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Abstract

The Developmental Origins of Health and Disease (DOHaD) Hypothesis postulates that the /in
utero environment influences postnatal health and plays a role in disease etiology. Studies in both
humans and animal models have shown that exposure to either under- or overnutrition in utero
results in an increased risk of metabolic disease later in life. In addition, offspring born to
overweight or obese mothers are more likely to be obese as children and into early adulthood and
to have impaired glucose tolerance as adults. The Centers for Disease Control and Prevention
estimates that over 70% of adults over the age of 20 are either overweight or obese and that nearly
half of women are either overweight or obese at the time they become pregnant. Thus, the
consequences of maternal overnutrition on the developing fetus are likely to be realized in greater
numbers in the coming decades. This review will focus specifically on the effects of in utero
overnutrition on pancreatic islet development and function and how the resulting morphological
and functional changes influence the offspring’s risk of developing metabolic disease. We will
discuss the advantages and challenges of different animal models, the effects of exposure to
overnutrition during distinct periods of development, the similarities and differences between and
within model systems, and potential mechanisms and future directions in understanding how
developmental alterations due to maternal diet exposure influence islet health and function later in
life.
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INTRODUCTION

The Developmental Origins of Health and Disease (DOHaD) Hypothesis postulates that the
in utero environment influences postnatal health and plays a role in disease etiology. Early
evidence for DOHaD was obtained from studies on humans born during the Dutch Hunger
Winter, a period of famine in the Netherlands during World War 11, and their siblings born
outside this period of famine. Offspring born during this period of famine who were
undernourished in utero during the first or second trimesters were more likely to develop
obesity and metabolic disease in adulthood when compared with their siblings born before
or after the famine [1]. In the subsequent decades following these observations,
epidemiologist Dr. David Barker brought the DOHaD theory to prominence when he
published a series of studies demonstrating that individuals born with low birthweight or in
regions with high infant mortality (proxies for /n utero undernutrition or stress) were at an
increased risk of developing cardiovascular disease [2-4]. Interestingly, exposure to
overnutrition /n utero also results in an increased risk of metabolic disease later in life. Like
offspring born with low birthweight, high birthweight is also associated with increased BMI
in adulthood [5], and offspring born to overweight or obese mothers are more likely to be
obese as children and into early adulthood [6]. Additionally, offspring of mothers who were
obese before and during pregnancy developed insulin resistance and impaired glucose
tolerance as adults at significantly higher rates independent of birth weight [7].

The impact of these findings is magnified when considering the prevalence of overweight
and obesity in the United States. As of 2014, the Centers for Disease Control and Prevention
(CDC) estimates that over 70% of adults over the age of 20 are either overweight or obese
[8]. While the prevalence of overweight has remained relatively unchanged over the past few
decades, rates of obesity and extreme obesity (defined as BMI greater than or equal to 40)
are increasing rapidly in both men and women [9]. While obesity rates are often higher in
older populations, the increasing prevalence of obesity affects women of reproductive age to
a significant extent. The most recent data from the Pregnancy Risk Assessment Monitoring
System, a surveillance system of the CDC, indicates that nearly half of women are either
overweight or obese at the time they become pregnant [10]. Thus, the consequences of
maternal overnutrition on the developing fetus are likely to be realized in greater numbers in
the coming decades. This review will focus specifically on the effects of in utero
overnutrition on pancreatic islet development and function and how the resulting
morphological and functional changes influence the offspring’s risk of developing metabolic
disease.

To this end, numerous studies using several different animal models have been published
describing changes in islet structure and function due to /n utero overnutrition. However,
significant challenges exist when interpreting and comparing results due to differences in
study design. Variables that must be taken into consideration include animal model, source
of maternal overnutrition (e.g. high fat versus high sucrose diet, different sources and
quantities of dietary fat, etc.), timing of overnutrition leading up to or during pregnancy,
offspring post-weaning diet, and several other factors. Here we discuss the advantages and
challenges of different animal models, the effects of exposure to overnutrition during distinct
periods of development, the similarities and differences between and within model systems,
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and potential mechanisms and future directions in understanding how developmental
alternations due to maternal diet exposure influence islet health and function later in life.

Pancreas development primer

In order to appreciate the in utero consequences of exposure to overnutrition, a brief
overview of endocrine pancreas development is provided here. The following relies on a
series of reviews [11-13] to which the reader is referred for a more in-depth analysis.
Though the progression from progenitor to mature endocrine cells is very similar among
different organisms, specific time points during mouse development are referred to, since
most previous studies have utilized this model. For further reading on pancreas development
in the human, two additional reviews on the topic may be of interest [14, 15].

At gastrulation, a migration inward of cells at or near the surface of the blastula forms a
three-layered structure composed of ectoderm, mesoderm, and endoderm. In the mouse, the
embryo rotates from a lordotic position to a fetal position, leading to internalization of the
endoderm layer to form a gut tube. All endoderm-derived organs, including the pancreas,
originate from this tube. Signals from the mesoderm lead to patterning of the epithelium and
evagination of the pancreatic buds.

The basic cell lineage pathway and key developmental transcription factors leading to
differentiated pancreatic endocrine cells are shown in Figure 1A. The transcription factor
(TF) Pdx1 marks the pancreatic progenitor cells and is required for pancreas formation.
Pdx1 is initially broadly expressed in the posterior foregut endoderm as early as embryonic
day 8.5 (e8.5) in the mouse. Shortly thereafter, the dorsal pancreatic bud evaginates from the
dorsal foregut endoderm that lies between the putative stomach and duodenum domains. A
region of the ventral foregut endoderm becomes the ventral pancreatic bud. The dorsal bud
first appears at €9.5. Co-expression of Pdx1 with the TF Ptfla defines the pancreatic
progenitor cells and allows pancreas development to proceed. The TFs Sox9 and Ocl are
also co-expressed with Ptfla in a subset of Pdx1+ cells and are additional markers of
pancreatic progenitor cells. Pdx1+/Ptfla+/Sox9+/Ocl+ multipotent pancreatic progenitors
(MPCs) are highly proliferative and give rise to all the different pancreatic cell types (acinar
cells, ducts, endocrine cells). The MPCs expand and rearrange to form a multilayered
stratified epithelium. By e11.5, the two pancreatic buds have expanded into the surrounding
mesenchyme, leading to the formation of a highly branched tree-like structure embedded in
a loose mesenchyme.

The majority of endocrine cells in the mouse differentiate between e13.5 and e18.5 (with a
peak at e15.5) in what is referred to as the secondary transition of pancreas differentiation
(the “first wave” of differentiation produces a relatively lower number of primarily
glucagon-positive cells that do not contribute to the adult pancreas; it is unclear whether this
first wave exists in humans). During this time, MPCs become lineage restricted to either
Sox9+/Nkx6.1+ ductal-endocrine bipotent cells in the trunk of the tree-like structures, or
Ptfla+/Gatad+/Cpa+ cells in the tips that ultimately differentiate into acinar cells. Key TFs
required for endocrine differentiation are expressed at this stage. Neurogenin3 is the
definitive marker of the endocrine progenitor population. Bipotent endocrine/ductal cells are
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directed toward an endocrine fate by transient expression of this TF. Pdx1 becomes down-
regulated as the endocrine pancreas develops, but is ultimately expressed at high levels
specifically in the B cell. Dynamic changes in Pdx1 expression are necessary for proper
endocrine differentiation.

Committed endocrine cells delaminate from the ductal epithelium and aggregate to form
nascent islets around €18.5. Differentiation of single-hormone positive cells (insulin,
glucagon, somatostatin, PP, ghrelin) depends on specific combinations of TF expression in
gene regulatory networks that also repress alternate islet cell fates. The TF Pax4 plays a key
role in the B cell gene regulatory network. Pax4 mRNA is first detected at €9.5 and is
transiently expressed in all endocrine progenitor cells during development. It is downstream
of Neurogenin3 and essential for appropriate initiation of p-cell differentiation. Loss of Pax4
prevents expression of Pdx1 (which becomes restricted to the B cell) and insulin mRNA in
B-cell precursors. In the a cell, Arx plays a key role in differentiation. Arx expression begins
at €9.5 and persists into mature a cells. Pax4 has an opposing role to Arx, and helps to
suppress the a cell gene regulatory network in developing B cells. In all species examined,
the majority of hormone-expressing endocrine cells are § cells; however, the proportion of
cells and their localization within the islet can differ in different species. In mice, islets are
ultimately composed of a core of insulin-producing p cells, which account for about 80% of
all endocrine cells, surrounded by a mantle of the other endocrine cell types: glucagon-
producing a cells, somatostatin-producing & cells, pancreatic polypeptide-producing PP
cells, and ghrelin-producing e cells (Figure 1B). During the second wave of endocrine
differentiation, endocrine cells increase in number mainly due to neogenesis from bipotent
progenitors. In both human and mouse, all the endocrine cell types are present at birth and
mature endocrine cells aggregate into islet structures shortly after birth. Expansion of the
endocrine population after birth is primarily due to proliferation rather than neogenesis.

B-cell mass, function, and type 2 diabetes

The insulin-producing B cell plays an essential role in maintaining glucose homeostasis in
healthy individuals by sensing plasma glucose levels and secreting appropriate levels of
insulin. Glucose enters the B cell through the facilitated glucose transporter GLUT2, and is
then phosphorylated by the enzyme glucokinase. The resulting product, glucose-6-
phosphate, is further metabolized ultimately producing ATP. An increase in intracellular
ATP results in closure of plasma membrane ATP- sensitive potassium channels, causing
membrane depolarization and insulin release.

Human autopsy studies reveal that individuals with normal glucose homeostasis exhibit
differences in total p-cell mass at birth and in adulthood (Figure 2). Thus, one can assume
that there is a range of “normal” B-cell mass that can effectively maintain euglycemia under
standard conditions. However, in both humans and mice in the face of additional metabolic
demand, such as obesity-induced insulin resistance, a higher level of functional p-cell mass
is required to maintain euglycemia. In the majority of individuals who are insulin resistant,
B-cell compensation occurs, including an increase in insulin production and output per
cell, and an increase in B-cell mass via proliferation (Figure 2, dashed lines). However, in
some individuals, often in the face of prolonged metabolic stress, p-cell compensation fails
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and there is a loss of functional B-cell mass leading to hyperglycemia and type 2 diabetes
(Figure 2, dotted lines) [16].

Glucose homeostasis is assessed using a glucose tolerance test (GTT) (Figure 3A) in which
fasting plasma glucose is measured and then a bolus of glucose is administered followed by
serial measurements of plasma glucose over a set time period. This test assesses the ability
to clear glucose —a function of insulin secretion by the B cells and uptake by insulin-sensitive
peripheral tissues (such as liver, muscle, and adipose). Plasma insulin levels can also be
measured during the GTT (Figure 3B). Figure 3 depicts an illustrative GTT and plasma
insulin profile showing typical results from a healthy individual (black line), someone with
insulin resistance and impaired glucose tolerance (green line), and someone with diabetes
(orange line). Obesity and insulin resistance are associated with increased glucose
excursions and increased plasma insulin, with normal fasting and 2-hour post-prandial blood
glucose levels (green lines). However, prolonged periods of insulin resistance place undue
stress on the B cells [17], and in individuals with genetic susceptibility, can lead to fasting
hyperglycemia and type 2 diabetes (orange lines).

The precise reasons why some insulin-resistant individuals develop diabetes while others are
able to compensate remains unclear, and the etiology of diabetes can differ in different
individuals. The final outcome is likely determined by a combination of the initial p-cell
mass, the ability to increase insulin production and secretion, the extent of B-cell
proliferation, and the susceptibility to f-cell dedifferentiation or death (Figure 2). An
individual with pB-cell mass at the upper end of normal (green line) has sufficient p-cell mass
at baseline to maintain euglycemia even in the face of insulin resistance, provided there is no
loss of B-cell mass. Conversely, an individual with p-cell mass at the lower end of normal
(orange line) has sufficient B-cell mass to maintain euglycemia in the absence of metabolic
stress, but in the face of insulin resistance the low initial p-cell mass is insufficient, even
with a compensatory increase.

In summary, type 2 diabetes develops when the supply of functional -cell mass is
insufficient to meet the metabolic demand for insulin. This can occur due to an initially low
level of B-cell mass, or an inability to compensate for insulin resistance. As discussed in the
previous section, the development of the endocrine pancreas (and resulting baseline level of
B-cell mass) relies on coordinated expression of specific TFs during critical windows. Many
of these TFs are also expressed in the mature B-cell and have important roles in p-cell
function. As a result, exposure to overnutrition /in utero may increase type 2 diabetes
susceptibility by affecting the initial mass of B cells produced during development, or
altering the function of B cells such that they are unable to respond to metabolic stress.

Rodent models of maternal overnutrition

Rodent models are most frequently used to investigate the effects of /n utero overnutrition on
islet development and function. Rodents have several advantages that enable thorough, well-
controlled experiments that would otherwise be difficult to conduct in large animal models.
The advantages and disadvantages of both small and large animal models are discussed
thoroughly in a 2009 review by McMullin and Mostyn [18], and the following is based on
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their review and the experience of the authors. Due to the short duration of gestation and
lifespan, large litter size, and the relatively low cost of maintaining colonies, it is usually
feasible to conduct rodent studies which are sufficiently powered. Additionally, it is easier to
minimize genetic and environmental variability through inbred strains and uniform housing,
it is feasible to monitor food intake, and multiple genetically modified models are available,
enabling specific probing of pathways mediating the effects of maternal diet on the offspring
and the ability to sort out the role of and effects on specific cell types. Furthermore, dietary
components can be easily manipulated to test the effects of specific macronutrients on the
health of the offspring.

Multiple studies in rodents have investigated the effects of maternal high fat diet (HFD) or
obesity during pregnancy and its effects on offspring islet development and function [19-
29]. A summary of the effects of maternal overnutrition on offspring islets using rodent
models is presented in Table 1. The majority of these studies were conducted in rats and
completed before the year 2010. As previously mentioned, comparisons between studies are
often difficult due to differences in animal model, diet, and study design. However, three
themes emerge when considering the body of results as a whole. First, overwhelmingly,
maternal HFD results in significant changes in islet architecture or function, many of which
could be predicted to increase susceptibility to type 2 diabetes. For example, Graus-Nunes et
al. reported that HFD-exposed males and their offspring had increased islet mass and fasting
hyperinsulinemia [24] which can lead to insulin resistance. Meanwhile, Wistar rats exposed
to HFD had reduced p-cell mass at birth [21], which may predispose these animals to
develop diabetes later in life (Figure 2). Second, while changes in endocrine cell mass or
islet architecture vary, in the majority of studies there is some evidence of impaired islet
function. This manifests as whole body impairments in glucose tolerance in the offspring or
decreased insulin secretion from islets isolated from HFD- or obesity-exposed offspring
when treated with high glucose or other insulin secretagogues. Figure 4, adapted from Han
et al., 2005 [26], demonstrates how offspring exposed to maternal obesity initially have
normal glucose tolerance but demonstrate a progressive loss in p-cell function (i.e. insulin
secretion) with age that ultimately results in impaired glucose tolerance in adulthood. Third,
in the minority of studies that focused on sex differences, there were observable differences
in islet function between males and females, although which sex was more severely affected
depended on the study. There is some evidence in humans that adverse /n utero exposures
have differential effects on male and female offspring that can increase risk for metabolic
disease. Specifically, male and female offspring born during the Dutch Hunger Winter had
differential DNA methylation at metabolic gene loci [30]. Additionally, chemical exposure
in uteroresults in differential levels of the satiety hormone leptin in males and females [31].

Future studies are needed to help elucidate the mechanisms by which maternal overnutrition
impairs offspring islet function. In rodent models, islets from offspring born to obese or
HFD-fed mothers have decreased expression of genes involved in glucose metabolism and
oxidative phosphorylation [20, 26]. Also, there is evidence of decreased insulin protein
content in adult islets [26, 28, 29] and impaired insulin granule biosynthesis in p cells from
adult offspring [28] exposed to maternal obesity during development. Changes in offspring
gene expression due to /n utero exposures are generally thought to be due to epigenetic
mechanisms including DNA methylation (associated with gene repression) and histone
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marks associated with transcriptional activation (e.g. H3 Acetylation or H3K4
trimethylation) or repression (e.g. H3K9 dimethylation and H3K27 trimethylation). Support
for this concept comes from mouse studies showing multi-generational effects of maternal
HFD on offspring metabolism [24, 32] and mitochondrial function [33]. Additionally,
paternal HFD often leads to impairments in offspring metabolism that can persist for
multiple generations in mice [34]. In a rat model of maternal undernutrition, offspring born
to protein-restricted dams had decreased activating and increased repressive histone marks at
the locus for the transcriptional regulator Hnf4a, a Type 2 Diabetes susceptibility gene [35].
These epigenetic changes resulted in decreased expression of Hnf4a due to weaker
promotor-enhancer interaction. Further studies are needed to elucidate additional islet-
specific epigenetic alterations in response to maternal overnutrition. While the precise
mechanisms by which /n utero nutritional changes lead to epigenetic modifications are
largely unknown, diet is thought to influence DNA methylation or histone modifications in
three ways: providing the substrates necessary for DNA or histone methylation, providing
metabolic co-factors for DNA- or histone-modifying enzymes, and altering enzymes in the
methionine cycle (ultimately changing the bioavailability of methyl groups) [36].

While rodent models have been beneficial in studying effects of maternal overnutrition on
the offspring due to the advantages described above, there are also several disadvantages to
this model [18] that warrant the addition of studies in larger animal models. For example, the
large litter size leads to an /n utero environment significantly different from that in humans.
Space sharing within the uterus results in differences in fetal access to nutrition depending
on location within the uterus. Additionally, studies using multiple animals per litter per
group when sample number is low may not be statistically sound. Most rodents are altricial —
born at an underdeveloped state relatively to larger animals or man. Development of the
pancreas continues into postnatal life in rodents; islet neogenesis and significant endocrine
cell proliferation occur postnatally in the mouse. Mouse diets, especially purified diets high
in specific nutrients, are not representative of human diets, though cafeteria-style diets
partially mitigate this process.

The zebrafish model of overnutrition during development

Larger animal models often provide a more accurate representation of the human condition.
However, before discussing the advantages and previous findings in larger animal models,
we will briefly examine one small animal model that provides some unique insights. The
zebrafish may seem an unlikely model to study the effects of overnutrition during
development, but it has a few unique advantages over other animal models. Zebrafish hatch
at 3—4 days post fertilization (dpf) but the pancreas does not reach its mature shape and
position until 6 dpf [37]. Besides the low cost and feasibility of maintaining sufficient
numbers of fish, this developmental scheme allows incubation of zebrafish larvae in
solutions with specific macronutrient composition. Thus, precise probing of specific
macronutrients can determine which aspects of the diet affect the development of p cells.
Additionally, since larvae are transparent and development proceeds externally, islet
development can be monitored longitudinally in the same individual using fluorescent
reporter transgenes (see Figure 5). These benefits are in addition to many of the same
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benefits in other small animal models discussed above (ease of genetic manipulation, large
litter size, etc.).

A 2012 study by Maddison and Chen [38] investigated the effects of specific nutrient
combinations on developing larvae at 5 dpf (the start of free feeding). At this stage, zebrafish
posses a single islet with approximately 30 B cells, and are in the second wave of endocrine
differentiation. At 5 dpf, unfed larvae had an average of 32 B cells in the islet. Experimental
groups were provided hatchfry encapsulation (a zebrafish larval diet with 12% lipid), 20 mM
(high) glucose, or 5% chicken egg yolk (a higher lipid diet at 26.5%). As shown in Figure
5C, HFD-exposed fish had an average of 43.1 B cells after eight hours of incubation
compared with 36.7 in hatch fry. p cells were also larger in HFD-exposed fish (not shown).
Interestingly, when specific components of this diet were administered individually (amino
acids, intralipid, or glucose at low concentration), there was no increase in the number of g
cells compared with unfed larvae, and only the three macronutrients combined resulted in -
cell numbers comparable with chicken egg yolk. Only with the administration of high
concentrations of glucose were B-cell numbers increased, and still to a lesser extent than
with chicken egg yolk, suggesting that overnutrition itself, rather than a specific
macronutrient, was responsible for the phenotype observed. Another series of experiments
demonstrated that the increase in B-cell number due to overnutrition was a result of
increased differentiation from progenitors rather than proliferation of existing p cells,
leading to the author’s conclusion that p-cell development was accelerated in this model.
The long-term effects of these developmental alterations have not yet been examined in the
fish.

Large animal models of maternal overnutrition

A series of studies in sheep also demonstrated a similar response to overnutrition during
development as zebrafish larvae-fed HFD, which was then followed by impaired glucose
metabolism later in life [39-41]. Ewes were fed either an obesogenic or control diet for 60
days before conception, then throughout pregnancy and lactation. Fetuses analyzed in mid-
gestation (day 75) were larger in the obese group, with a disproportionate increase in
pancreatic weight. These animals also had higher plasma glucose and insulin levels and
increased pB-cell mass, suggesting that maternal obesity accelerated p-cell development in
this model. Unlike zebrafish, however, this increase in p-cell mass was primarily due to
increased proliferation. In late gestation (day 135), fetuses in the obese group had similar
weights to control animals, and pancreatic weight and p-cell mass were now reduced, with
increased B-cell apoptosis. At birth, obese-exposed sheep had elevated blood glucose and
reduced insulin levels. The relative loss of p-cell mass due to increased apoptosis was likely
due to chronic stress on the developing B cells from at least mid-gestation to the time of
birth. As adults, obese-exposed sheep were insulin resistant, glucose intolerant, and
consumed more feed during a feeding challenge resulting in significant weight gain. This
series of studies demonstrates that early increases in p-cell mass due to overnutrition during
development, which would appear to be a beneficial compensation, may set the offspring up
for failure later in life. It would be interesting to see if this were true for the zebrafish model
as well, despite the different etiologies of the additional p cells (neogenesis vs.
proliferation).
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Large animal models like the sheep have several distinct advantages when modelling
maternal overnutrition [18]. These include fewer offspring per pregnancy - sheep give birth
to between one and three live offspring. These offspring are born at a similar birthweight to
humans. Unlike rodents, which are atricial species, large animal models have a fully
developed hypothalamic-pituitary-adrenal axis before birth. However, there are also
disadvantages specific to the sheep model - sheep have a ruminant Gl system, breaking
down plant products via fermentation to produce volatile fatty acids, which serve as a major
energy source. This leads to important differences in metabolism between sheep and
humans. Additionally, glucose tolerance tests are less meaningful in sheep since they rely
more on fatty acids than glucose. Another large animal model, the non-human primate
(NHP) has notable similarities with human pregnancy in terms of placentation, longer
infant-dependent state, metabolism, and milk composition. Furthermore, islet structure and
function have been well characterized in the NHP and are very similar to that of humans,
especially compared with the mouse.

In humans, a phase of islet remodeling from late gestation through at least 4 years of age
ultimately results in islets with a more complex structure, as mouse-like islets with B-cell
cores coalesce to form larger islets that contain non-p cell types within the core of the islet.
Additionally, the ratio of B:a cells in human islets is significantly lower than in mouse.
Together, these differences increase the degree of cell-to-cell contact among the different
endocrine cell types in humans compared with mouse. This is demonstrated in the
immunohistochemically labelled islets in Figure 6A—C comparing NHP, human and mouse
islets. Additionally, NHP and human islets have similar expression levels of key TF genes
(Figure 6E) and insulin secretory profiles in response to various stimuli [42]. Together, these
structural and functional similarities between NHP and human islets, as well as similarities
in pregnancy and lactation, make the NHP a very attractive model. Unfortunately, the cost of
maintaining colonies and length of gestation (in addition to time to reach sexual maturity,
which is up to 4 years of age in this model) make widespread use of this animal prohibitive.

Two studies by the Grove group [43, 44] on the Japanese Macaque have investigated the
effects of maternal HFD on offspring islets. In both cases, control animals (CTR) were fed a
diet containing 14.7% calories from fat, while high fat diet (HFD) animals were fed 31.8%
of calories from fat for 4-7 years before pregnancy, during pregnancy, and during lactation.
After weaning, offspring were placed onto either CTR diet or HFD to generate four
experimental groups. In fetuses exposed to HFD, a-cell mass was reduced, as well as
pancreatic Insulin expression and GLUT2 expression when normalized to -cell area. Due to
the decreased a-cell mass, there was also an increase in the p:a cell ratio. After weaning,
which occurs at 8 months of age, both CTR/HFD and HFD/HFD offspring had increased
islet mass (analyzed at 13 months of age). In CTR/HFD offspring this was due to an increase
in islet number per unit area (suggesting increased neogenesis), whereas HFD/HFD
offspring had larger islets (suggestive of p-cell proliferation). The latter group also had a
persistently elevated p:a cell ratio, which was likely due to a decrease in a-cell area. In a
similar study design, Pound et a/. [44] found that fetuses exposed to HFD had reduced islet
vascularization, indicating impaired vasculogenesis during development. Interestingly, if
HFD-fed mothers were switched to CTR diet at the start of pregnancy, this developmental
phenotype was reversed. The reduction in islet vasculature caused by /n utero HFD-exposure
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could also be ameliorated if offspring were weaned to CTR diet. At 13-month of age,
CTR/HFD offspring had increased islet vasculature, suggesting a normal compensatory
response to increased metabolic demand. This increase in vasculature was absent in islets
from HFD/HFD animals. Together, these studies suggest that defects in islet structure and
function caused by maternal overnutrition may only manifest when animals consume an
unhealthy diet after weaning. Additionally, the effects of maternal overnutrition and
metabolic dysfunction due to HFD consumption may be prevented if mothers switch from a
HFD to a CTR diet before pregnancy.

Conclusions

. Each animal model reviewed has inherent advantages and disadvantages when
studying exposure to overnutrition /n utero. For small animal models, advantages
include low cost to maintain large colonies, ease of genetic manipulation, and
ability to minimize genetic variability, while disadvantages center around
differences between rodent and human gestation, diets, and islet structure. Large
animals provide a better approximation of human gestation and islet biology at
the price of greater costs, ethical considerations, and increased variability.

. While the severity of the islet phenotype due to /n utero HFD exposure depends
on the specific diet composition, duration, and animal model, overwhelmingly
maternal overnutrition leads to alternations in islet structure and — in the majority
of cases — measurable islet dysfunction in terms of impaired insulin secretion or
glucose tolerance.

. While several studies have quantified changes in islet structure, function, and
gene expression, more studies are needed to determine the precise mechanisms
by which maternal diet mediates these effects.

. Because the majority of women who become pregnant are either overweight or
obese at the start of pregnancy, future studies in the DOHaD area are needed and
have significant implications for future generations. Not only will this work
increase awareness of overnutrition /in utero as a serious risk factor for future
disease, but it will also allow the discovery of specific interventions that
overweight or obese mothers can implement to decrease this risk.

. Importantly, some of the studies reviewed here suggest that negative outcomes
due to /n utero overnutrition may be prevented by maternal diet modification at
the start of pregnancy, or potentially mitigated when offspring consume a healthy
diet after weaning.
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shown in other shapes. Key lineage-determining transcription factors up- or down-regulated
at each stage are shown in bold. (B) Scheme of rodent islet showing insulin-producing
cells at the islet core and comprising the majority of the islet. All other endocrine cells are

found at the islet periphery.
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threshold to remain
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Figure 2. Dyamics of B-cell mass under normal and impaired metabolic states
B-cell mass is established via neogenesis during embryogenesis and proliferation in early

postnatal life, plateauing in childhood. Individuals are born with a range of -cell mass that
is considered “normal” in that it is sufficient to maintain euglycemia in the absence of
metabolic stress. Average B-cell mass is shown in the black solid line, upper and lower
ranges of normal are shown in green and orange solid lines, respectively. With the onset of
obesity and insulin resistance, the normal response is an expansion in p-cell mass (by
proliferation) shown in the dashed lines. Individuals starting with a lower level of p-cell
mass may not reach the threshold required to maintain euglycemia in the setting of insulin
resistance, leading to increased susceptibility for type 2 diabetes. Alternatively, p-cell failure
and/or death (dotted lines) can occur in the setting of obesity and insulin resistance, again
leading to an increased susceptibility to type 2 diabetes for individuals starting with fewer -
cells.
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Figure 3. Correlation of glucose homeostasis with plasma insulin levels under normal and

impaired metabolic

states

(A) Representative intraperitoneal glucose tolerance test in which after an overnight fast, the
subject is given a glucose bolus. Blood glucose is measured at fasting and at different time
points after glucose administration over a two-hour period. Black line is the normal glucose
excursion curve. Green line represents impaired glucose tolerance. Orange line represents
diabetes. (B) Plasma insulin levels measured at the same time points as blood glucose in (A).
Colored lines are same as in (A). Glucose intolerance is associated with hyperinsulinemia,
while diabetes is associated with reduced plasma insulin in the face of elevated blood

glucose.
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Figure 4. High fat diet impairs islet function in offspring from obese female mice
Glucose tolerance tests (A, B, C) and plasma insulin levels (D, E, F) from high fat diet-fed

female offspring born to control (open diamonds) and obese (closed squares) dams.
Offspring were analyzed at 20 (A, D), 30 (B, E), and 50 (C, F) weeks of age. Data are means
+ SD. *p < 0.05, **p < 0.01 compared with control; n = 8-10. (Adapted from Han, J., Xu, J.,
Epstein, P. N. and Liu, Y. Q. 2005, Diabetologia, 48(9), 1810-8 with permission from

Springer.)
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Figure 5. Exposure of zebrafish to overnutrition during islet development increases p-cell
neogenesis
(A, B) Images of B cells expressing a nuclear mCherry transgene under control of the insulin

promoter. Approximately 30 B cells are observed in unfed larvae (A). This number increases
after 8 h of culture in chicken egg yolk (B). Scale bars, 10 um. (C) Effects of overnutrition
on B-cell numbers in 6-dpf larvae. Mannitol changes the osmolarity similar to glucose. Bars
indicate mean with SE (**ANOVA versus unfed, £< 0.001, Tukey HSD). (D) Time course
of the increase in pB-cell number within the first 8 h of culturing in 5% chicken egg yolk. n
indicates the number of individual larvae in each sample group. (Adapted from Maddison, L.
A. and Chen, W. 2012, Diabetes, 61(10), 2517-24 with permission from American Diabetes
Association)
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Figure 6. Differences in islet morphology and composition in different species
Non-human primate islets (A) are more similar in architecture to human islets (B). Both

species have less defined mantle and core domains than mouse islets (C). In mice, B cells are
restricted to the islet core while other cell types are found at the periphery. In non-human
primates and humans, non- cells are found at the periphery and internal to the islet. (D) B
cells comprise a larger proportion of endocrine cells in mouse islets compared with the other
two species. (E) Expression of islet transcription factors differs between species. *P < 0.05,
**P < 0.01, and ***P < 0.001, mouse vs. human; + P < 0.05 and ++ P < 0.01, +++ P < 0.001
mouse vs. NHP. (Adapted from Conrad, E., Dai, C., Spaeth, J., Guo, M., Cyphert, H. A.,
Scoville, D., Carroll, J., Yu, W. M., Goodrich, L. V., Harlan, D. M., Grove, K. L., Roberts,
C. T. Jr., Powers, A. C., Gu, G. and Stein, R. 2016, Am. J. Physiol. Endocrinol Metab.,
310(1), E91-e102 with permission from American Physiological Society.)

Trends Dev Biol. Author manuscript; available in PMC 2018 April 11.



Page 19

Elsakr and Gannon

[12]

WBram yuig
MOJ pey TOA4H

‘3WINJOA ||39- "S3}RUOBU
9d4H U1 paonpal alam
slaquinu pue awnjoA [189-g

S
ulnsui ewseyd Ui saouaJaIP ON

"01WadA|BiadAy
alam 9a4H o1wadA|bodAy
81sM 29Ad4H pue T9d4H

‘Je} [ewiue pajeinies
wody Jej yum (9v/1/0%)
a4H (sqedyuisiosdyey
wiou} [e3Y %G//ST/0T) ¥LD

s1el Jeisipn

[9z]

'S131SI 4H/3s800
pue y15/9s800

U1 paonpal alam
(M4d ‘HAdVD
‘ase|o1axsuel] )
SawAzua
oljogeIaW 193[3S
10 S|9A9] U18104d
"d4H/8seqo

10U INg 4H/NOD
Ul JUBU0I UINsul
19]S1 pasealoul
Aa4H "pooynpe
ul pazijew.ou
sIuypIng ‘Wbem
umIg Jayby

pey siayiow

9s300 4o Bundsyo

‘pazAjeur 10N

“412/NOD 01 paredwod

1jnwins 0} asuodsal pairedwi ing
UOI12193S UlINsul [eseq Je[iwis pey
sajewa} d4H/9s800 Wolj sia|sl
pareIos| "A4H/NOD 03 8Ale[a)
119 Buunp uonaldas uijnsul
paonpai pey Bundsyo a4H/es8q0
8[eWa) M 0G PUB 0E IV MM 0G 18
119 Buunp uonaldas ulnsui ssaj
pey (410/8s800 pue d4H/9s390)
sa[eway pasodxa-asaqO

‘d4H/NOD 01

aAIIe]a] 90URIB|0) 8500N|6 pasredwi

pey ssfews} A4H/8s8q0 XM 0S

‘d4H/8s890 ‘A4H/NOD
d12/85900 “Y.LI/NOD
:sdnoub inoy axew 03 ym
GT wouy Bunels (yey wouy
189 %609) Q-4H 40 (e} woiy
9%22) d.LD Udy} M GT [nun
MOUY9 Jewou pay Buudsyo
‘AoueuBald Burinp moyo
Jew.ou pay alam (adAy ppim
= NOD ‘uoneinw moj[aA
nnobe = 8s3qQ) SJaYIoN

(o1wa2A)Bna

NQ 9s800)

uoleINW Mok
1Inobe ay InoyM Jo
Yum ssnow 9/19.90

[vz]

‘Aoueubaud

Burnp pue

210337 1yBIaMIBN0
alam sdno.ib

Q4H T4 pue 04

"19]S1 JO 8102
8L} U1 S8 D pey g4 pue
T4 Q4H “Buljsgejounwuwy
TXPd paonpai pey

24 pue T4 yiog ‘ssew 132
-d Jaybiy yonw pue ssew
1189-D Jaybiy ‘ssew 19|st
Jaybiy pey a4H z4 pue T4

“elwauUINsuLIadAy
Bunsey pey z4 pue T4

"eIWadA|bIadAy Bunsey

pey A4H T4 "z4 ut siutod awn omy
Ye pauredwi pue T4 ut (DN 4ayB1y

Y3m) pairedw 89uBI|0} 8S0IN|D

‘SYIuOW € Je paren|eAs
Bunidsyo aje “(z4 pue

T) suonetauab z 10 H¥1D
uo Bunidsyo uayy ‘uoneioe|
ybnouy} paurejurew

191@ "Bunew alogaq

SY93M 8 10} M 1 1e Bulels
Q4H 10 410 “(pref ut

¥e} [euonippe snjd Y LD ul se
10 UeaqAos-%6) A4H ‘(110
ueagAos-1ey Wolj %/ T) 41D

asnow 9/19.90

[62]

"Sajeway
U1 palens)s Ingq
‘sefew d4H/A4H
Ul pasealoap

sem YNYW

IXPd PUe JUSIU0I
utnsu 19ys|
‘310w paybram
(Ajuo) sajeway
ddH/a4H

%M 0Z—9 wol4
SIM 9—f WOy
pue Y Je ybrom
Apoq Jaresls

(s1rst

afbue| Jo uonuodoud Jaybiy
Uyum) safewsy A4H/A4H
U1 eaJe 19|S| pasealoul

INQ SajewW Ul eale 19|sl
pasealdap a-4H [eulareln

"So[ewWay pue saew
110 Ul 30UEJS|0} UI|NSUI 8SI0M
PeY d4H/A4H M 0z pue vT IV

"YLO/d LD Uey) 8si0Mm
d10/A4H ‘s8jew Ul ‘A4H/41D

Uey] 8SI0M SeM J4H/A4H M 02
pue 3M T Je Sajewa) pue sajew uj
‘Bunidsyo g4H ul 3m 9 Je palredw|

‘adH

10 41D UsL M 9—F woy
¥.10D uo paoejd Bundsyo
‘Buiueam 03 uondaouod wouy
(ey wouy [e9% %g9) AH J0
(vey wouy [89% %G TT) YLD

asnowl /9719290

9duaJajay

S310N

Sol1e./SSewW |[80 8UlIo0pUT

upnsui Burise4/soue.s|ol ulnsuj

8500n|6 Bunse4/souels]01 800N

sdnoub eyuswiiadx3a81q

|apow [ewiuy

Author Manuscript

T alqeL

Author Manuscript

"UOILINUISAO [RUIBYRW JO S[3POW JUsPOJ JO UosLiedwo)

Author Manuscript

Author Manuscript

Trends Dev Biol. Author manuscript; available in PMC 2018 April 11.



Page 20

Elsakr and Gannon

OIA Ing ‘WyBram

10 %) S1180 ¢ 40 uouodoud

'0TTd e Jaybiy sem ujnsui

RIELE]]

%T¢€ ‘apleydoesAjod %TE

[ez] dnd uo 10843 ON Jaybiy pey Bundsyo o ewse|d ‘Buridsyjo ajew O U| 9s00n|6 ewse|d ul saoualayip ON 18} %G ‘U1gloid 94zz) 41D S1el JRISIA oUlg|Y
*3s00n16 ybiy
Je 9sealoul ploy
Jamo| pue uijnsul
Jeseq Jaybiy
pey Buiueam
Jsye 181p NSH
100481 U Q4H
01 pasodxa s19|s!
02Td "02Td 0}
0€d woiy yBrom
Apoq pasea.oul
pey NSH/A4H
pue 419/a4H
‘(sanbobeyaloss "181p NSH 10
urnsur) 'S|0J1U02 8AIdadsal 01 .10 oo paueam Ausbold
auloNna| Jo auluibre 9AIIe|a1 NSH/Q4H pue ¥12/a4H "(02Td ¥e palew) uoneioe|
10 9ouasald ayy ur ybiy sem uinsul ewseyd ‘0zTd "8s00n|H pue uonelsah ybnoays
ul 1o as0on|6 ybiy 1V "PIeMUO Opd WOy ¥1D/91D ewse|d parens)s pey nSH/AQ4H 7z Aep [ereuisod woly 101Q
Je ulnsut aiow 03 pasedwod ¥ 1 D/A4H ut Jaybiy pue ‘NSH/YLD “Y10/A4H | "(Sa1ed/ie) wol %y 72/S 6S)
pala.12as sasniay SeM UI|NSUl BuISe|d “WJa) 18 Sasn1ay ‘02Td 1V "JueJa|0IUl 3509N|H 819m QdH pue (squed/rey
[22] AadH woy siysi "pazAjeue 10N AadH ur unnsur ewseyd JaybiH NSH/A4H pue ¥10/A4H ‘06d IV WoJy 182X 9%0./6°0T) U1 | sred Aejmeq -enbeids
"06d Te pasealosp
g Bulueam
Je pasealoul Sem
Apog:seasoued
d-904H
‘onjel ybram
Apog:seasoued
paonpal
pey sajeuosu ‘uolyesayrjoud "S)UBISB|0pR
9Q4H "d1D | Ul saoualayip ou ‘asIMIBLIO d-9Q4H ‘s)uadsajope
0] Je[IWIS a1am ‘dd4H u1 uonesayijold da4H ‘sburjueam
9a4H 1a4H 1139 13]s! pasealou| 19Aa4H ‘sburjuesm
uay} ‘aouadsajope "sofjel ul abueys oN T1a4H ‘susdssjope
u1 dnoub 1sa1neay "Sjusosajope Buowre ssew "90U89s3|0pE Ul d1Waul|nsuLadAy '9@4H 10U INg 22UdIS3|0pR pue sareuoau 9d4H
[61] ay1 alem 19a4H 1199-¢ U1 saoualayip ON aIam d-9Q4H pue da4H u1 91WadA|bIadAy a1em dg4H | :sdnoio ‘anoge se 181p awes sied Jelsip\
'€19a4H
pue g99d4H
“19a4H
u1 paonpal
AiAnoealounwiwi
pue yYNYW ‘Buiueam
aseury|oan|o Te paulwexa buudsyo
"alow “1A4H pue “19d4H
payBrem Ta4H ‘€19a4H ‘219d4H
'S]0J1U0D UeY) SS3| “olwaullnsulodAy alam "o1WadA|BowLiou alem ‘T71904H ‘9a4H :sdnoio
[oz] paybrem ©a4H ‘pazAleue 10N 19a4H pue ‘T19d4H ‘9d4H 19a4H pue 9d4H ‘Y.L Aluo "8n0qe se Q4H pue Y10 Sjel JeIsipn
"yuiq Je paulwex3
"OQ-H ul pasealoul '9d4H 40 £€9A4H
91aM Jaguinu pue ‘azis ‘2904H ‘T9a4H :sdnoig
ERIIEIETEN S910N | SsoneJ/ssew 182 aulidopul | ulnsul Bunse-/aoueds)ol ulinsuj | 8soan|b Bunse4/aouelalol 8s0aN|9 sdnoub |eyuswiiadx3paig |apow [ewiuy

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Trends Dev Biol. Author manuscript; available in PMC 2018 April 11.



Page 21

Elsakr and Gannon

'sdnoif usamiaq
AlARISUSS Ulnsul
U1 seoualayIp

ou pamoys dnoib
awes ayr Aq Apnis
Jayjouyy ‘Apnis ayx
noybnoJy} el
pooj pue ybram
U1 seoualayIp

ON "yuiq

1e 1yB1am abesane
10 9zIs Jay|

‘uoisnjiiad ul SaousIaKIp ON

"181p Buruesm 1sod Yum uoie|asiod
ON "pare|a1lod Ajpanisod

Sem uoleloe| Buunp w4v's
‘IINWws 0} asuodsal Ul Uo1aIdas
uljnsut 13st Buridsyo yum
pale|a1i09 AjaAnebau sem uonyelsah
BuLINP V4V'S MM $T 18 S[ans)

AM T 1e S|aA3|

(ST/5L/0T)

OHO “(u13104d 96T

‘sqJed 945Gz ‘184 woly AB1aua
%09) Y-V'S ‘Buiuesm-jsod
OHD U0 paulejurew pue
swow QHD Ag pasinu uay}
‘049N Ul \Y4WS 01 pasodxa
sem Jeyl yui e snid ‘sdnosb
1noy ayew 0} 181p 43yl

pay alam BundsyO “uoleIoe|
pue uoneisab ybnoayy usyy
SiM ZT 01 6 Woly131p (OHD)
q1ed yby 1o (V4v'S) 18y

[zz] U1 80UaJIaIp ON ‘pazAJeue J0N ulnsui ewsefd Ul SaoUaIBIP ON 9509n|6 ewse|d ul Sa2UBIBYIP ON pateanies ybiy pay sI8UI0N SleJ JeISIM
‘Ausodipe
[euiwopge
pasealoul
pey Buridsyo
a4dH 'I®H
uo ABojoydiow
19]S1 U1 S8dUdIBYIP
SNoIAGO
oN ‘sdno.b
U2amIaq Jaip
j0U pIp s8|nuelh
1182 © "sa|nuelh "JUSJUOD UIINSUI 13]SI JAMO] pey
urnsul ainjewwi pue 3s0on|b W Qg 01 asuodsal ‘uolyeloe] pue Aoueubaid
10 uorodoud Ul uljnsul ssa| palaloss sig|s! Burinp pue Aoueubaid
Jarealf e AadH (saipnis dwe|d) Juelsisal 81049q sAep QT 181p pa4
pey s|j92 g dnoib urnsul a1am Buridsyo pjo-reak ‘(ybram Aq ple| 902 ynm
a4H ‘Adoasosoiw -T pue ‘uljnsui Bunsey pajeas|a ‘dnolb g4H u1 syuow 9 Je asoon|B payswalddns ¥19) a4H
[82] uo0J193[8 UQ ‘pazAfeue 10N pey Bunidsyo g4H plo-yiuow-9 Bunsey pajeAs|a spJemol pual] 1o (uBram Aq 18} %45) H1D sied Asjmeq anbeids
‘Te} Apoq alow
pey pue aiow
paybiam Buridsyo
a4H eam ‘Buiueam
/B2y aiow aje Te paulwexs buudsyo
dnoib ¥19 pue ‘uonyeloe] pue Asueubaid
Aoueubaud Burinp Burinp uay) ‘Burrew
ureb ybram ‘Bulueam e 810430 ¥daM auo Joj (|10
u1 adualayip 8s0on|6 Jaybiy Ing ‘yuiq ye asoonib | ajqeisbian wouy yey 63/6 002)
[gz] ou pey SIaYIoN ‘pazAjeue 10N ‘ulpnsui ewsejd ul saouaIayIp ON ewse|d Jamo| pey sdnd g4H a4H (e 6%/6 5¥) 41D s1ed JRISIM
"41D 01 paueam Buudsyo
‘uolyeloe] pue Asueubaid
ybnoys usy} ‘0zTd
01 TZd wouy s1a1q (srebns
a1dwis 9Tz ‘apLreyddesAjod
‘0TTd Pue 9¢gd Yioq 18 %TZ ‘|10 UI0D %G
S]189 o Jo uoiodold Jaybiy "8s09n|6 (INW G) ‘pJe| [eWIUR 940z ‘ulsloid
‘Je} Apoq 95 Jayby Pey OIN "0TTd ¥e Jamay |  [eseq Je ul|nsul ssa| Pajaloas siajsl %S'€2) (ON) Ausaqo
pey Bunidsyo Nq ‘9€d e (51199 19]S! |B10} 0TTd 'S8oUBIALIP OU ‘8SIMIBYIO leusarel “(ssebns ajdwis
ERIIEIETEN S910N | SsoneJ/ssew 182 aulidopul | ulnsul Bunse-/aoueds)ol ulinsuj | 8soan|b Bunse4/aouelalol 8s0aN|9 sdnoub |eyuswiiadx3paig |apow [ewiuy

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2018 April 11.

Trends Dev Biol. Author manuscript:



Page 22

Elsakr and Gannon

‘Aep [ereuisod = d ‘abe JO S}9aM = 3M ‘8AINd 8y} Japun Bale = DNV 1S9} 3dUeIa|01 8s0aN|B = 1 19 ‘181p
8s0.19nS ybiy = nsH ‘Ajereussod pue uoirelsah buinp a4H = d-9a4H ‘Alfereuisod 4H = dd-4H ‘Uo11eIde| JO X dam pue uoireisab Bulinp a4H = #19a4H uoneloe| pue uoieissb bulnp a4H = 19a4H
‘uoIIeIde| 40 X X9am Bulinp a4H = #1a4H ‘Ajuo uoneloe| Bulinp 4H = 1a4H ‘uoneisab o X 3eem Bulinp 4H = #9a4H ‘Ajuo uonelssb Buunp d4H = 9a4H 191p 18 ybiy = g4H $181p 10U0d = ¥ 1D

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Trends Dev Biol. Author manuscript; available in PMC 2018 April 11.



	Abstract
	INTRODUCTION
	Pancreas development primer
	β-cell mass, function, and type 2 diabetes
	Rodent models of maternal overnutrition
	The zebrafish model of overnutrition during development
	Large animal models of maternal overnutrition
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

