
Blasio, et al. 2007). Although a compensatory increase in p-cell mass occurred into
adulthood, insulin secretion of UC-PI sheep remained insufficient relative to progressive
declines in insulin sensitivity (Gatford et al. 2008), findings which are similar to formerly
SGA humans (Cook et al. 1993). Progressive insulin secretory defects are also identified in
CR, LP, and UAL rat models (Dumortier et al. 2007; Fernandez-Twinn, et al. 2005;
Garofano et al. 1997; Garofano, et al. 1999; Simmons, et al. 2001).

Perinatal interventions to determine the mechanisms of pancreatic islet dysfunction in

IUGR

Nutrient regulation of p-cells

Glucose: The p-cell functions to link carbohydrate, amino acid, and lipid metabolism to
insulin secretion (Newsholme, et al. 2014). In the fetus, this results in a situation in which
the pB-cell acts as a sensor of the fetal nutrient supply from the placenta and can link this
supply to appropriate production of fetal growth factors (Brown, et al. 2011; Gleason, et al.
2007; Newsholme et al. 2014). The ability of nutrients to stimulate insulin secretion largely
depends on the ability of the B-cell to utilize the nutrient as a fuel source (Malaisse, et al.
1979). Glucose, the primary insulin secretagogue, is metabolized through glycolysis and the
tricarboxylic acid (TCA) cycle stimulating ATP production, elevating the cytosolic
ATP/ADRP ratio causing p-cell membrane depolarization, increased cytosolic calcium
concentrations and insulin secretion (Henquin 2000; Wiederkehr and Wollheim 2012).
Furthermore, metabolism of glucose also leads to the generation of many different
secondary messengers that also stimulate insulin secretion (Andersson, et al. 2015; Cline, et
al. 2011; German 1993; Gleason et al. 2007; Gohring, et al. 2014; Huang and Joseph 2012;
Patel, et al. 2014; Spégel, et al. 2011). Given the role of B-cell nutrient stimulation-insulin
secretion coupling in the fetus for the regulation of growth, multiple studies of the IUGR
fetal B-cell and pancreatic function have focused on manipulation of fetal nutrient
concentrations and supply.

We have utilized chronic maternal insulin infusions to test the effects of reduced fetal
glucose supply on B-cell function independent of lower placental capacity to transport amino
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acids or oxygen to the fetus (Figure 1). Maternal insulin infusions markedly decrease
transfer of glucose to the fetus, fetal plasma glucose concentrations, and fetal weight.
Because insulin does not cross the placenta, fetal insulin concentrations also are markedly
reduced (17%; DiGiacomo and Hay 1990; Limesand and Hay 2003; Rozance, et al. 2006).
Additionally, the insulin secretory response of hypoglycemic fetuses and their isolated islets
to glucose and amino acids is diminished despite similar numbers of pancreatic -cells in
control and hypoglycemic fetuses following two weeks of maternal insulin treatment near
term (Limesand and Hay 2003; Rozance and Hay 2006; Rozance et al. 2006; Rozance, et al.
2007). Importantly, when glucose concentrations were returned to normal for five days, fetal
insulin concentrations also returned to normal but insulin secretory defects did not fully
recover showing programming of fetal g-cell function with even short duration nutrient
deprivation (Limesand and Hay 2003). When we extended this experimental paradigm from
two weeks to eight weeks, beginning at approximately 50% of gestation, the hypoglycemic
fetuses show a similar attenuation of GSIS (Lavezzi, et al. 2013). B-cell mass, however, was
significantly lower in these hypoglycemic fetuses compared to controls, thus showing that
chronic experimental fetal hypoglycemia can mimic the two main pancreatic islet defects
seen in IUGR fetuses, attenuated GSIS and lower B-cell mass (Lavezzi et al. 2013; Nicolini
et al. 1990; Van Assche et al. 1977).

Having demonstrated that experimental fetal hypoglycemia replicates the major pancreatic
islet defects in IJUGR, we sought to determine if restoring glucose concentrations to control
concentrations would restore fetal insulin secretion and B-cell mass to normal. Following
direct infusions of glucose into PI-IUGR sheep fetuses which were adjusted to increase fetal
glucose concentrations to control levels for two weeks, fetuses developed worse hypoxemia,
acidosis, and increased norepinephrine concentrations compared to saline infused PI-IUGR
fetuses by the end of the study (Rozance et al. 2009b). Not surprisingly, fetal GSIS was also
lower than the saline infused PI-IUGR fetuses. Furthermore, there was no impact of the
glucose infusion on pancreatic B-cell mass (Rozance et al. 2009b).

Amino acids. Many amino acids stimulate insulin secretion through the above mentioned
pathways for glucose metabolism and other, complimentary metabolic pathways (Cline et al.
2011; Doliba, et al. 2007; Gadhia, et al. 2013; Gao, et al. 2003; Gleason et al. 2007).
Branched chain amino acids (BCAAS) are especially important for stimulation of p-cells
(MacDonald, et al. 1991; Milner 1969; Newsholme, et al. 2006). BCAAs are metabolized by
branched-chain aminotransferases (e.g. leucine to a-ketoisocaproate [KIC]) and the
mitochondrial branched-chain a-keto acid dehydrogenase complexes (BCKAD) to produce
glutamate, C3-acylcarnitine, succinyl-CoA, acetyl-CoA, and acetoacetate, thus providing
TCA cycle intermediates which increase the B-cell ATP/ADP ratio and stimulate insulin
secretion (Newgard 2012). In addition, leucine stimulates metabolism of other nutrients by
allosterically activating glutamate dehydrogenase to enhance glutaminolysis and
anapleurosis (Gao et al. 2003).

The acute stimulatory effect of amino acids on p-cell insulin secretion has been
demonstrated in fetal sheep, both /n vivoand in isolated fetal sheep islets /n vitro (Brown, et
al. 2009; Molina et al. 1993; Rozance et al. 2006). Amino acids not only stimulate fetal
insulin secretion, but they also potentiate fetal GSIS (Gadhia et al. 2013). In human cases of
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placental insufficiency and IUGR, amino acid transfer to the fetus is lower than in normally
growing fetuses (Brown, et al. 2012; Cetin et al. 1990; Galan, et al. 2009; Jansson et al.
1998). Lower placental transfer of the BCAA leucine to the fetus is one of the most
consistent features of placental insufficiency and IUGR. In fact, one study showed that the
size of the decrement in leucine transfer to the IUGR fetus was directly associated with the
severity of IUGR in human pregnancies complicated by placental insufficiency (Marconi, et
al. 1999).

Because of these relationships among placental insufficiency, amino acid transfer to the
fetus, and p-cell function; we performed a series of studies to quantify the impact of amino
acid supplementation on fetal insulin secretion, islet structure, and islet function in normally
grown and IUGR fetal sheep (Figure 2). Following a direct fetal infusion of a complete
mixture of amino acids enriched in the essential and BCAA, targeting a 25-50% increase in
BCAA concentrations for ten to 12 days, fetal insulin concentrations were not different
between amino acid- and saline-infused fetuses (Gadhia et al. 2013; Maliszewski, et al.
2012). Fetal GSIS, however, almost doubled with amino acid supplementation despite
equivalent islet size, numbers of B-cells, and pancreatic insulin content (Gadhia et al. 2013).
In PI-IUGR sheep fetuses, where GSIS and amino acid stimulated insulin secretion were
significantly attenuated /n vivo, GSIS was enhanced almost to that of control fetuses after
eleven days of amino acid supplementation (Brown, et al. 2016). We then tested the impact
of amino acids on pancreatic structure and insulin secretion from isolated islets from PI-
IUGR sheep fetuses. In contrast to pancreatic islets isolated from control fetal sheep, islets
from PI-IUGR fetal sheep were not responsive to supplemental amino acids. Importantly,
and unlike observations in the amino acid infused control fetuses, pancreatic insulin content,
islet size, and p-cell mass in the amino acid infused PI-IUGR fetuses were significantly
greater than in saline infused PI-IUGR fetuses (Brown et al. 2016). The enhanced insulin
secretion and pancreatic morphology were independent of any differences in glucose,
norepinephrine or oxygen concentrations between the groups of IUGR fetuses (Brown et al.
2016).

A consistent finding with both acute and chronic amino acid infusion studies has been
increased fetal plasma glucagon concentrations and/or pancreatic glucagon content (Brown
et al. 2016; Gadhia et al. 2013; Rozance, et al. 2009a). This has led to speculation that in
addition to directly increasing p-cell metabolism and generation of secondary messengers,
amino acids may also be potentiating p-cell function via glucagon dependent mechanisms
which include the generation of secondary messengers (Huypens, et al. 2000; Pipeleers, et
al. 1985; Schuit and Pipeleers 1985). Although generation of secondary messengers in the
IUGR p-cell has not been investigated specifically, there is some evidence suggesting their
role in impaired p-cell function in JUGR fetuses. For example, suppression of Wnt signaling
and differential expression of potassium channels and mediators of calcium signaling were
observed in the transcriptome of IUGR fetal sheep islets compared with controls (Kelly et al.
2017). It is important to note that second messaging compounds may influence either
nutrient sensing or insulin exocytosis mechanisms and also can link nutrient stimulated
insulin secretion to B-cell proliferation. Thus impaired generation of these secondary
messengers could impact both of the main islet phenotypes found in IUGR, decreased
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insulin secretion and decreased B-cell mass (Cline et al. 2011; Doliba et al. 2007; Erion, et
al. 2015; Fridlyand and Philipson 2016; Gleason et al. 2007).

Hypoxemia, catecholamines and p-cell dysfunction—Fetal hypoxemia is a
common feature in human and animal models of placental insufficiency that is proposed to
have direct and indirect actions that inhibit insulin secretion and is also implicated in the
developmental programming of pancreatic islets. Direct effects of oxygen on insulin
secretion has been demonstrated in isolated adult rat and canine pancreatic islets (Dionne, et
al. 1993), but until recently the effects have not been isolated in IUGR fetuses because of the
parallel increase in circulating catecholamines seen with hypoxemia (Yates, et al. 2012).
Surgical procedures to ablate the adrenal medullae of control and PI-IUGR fetal sheep at
65% and 85% of gestation were used to separate the effects of hypercatecolinemia and
hypoxemia (Macko, et al. 2016; Yates et al. 2012). In these studies, we demonstrated that
acutely decreased blood oxygen concentrations inhibit GSIS only in presence of an intact
adrenal gland, presumably, due to catecholamine secretion. In PI-IUGR fetuses with chronic
hypoxemia, GSIS was significantly improved, despite similar blood oxygen content,
following ablation of the adrenal medullae compared to the intact, sham operated PI-IUGR
fetuses. However, the GSIS was not fully restored to control fetal sheep levels. Acutely
increasing fetal oxygen concentrations by maternal tracheal insufflation of humidified
oxygen to 100%, significantly increased GSIS in both intact, sham operated and adrenal
demedullated IUGR fetuses. The increased GSIS these fetuses were independent of changes
in circulating fetal norepinephrine concentrations, demonstrating some inhibition of GSIS by
hypoxemia in PI-IUGR fetuses. These studies show that catecholamines and hypoxemia
have both dependent and independent roles in suppressing fetal insulin secretion in PI-IUGR
(Figure 3). This conclusion is supported by experiments demonstrating lower GSIS
following nine days of fetal anemic hypoxemia (Benjamin, et al. 2017).

Pharmacological adrenergic receptor blockade enhanced GSIS in PI-IUGR fetuses at 70%
and 90% gestation, providing even more evidence that catecholamines persistently suppress
insulin secretion during the second half of gestation (Leos, et al. 2010; Macko, et al. 2013).
In contrast to the adrenal demedullated PI-IUGR fetuses, a compensatory enhancement in
GSIS was observed in PI-IUGR fetuses with acute pharmacological inhibition of adrenergic
receptors to levels even greater than control fetuses treated with pharmacological adrenergic
inhibitor. This was independent of any changes in oxygen content (Leos et al. 2010; Macko
et al. 2013). The improved insulin secretion also occurs in fetuses despite lower p-cell mass,
which was shown at both gestation ages (Limesand et al. 2005; Limesand et al. 2013).
Further evidence for fetal p-cell hyper-responsiveness to glucose stimulation following
inhibition of chronic adrenergic suppression was provided by experiments in near term
control fetal sheep following 7-11 days of a chronic fetal insulin infusion where fetal
hypoxemia and hypercatecholinemia developed and GSIS was completely attenuated.
However, GSIS was completely restored to control levels during acute pharmacological
adrenergic inhibition, (Andrews, et al. 2015) similar to observations in PI-IUGR fetuses.
Recently, we confirmed a direct role for chronically elevated norepinephrine concentrations
in the development of B-cell hyper-responsiveness to glucose stimulation following acute
discontinuation of adrenergic signaling. After a seven day infusion of norepinephrine into
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near term control fetuses was discontinued, a compensatory and persistent increase in GSIS
secretion was observed compared to vehicle infused fetuses (Chen, et al. 2014; Chen, et al.
2017). These experiments are the first to show fetal p-cell hyper-responsiveness to glucose
stimulation following inhibition of chronic adrenergic suppression. Consistent with these /n
vivo data, [UGR fetal sheep islets at 90% gestation have higher expression of a-adrenergic
receptors compared to controls, which likely explains the persistent adrenergic suppression
of insulin secretion despite chronic exposure of the islet to high circulating catecholamine
concentrations. This may also explain why B-cells remain defective postnatally because
increased expression of a-adrenergic receptors can lead to indiscriminant adrenergic
signaling in islets (Leos et al. 2010; Macko et al. 2013; Rosengren, et al. 2010). Together,
these studies show that catecholamines not only have inhibitory effects on insulin secretion
in placental insufficiency, but also that as an adaptation to chronic elevations in fetal
catecholamine concentrations, the pancreatic p-cells become hyper-responsive to glucose
when the adrenergic inhibition is removed. This phenomenon explains the observation that
some previously IUGR fetuses develop features of hyperinsulinism shortly after birth (Arya,
et al. 2013; Camacho, et al. 2017; Collins and Leonard 1984).

Pancreatic vascularity and paracrine signaling—Pancreatic vascularity and
paracrine signaling between endothelial cells and B-cells represent another possible
mechanism linking placental insufficiency and impaired p-cell function in JUGR fetuses as
depicted in Figure 4. Lower pancreatic islet vascularity has been observed in severely growth
restricted humans at approximately 80% of gestation (Van Assche et al. 1977). Similar
reductions in pancreatic islet vascularity occur in animal models of IUGR as early as 70% of
gestation (Boujendar, et al. 2003; Ham, et al. 2009; Rozance, et al. 2015). By 90% of
gestation the decrement between control and PI-IUGR fetuses in islet size is greater than at
70% of gestation, but the vessel density is equivalent (Rozance et al. 2015), suggesting that
islet size was limited by vascular supply. Islet expression of the potent angiogenic factor
vascular endothelial growth factor A (VEGFA) was decreased at 90% of gestation, in LP rats
(Boujendar et al. 2002; Dumortier et al. 2007; Petrik et al. 1999; Snoeck et al. 1990), UAL
rats (Ham et al. 2009), and PI-IUGR sheep. Although VEGFA expression is critical in in
islet development, VEGFA inactivation in adult mice islets results in decreased islet
vascularity but only slightly impaired glucose metabolism and insulin secretion (Reinert, et
al. 2013).

Decreased islet vascularity has important implications for p-cell function because there are
multiple mechanisms of action by which endothelial cells stimulate B-cells (Beattie, et al.
1996; Brissova, et al. 2006; Lammert, et al. 2003; Nikolova, et al. 2006). One of these
pathways implicated in IUGR is the hepatocyte growth factor (HGF) pathway, as pancreatic
islet endothelial cells isolated from PI-IUGR fetuses produced less HGF compared to islet
endothelial cells isolated from control fetal sheep (Rozance et al. 2015). HGF increases the
insulin content of islets isolated from both PI-IUGR and control fetal sheep (Brown et al.
2016; Rozance et al. 2015). In adult islets, HGF also increases VEGFA secretion
(Johansson, et al. 2006). Finally, a complete mixture of amino acids, leucine individually,
and VEGFA can all increase endothelial cell expression and/or production of HGF (Brown
et al. 2016; Johansson et al. 2006). Importantly, when PI-IUGR fetuses were infused
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chronically with a complete mixture of amino acids enriched in the BCAAs, not only did
islet size increase, but islet vascularity increased in proportion to the increase in islet size
(Brown et al. 2016). Similar results occurred in the LP fetal rat, where gestational taurine
supplementation prevented the decrease in fetal islet vascularity and VEGFA expression, and
the increase in islet cell apoptosis (Abuzgaia et al. 2015). These were associated with higher
B-cell mass in taurine supplemented LP fetal rats compared to non-supplemented LP fetal
rats although insulin secretion was not enhanced (Boujendar et al. 2003; Boujendar et al.
2002). Together these findings suggest an impaired paracrine signaling loop between
pancreatic endothelial and B-cells in cases of IUGR which may, in fact, be nutrient sensitive
(reviewed in Rozance and Hay 2016).

Glucagon like peptide and inflammatory responses—Glucagon like peptide-1 and
its receptor agonist Exendin-4 (Ex-4) increase -cell mass and enhance insulin secretion in
UAL rats (De Ledn, et al. 2006; Stoffers 2004; Xu, et al. 1999). A more subtle increase in
insulin secretion occurred in Ex-4 treated UC-PI neonatal sheep (Liu, et al. 2015), which
may be due to the relative maturity of the neonatal sheep pancreas compared to the rat. In
addition to preventing the deleterious effects of placental insufficiency on pancreatic islet
dysfunction and the later development of diabetes, neonatal Ex-4 attenuated the decrease in
pancreatic vascularity and islet VEGFA in UAL rats (Ham et al. 2009). The effect of Ex-4
occurs, in part, by reversing histone deacetylation and DNA methylation in the proximal
promoter of Pdx1 in IUGR islets (Pinney, et al. 2011). UAL rat fetuses are characterized by
pancreatic islet lymphocyte and macrophage invasion with an associated transient
inflammatory response which precedes the decrease in p-cell mass, GSIS, and islet
vascularity. The local fetal islet immune and inflammatory response was inhibited with
administration of a neutralizing interleukin-4 (IL-4) antibody during the neonatal period.
The neutralizing IL-4 antibody also restored islet vascularity and p-cell function into
adulthood, mechanistically linking inflammation with progressive islet failure in this model
of IUGR. These results further underscore the importance of blood vessel and endothelial
cell interactions with the p-cell in the pathogenesis of impaired islet development and
function following placental insufficiency.

Summary

Further studies are needed to better characterize impaired islet and p-cell development and
function throughout the lifespan of IUGR humans. In the meantime, results from animal
models have provided substantial insights in the etiology of B-cell dysfunction in IUGR.
Considerable evidence from the interventional studies discussed in this review indicates islet
vascularity is an important regulator of p-cell development and function and that signaling
between the endothelial cell and B-cell is likely to be involved in the pathogenesis of
impaired islet function following placental insufficiency. Studies in both rat and sheep
models have shown depressed islet vascularity and VEGFA in the IUGR fetal islets, which
are improved by a number of interventions, including neutralizing 1L-4 antibodies, Ex-4, and
amino acids (Brown et al. 2016; Ham et al. 2009; Lammert et al. 2003; Liu et al. 2015;
Rozance et al. 2015). Reduced vascularity in the IUGR islets may result in either reduced
nutrient transfer to the p-cell or attenuate its ability to release insulin (Brissova et al. 2006;
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Richards, et al. 2010). Additionally, the timing and duration of nutritional insults are critical
in determining the severity of impaired islet function in IUGR. Although decreased pB-cell
mass, hypoinsulinemia, and lower insulin secretion are observed by 70% of gestation in
IUGR fetal sheep, the magnitude of the decrement in these features of IUGR sheep becomes
more pronounced as gestation progresses (Limesand et al. 2005; Limesand et al. 2013;
Limesand et al. 2006). Likewise, earlier restriction in UAL fetal rats (E17 vs. E18) results in
a greater reduction of p-cell mass at one day of age (De Prins and Van Assche 1982;
Simmons et al. 2001). Similarly, the negative impact of nutrient restriction is enhanced when
these restrictions are continued through lactation (Dumortier et al. 2007; Garofano et al.
1999).

Future directions

Recently, emergent —omic technologies have been adopted for measurement of various
molecules in SGA infants and animal models of IUGR. They provide a new opportunity for
understanding the links between placental insufficiency and the later development of T2DM
(Atzori, et al. 2009; Dessi, et al. 2013). Metabolic profiles of SGA children experiencing
delayed “catch up” growth suggest reduced insulin and IGF-1 phospho-kinase mediated
signaling (PI3K, AKT, and ERK). This likely reflects changes in cellular metabolism
associated with insulin sensitivity and growth failure observed in these children (Murray, et
al. 2016). Differences in the metabolic profiles of IUGR or SGA neonates support the
concept that defects in glucose and amino acid metabolism, insulin signaling, and
angiogenesis contribute to the etiology of IUGR (Conde-Agudelo, et al. 2013; Dessi, et al.
2012). Another emergent technology, noninvasive, /in vivo B-cell imaging, is being
developed for clinical and investigational applications (Souza, et al. 2006). Fluorescence
imaging combined with several microscopy techniques have been successfully utilized to
verify responsiveness to glucose and vascular networking in islet transplants or excised
pancreases (Nyman, et al. 2008; Speier, et al. 2008). Adaptations of clinical imaging
techniques including MRI, PET, and SPECT have been used to distinguish the exocrine and
endocrine pancreas and increased resolution of these techniques may be enhanced by the
continued evaluation of p-cell specific contrast agents and radio-ligands (Antkowiak, et al.
2009; Moore 2009; Steyn, et al. 2015; Willekens, et al. 2015). Further development of /n
vivo imaging techniques will allow for detailed investigation of complex cellular processes
regulating p-cell proliferation, vascularization, and insulin secretion in pathophysiological
conditions. These studies will provide valuable insights to the etiology of impaired B-cell
function following IUGR and how the B-cell mass changes over the lifespan of these
individuals.

Current reviews suggest maternal or neonatal nutrient supplementation has little impact in
mitigating IUGR in humans (Brown et al. 2011; Devaskar and Chu 2016; Hay 2008).
Furthermore, most nutritional interventions are associated with increased adiposity and not
increased linear growth. More promising are interventions which increase uterine blood flow
(Carr, et al. 2016; David, et al. 2008; Mehta, et al. 2014; Oyston, et al. 2016; Satterfield, et
al. 2010; von Dadelszen, et al. 2011). Despite this progress, animal studies are required to
evaluate the effect of these interventions on the fetal pathophysiological processes described
in this review and to refine further the therapies to specific complications of placental
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insufficiency. Given the length of time between birth and the development of T2DM in
humans, animal models are also required to test the impact of perinatal interventions on the
development of insulin resistance, p-cell failure and T2DM throughout the lifespan. In
addition to improving the healthy growth of the fetus and prolonging pregnancy,
interventions that restore normal islet development and B-cell function are needed to
diminish the onset of obesity, insulin resistance, and T2DM as these individuals reach
adulthood.
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Figure 1. A schematic representation of fetal pancreatic and p-cell dysfunction in models of
IUGR and potential mechanisms of glucose regulation for g-cell dysfunction

The fetal pancreas response to glucose is represented by the gray lines. Pancreatic
dysfunctions associated with models of IUGR are depicted by red lines. A fetal sheep islet is
at 90% of gestation is depicted in the micrograph and has been immunostained for insulin
(B-cell; blue), glucagon+somatostatin+pancreatic polypeptide (red), and vasculature (GS1;
green).
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Figure 2. Pancreatic and p-cell dysfunction in PI-lUGR and the response to increased exogenous
amino acid concentrations

A fetal sheep islet is at 90% of gestation is depicted in the micrograph and has been
immunostained for insulin (B-cell; blue), glucagon+somatostatin+pancreatic polypeptide
(red), and vasculature (GS1; green).
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Figure 3. A schematic representation of hypoxic and adrenergic regulation of insulin secretion in
PI-IUGR fetuses

Hypoxemia is induced in PI-IUGR and plasma catecholamine concentrations increase to
inhibit fetal GSIS. Experimental interventions to disrupt catecholamine signaling are
depicted.
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Figure 4. A schematic representation of paracrine signaling between vascular endothelial growth
factor A (VEGFA) and hepatocyte growth factor (HGF) in the fetal pancreas

Increased VEGFA enhances endothelial cell HGF, islet size, islet vascularity, and B-cell
mass, and decreases islet apoptosis. Increased HGF increases islet VEGFA and enhances
islet insulin secretion. As depicted by the red lines, IUGR decreases expression of islet
vascularity and VEFGA, as well as endothelial cell HGF. VEFGA expression is increased
with exogenous amino acid supplementation.
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