
Developmental programming of the pancreatic islet by in utero 
overnutrition

Joseph M. Elsakr2 and Maureen Gannon1,2,3,4,*

1Department of Veterans Affairs, Tennessee Valley Health Authority, Vanderbilt University, 
Nashville, TN 37232, USA

2Department of Molecular Physiology and Biophysics, Vanderbilt University, Nashville, TN 37232, 
USA

3Department of Medicine, Vanderbilt University, Nashville, TN 37232, USA

4Department of Cell and Developmental Biology, Vanderbilt University, Nashville, TN 37232, USA

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 II, 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 in utero undernutrition or stress) were at an 

increased risk of developing cardiovascular disease [2–4]. Interestingly, exposure to 

overnutrition in 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 in 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 e9.5. Co-expression of Pdx1 with the TF Ptf1a defines the pancreatic 

progenitor cells and allows pancreas development to proceed. The TFs Sox9 and Oc1 are 

also co-expressed with Ptf1a in a subset of Pdx1+ cells and are additional markers of 

pancreatic progenitor cells. Pdx1+/Ptf1a+/Sox9+/Oc1+ 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 

Ptf1a+/Gata4+/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 β 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 e18.5. 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 β cell gene regulatory network. Pax4 mRNA is first detected at e9.5 and is 

transiently expressed in all endocrine progenitor cells during development. It is downstream 

of Neurogenin3 and essential for appropriate initiation of β-cell differentiation. Loss of Pax4 

prevents expression of Pdx1 (which becomes restricted to the β cell) and insulin mRNA in 

β-cell precursors. In the α cell, Arx plays a key role in differentiation. Arx expression begins 

at e9.5 and persists into mature α cells. Pax4 has an opposing role to Arx, and helps to 

suppress the α cell gene regulatory network in developing β cells. In all species examined, 

the majority of hormone-expressing endocrine cells are β cells; however, the proportion of β 
cells and their localization within the islet can differ in different species. In mice, islets are 

ultimately composed of a core of insulin-producing β cells, which account for about 80% of 

all endocrine cells, surrounded by a mantle of the other endocrine cell types: glucagon-

producing α cells, somatostatin-producing δ cells, pancreatic polypeptide-producing PP 

cells, and ghrelin-producing ε 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.

β-cell mass, function, and type 2 diabetes

The insulin-producing β 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 β 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 β-cell mass at birth and in adulthood (Figure 2). Thus, one can assume 

that there is a range of “normal” β-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 β-cell mass 

is required to maintain euglycemia. In the majority of individuals who are insulin resistant, 

β-cell compensation occurs, including an increase in insulin production and output per β 
cell, and an increase in β-cell mass via proliferation (Figure 2, dashed lines). However, in 

some individuals, often in the face of prolonged metabolic stress, β-cell compensation fails 
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and there is a loss of functional β-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 β 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 β 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 β-cell 

mass, the ability to increase insulin production and secretion, the extent of β-cell 

proliferation, and the susceptibility to β-cell dedifferentiation or death (Figure 2). An 

individual with β-cell mass at the upper end of normal (green line) has sufficient β-cell mass 

at baseline to maintain euglycemia even in the face of insulin resistance, provided there is no 

loss of β-cell mass. Conversely, an individual with β-cell mass at the lower end of normal 

(orange line) has sufficient β-cell mass to maintain euglycemia in the absence of metabolic 

stress, but in the face of insulin resistance the low initial β-cell mass is insufficient, even 

with a compensatory increase.

In summary, type 2 diabetes develops when the supply of functional β-cell mass is 

insufficient to meet the metabolic demand for insulin. This can occur due to an initially low 

level of β-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 

β-cell mass) relies on coordinated expression of specific TFs during critical windows. Many 

of these TFs are also expressed in the mature β-cell and have important roles in β-cell 

function. As a result, exposure to overnutrition in utero may increase type 2 diabetes 

susceptibility by affecting the initial mass of β cells produced during development, or 

altering the function of β 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 in 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 β-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 β-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 in 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 utero results 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 β cells from 

adult offspring [28] exposed to maternal obesity during development. Changes in offspring 

gene expression due to in 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 Hnf4α, a Type 2 Diabetes susceptibility gene [35]. 

These epigenetic changes resulted in decreased expression of Hnf4α 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 in 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 in 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 β 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 β cells, and are in the second wave of endocrine 

differentiation. At 5 dpf, unfed larvae had an average of 32 β 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 β cells after eight hours of incubation 

compared with 36.7 in hatch fry. β 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 β 
cells compared with unfed larvae, and only the three macronutrients combined resulted in β-

cell numbers comparable with chicken egg yolk. Only with the administration of high 

concentrations of glucose were β-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 β-cell number due to overnutrition was a result of 

increased differentiation from progenitors rather than proliferation of existing β cells, 

leading to the author’s conclusion that β-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 β-cell mass, suggesting that maternal obesity accelerated β-cell development in 

this model. Unlike zebrafish, however, this increase in β-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 β-cell mass were now reduced, with 

increased β-cell apoptosis. At birth, obese-exposed sheep had elevated blood glucose and 

reduced insulin levels. The relative loss of β-cell mass due to increased apoptosis was likely 

due to chronic stress on the developing β 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 β-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 β 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 GI 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 β-cell 

cores coalesce to form larger islets that contain non-β cell types within the core of the islet. 

Additionally, the ratio of β:α 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, α-cell mass was reduced, as well as 

pancreatic Insulin expression and GLUT2 expression when normalized to β-cell area. Due to 

the decreased α-cell mass, there was also an increase in the β:α 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 β-cell proliferation). The latter group also had a 

persistently elevated β:α cell ratio, which was likely due to a decrease in α-cell area. In a 

similar study design, Pound et al. [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 in 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 in 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 in 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 in 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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Figure 1. Schematic of pancreatic cell lineages and key lineage transcription factors
(A) Undifferentiated progenitor cell types are shown in circles. Differentiated cells are 

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 β 
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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Figure 2. Dyamics of β-cell mass under normal and impaired metabolic states
β-cell mass is established via neogenesis during embryogenesis and proliferation in early 

postnatal life, plateauing in childhood. Individuals are born with a range of β-cell mass that 

is considered “normal” in that it is sufficient to maintain euglycemia in the absence of 

metabolic stress. Average β-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 β-cell mass (by 

proliferation) shown in the dashed lines. Individuals starting with a lower level of β-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, β-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 β-

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 β-cell 
neogenesis
(A, B) Images of β cells expressing a nuclear mCherry transgene under control of the insulin 

promoter. Approximately 30 β cells are observed in unfed larvae (A). This number increases 

after 8 h of culture in chicken egg yolk (B). Scale bars, 10 μm. (C) Effects of overnutrition 

on β-cell numbers in 6-dpf larvae. Mannitol changes the osmolarity similar to glucose. Bars 

indicate mean with SE (**ANOVA versus unfed, P < 0.001, Tukey HSD). (D) Time course 

of the increase in β-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, β cells are 

restricted to the islet core while other cell types are found at the periphery. In non-human 

primates and humans, non-β cells are found at the periphery and internal to the islet. (D) β 
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.)

Elsakr and Gannon Page 18

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Elsakr and Gannon Page 19

Ta
b

le
 1

C
om

pa
ri

so
n 

of
 r

od
en

t m
od

el
s 

of
 m

at
er

na
l o

ve
rn

ut
ri

tio
n.

A
ni

m
al

 m
od

el
D

ie
t/

E
xp

er
im

en
ta

l g
ro

up
s

G
lu

co
se

 t
ol

er
an

ce
/F

as
ti

ng
 g

lu
co

se
In

su
lin

 t
ol

er
an

ce
/F

as
ti

ng
 in

su
lin

E
nd

oc
ri

ne
 c

el
l m

as
s/

ra
ti

os
N

ot
es

R
ef

er
en

ce

C
57

B
L

6/
J 

m
ou

se
C

T
R

 (
11

.5
%

 k
ca

l f
ro

m
 f

at
) 

or
 H

FD
 (

62
%

 k
ca

l f
ro

m
 f

at
) 

fr
om

 c
on

ce
pt

io
n 

to
 w

ea
ni

ng
. 

O
ff

sp
ri

ng
 p

la
ce

d 
on

 C
T

R
 

fr
om

 4
–6

 w
k 

th
en

 C
T

R
 o

r 
H

FD
.

Im
pa

ir
ed

 a
t 6

 w
k 

in
 H

FD
 o

ff
sp

ri
ng

. 
In

 m
al

es
 a

nd
 f

em
al

es
 a

t 1
4 

w
k 

an
d 

20
 w

k,
 H

FD
/H

FD
 w

as
 w

or
se

 th
an

 
C

T
R

/H
FD

. I
n 

m
al

es
, H

FD
/C

T
R

 
w

or
se

 th
an

 C
T

R
/C

T
R

.

A
t 1

4 
an

d 
20

 w
k,

 H
FD

/H
FD

 h
ad

 
w

or
se

 in
su

lin
 to

le
ra

nc
e 

in
 b

ot
h 

m
al

es
 a

nd
 f

em
al

es
.

M
at

er
na

l H
FD

 d
ec

re
as

ed
 

is
le

t a
re

a 
in

 m
al

es
 b

ut
 

in
cr

ea
se

d 
is

le
t a

re
a 

in
 

H
FD

/H
FD

 f
em

al
es

 (
w

ith
 

hi
gh

er
 p

ro
po

rt
io

n 
of

 la
rg

e 
is

le
ts

).

G
re

at
er

 b
od

y 
w

ei
gh

t a
t b

ir
th

 a
nd

 
fr

om
 4

–6
 w

k.
 

Fr
om

 6
–2

0 
w

k 
H

FD
/H

FD
 

fe
m

al
es

 (
on

ly
) 

w
ei

gh
ed

 m
or

e.
 

Is
le

t i
ns

ul
in

 
co

nt
en

t a
nd

 P
dx

1 
m

R
N

A
 w

as
 

de
cr

ea
se

d 
in

 
H

FD
/H

FD
 m

al
es

, 
bu

t e
le

va
te

d 
in

 
fe

m
al

es
.

[2
9]

C
57

B
L

/6
 m

ou
se

C
T

R
 (

17
%

 f
ro

m
 f

at
-s

oy
be

an
 

oi
l)

; H
FD

 (
49

%
-s

oy
be

an
 o

il 
as

 in
 C

T
R

 p
lu

s 
ad

di
tio

na
l f

at
 

in
 la

rd
).

 C
T

R
 o

r 
H

FD
 

st
ar

tin
g 

at
 4

 w
k 

fo
r 

8 
w

ee
ks

 
be

fo
re

 m
at

in
g.

 D
ie

t 
m

ai
nt

ai
ne

d 
th

ro
ug

h 
la

ct
at

io
n;

 th
en

 o
ff

sp
ri

ng
 o

n 
C

T
R

 f
or

 2
 g

en
er

at
io

ns
 (

F1
 

an
d 

F2
).

 M
al

e 
of

fs
pr

in
g 

ev
al

ua
te

d 
at

 3
 m

on
th

s.

G
lu

co
se

 to
le

ra
nc

e 
im

pa
ir

ed
 (

w
ith

 
hi

gh
er

 A
U

C
) 

in
 F

1 
an

d 
im

pa
ir

ed
 a

t 
tw

o 
tim

e 
po

in
ts

 in
 F

2.
 F

1 
H

FD
 h

ad
 

fa
st

in
g 

hy
pe

rg
ly

ce
m

ia
.

F1
 a

nd
 F

2 
ha

d 
fa

st
in

g 
hy

pe
ri

ns
ul

in
em

ia
.

F1
 a

nd
 F

2 
H

FD
 h

ad
 h

ig
he

r 
is

le
t m

as
s,

 h
ig

he
r 
α

-c
el

l 
m

as
s 

an
d 

m
uc

h 
hi

gh
er

 β
-

ce
ll 

m
as

s.
 B

ot
h 

F1
 a

nd
 F

2 
ha

d 
re

du
ce

d 
Pd

x1
 

im
m

un
ol

ab
el

in
g.

 H
FD

 F
1 

an
d 

F2
 h

ad
 α

 c
el

ls
 in

 th
e 

co
re

 o
f 

is
le

t.

F0
 a

nd
 F

1 
H

FD
 

gr
ou

ps
 w

er
e 

ov
er

w
ei

gh
t b

ef
or

e 
an

d 
du

ri
ng

 
pr

eg
na

nc
y.

[2
4]

C
57

B
L

/6
 m

ou
se

 w
ith

 
or

 w
ith

ou
t t

he
 a

go
ut

i 
ye

llo
w

 m
ut

at
io

n 
(o

be
se

 b
ut

 
eu

gl
yc

em
ic

)

M
ot

he
rs

 (
O

be
se

 =
 a

go
ut

i 
ye

llo
w

 m
ut

at
io

n;
 C

O
N

 =
 

w
ild

 ty
pe

) 
w

er
e 

fe
d 

no
rm

al
 

ch
ow

 d
ur

in
g 

pr
eg

na
nc

y.
 

O
ff

sp
ri

ng
 f

ed
 n

or
m

al
 c

ho
w

 
un

til
 1

5 
w

k,
 th

en
 C

T
R

 (
22

%
 

fr
om

 f
at

) 
or

 H
FD

 (
60

%
 c

al
 

fr
om

 f
at

) 
st

ar
tin

g 
fr

om
 1

5 
w

k 
to

 m
ak

e 
fo

ur
 g

ro
up

s:
 

C
O

N
/C

T
R

, O
be

se
/C

T
R

, 
C

O
N

/H
FD

, O
be

se
/H

FD
.

50
 w

k 
O

be
se

/H
FD

 f
em

al
es

 h
ad

 
im

pa
ir

ed
 g

lu
co

se
 to

le
ra

nc
e 

re
la

tiv
e 

to
 C

O
N

/H
FD

.

O
be

se
-e

xp
os

ed
 f

em
al

es
 

(O
be

se
/H

FD
 a

nd
 O

be
se

/C
T

R
) 

ha
d 

le
ss

 in
su

lin
 s

ec
re

tio
n 

du
ri

ng
 G

T
T

 
at

 5
0 

w
k.

 A
t 3

0 
an

d 
50

 w
k,

 f
em

al
e 

O
be

se
/H

FD
 o

ff
sp

ri
ng

 h
ad

 r
ed

uc
ed

 
in

su
lin

 s
ec

re
tio

n 
du

ri
ng

 G
T

T
 

re
la

tiv
e 

to
 C

O
N

/H
FD

. I
so

la
te

d 
is

le
ts

 f
ro

m
 O

be
se

/H
FD

 f
em

al
es

 
ha

d 
si

m
ila

r 
ba

sa
l i

ns
ul

in
 s

ec
re

tio
n 

bu
t i

m
pa

ir
ed

 r
es

po
ns

e 
to

 s
tim

ul
i 

co
m

pa
re

d 
to

 C
O

N
/C

T
R

.

N
ot

 a
na

ly
ze

d.
O

ff
sp

ri
ng

 o
f 

ob
es

e 
m

ot
he

rs
 h

ad
 

hi
gh

er
 b

ir
th

 
w

ei
gh

t, 
bu

t t
hi

s 
no

rm
al

iz
ed

 in
 

ad
ul

th
oo

d.
 H

FD
 

in
cr

ea
se

d 
is

le
t 

in
su

lin
 c

on
te

nt
 in

 
C

O
N

/H
FD

 b
ut

 n
ot

 
ob

es
e/

H
FD

. 
Pr

ot
ei

n 
le

ve
ls

 o
f 

se
le

ct
 m

et
ab

ol
ic

 
en

zy
m

es
 

(T
ra

ns
ke

to
la

se
, 

G
A

PD
H

, P
FK

) 
w

er
e 

re
du

ce
d 

in
 

O
be

se
/C

T
R

 a
nd

 
O

be
se

/H
FD

 is
le

ts
.

[2
6]

W
is

ta
r 

ra
ts

C
T

R
 (

10
/1

5/
75

%
 k

ca
l f

ro
m

 
fa

t/p
ro

te
in

/c
ar

bs
) 

H
FD

 
(4

0/
14

/4
6)

 w
ith

 f
at

 f
ro

m
 

sa
tu

ra
te

d 
an

im
al

 f
at

. 

H
FD

G
1 

an
d 

H
FD

G
2 

w
er

e 
hy

po
gl

yc
em

ic
. H

FD
G

 w
er

e 
hy

pe
rg

ly
ce

m
ic

.

N
o 

di
ff

er
en

ce
s 

in
 p

la
sm

a 
in

su
lin

 
le

ve
ls

.
β-

ce
ll 

vo
lu

m
e 

an
d 

nu
m

be
rs

 
w

er
e 

re
du

ce
d 

in
 H

FD
G

 
ne

on
at

es
. α

-c
el

l v
ol

um
e,

 

H
FD

G
1 

ha
d 

lo
w

 
bi

rt
h 

w
ei

gh
t.

[2
1]

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Elsakr and Gannon Page 20

A
ni

m
al

 m
od

el
D

ie
t/

E
xp

er
im

en
ta

l g
ro

up
s

G
lu

co
se

 t
ol

er
an

ce
/F

as
ti

ng
 g

lu
co

se
In

su
lin

 t
ol

er
an

ce
/F

as
ti

ng
 in

su
lin

E
nd

oc
ri

ne
 c

el
l m

as
s/

ra
ti

os
N

ot
es

R
ef

er
en

ce

G
ro

up
s:

 H
FD

G
1,

 H
FD

G
2,

 
H

FD
G

3 
or

 H
FD

G
. 

E
xa

m
in

ed
 a

t b
ir

th
.

si
ze

, a
nd

 n
um

be
r 

w
er

e 
in

cr
ea

se
d 

in
 H

FD
G

.

W
is

ta
r 

ra
ts

C
T

R
 a

nd
 H

FD
 a

s 
ab

ov
e.

 
G

ro
up

s:
 H

FD
G

, H
FD

G
L

1,
 

H
FD

G
L

2,
 H

FD
G

L
3,

 
H

FD
G

L
, a

nd
 H

FD
L

. 
O

ff
sp

ri
ng

 e
xa

m
in

ed
 a

t 
w

ea
ni

ng
.

O
nl

y 
C

T
R

, H
FD

G
 a

nd
 H

FD
G

L
 

w
er

e 
no

rm
og

ly
ce

m
ic

.
H

FD
G

, H
FD

G
L

1,
 a

nd
 H

FD
G

L
 

w
er

e 
hy

po
in

su
lin

em
ic

.
N

ot
 a

na
ly

ze
d.

H
FD

G
 w

ei
gh

ed
 

le
ss

 th
an

 c
on

tr
ol

s,
 

H
FD

L
 w

ei
gh

ed
 

m
or

e.
 

G
lu

co
ki

na
se

 
m

R
N

A
 a

nd
 

im
m

un
or

ea
ct

iv
ity

 
re

du
ce

d 
in

 
H

FD
G

L
, 

H
FD

G
L

2 
an

d 
H

FD
G

L
3.

[2
0]

W
is

ta
r 

ra
ts

Sa
m

e 
di

et
 a

s 
ab

ov
e.

 G
ro

up
s:

 
H

FD
G

 n
eo

na
te

s 
an

d 
ad

ol
es

ce
nt

s,
 H

FD
L

 
w

ea
nl

in
gs

, H
FD

G
L

 
w

ea
nl

in
gs

, H
FD

P 
ad

ol
es

ce
nt

s,
 H

FD
G

-P
 

ad
ol

es
ce

nt
s.

H
FD

P 
w

er
e 

hy
pe

rg
ly

ce
m

ic
 in

 
ad

ol
es

ce
nc

e 
bu

t n
ot

 H
FD

G
.

H
FD

P 
an

d 
H

FD
G

-P
 w

er
e 

hy
pe

ri
ns

ul
in

em
ic

 in
 a

do
le

sc
en

ce
.

N
o 

di
ff

er
en

ce
s 

in
 β

-c
el

l 
m

as
s 

am
on

g 
ad

ol
es

ce
nt

s.
 

N
o 

ch
an

ge
 in

 r
at

io
s.

 
In

cr
ea

se
d 

is
le

t c
el

l 
pr

ol
if

er
at

io
n 

in
 H

FD
P.

 
O

th
er

w
is

e,
 n

o 
di

ff
er

en
ce

s 
in

 
pr

ol
if

er
at

io
n.

H
FD

G
L

 w
er

e 
th

e 
he

av
ie

st
 g

ro
up

 in
 

ad
ol

es
ce

nc
e,

 th
en

 
H

FD
L

. H
FD

G
 

w
er

e 
si

m
ila

r 
to

 
C

T
R

. H
FD

G
 

ne
on

at
es

 h
ad

 
re

du
ce

d 
pa

nc
re

as
:b

od
y 

w
ei

gh
t r

at
io

. 
H

FD
G

-P
 

pa
nc

re
as

:b
od

y 
w

as
 in

cr
ea

se
d 

at
 

w
ea

ni
ng

 b
ut

 
de

cr
ea

se
d 

at
 P

90
.

[1
9]

Sp
ra

gu
e-

 D
aw

le
y 

ra
ts

C
T

R
 (

10
.9

/7
0%

 k
ca

l f
ro

m
 

fa
t/c

ar
bs

) 
an

d 
H

FD
 

(5
9.

5/
24

.4
%

 f
ro

m
 f

at
/c

ar
bs

).
 

D
ie

t f
ro

m
 p

os
tn

at
al

 d
ay

 2
4 

th
ro

ug
h 

ge
st

at
io

n 
an

d 
la

ct
at

io
n 

(m
at

ed
 a

t P
12

0)
. 

Pr
og

en
y 

w
ea

ne
d 

on
to

 C
T

R
 

or
 H

Su
 d

ie
t.

A
t P

90
, H

FD
/C

T
R

 a
nd

 H
FD

/H
Su

 
w

er
e 

gl
uc

os
e 

in
to

le
ra

nt
. A

t P
12

0,
 

H
FD

/C
T

R
, C

T
R

/H
Su

, a
nd

 
H

FD
/H

Su
 h

ad
 e

le
va

te
d 

pl
as

m
a 

gl
uc

os
e.

H
ig

he
r 

pl
as

m
a 

in
su

lin
 in

 H
FD

 
fe

tu
se

s 
at

 te
rm

. P
la

sm
a 

in
su

lin
 w

as
 

hi
gh

er
 in

 H
FD

/C
T

R
 c

om
pa

re
d 

to
 

C
T

R
/C

T
R

 f
ro

m
 P

40
 o

nw
ar

d.
 A

t 
P1

20
, p

la
sm

a 
in

su
lin

 w
as

 h
ig

h 
in

 
H

FD
/C

T
R

 a
nd

 H
FD

/H
Su

 r
el

at
iv

e 
to

 r
es

pe
ct

iv
e 

co
nt

ro
ls

.

N
ot

 a
na

ly
ze

d.
Is

le
ts

 f
ro

m
 H

FD
 

fe
tu

se
s 

se
cr

et
ed

 
m

or
e 

in
su

lin
 a

t 
hi

gh
 g

lu
co

se
 o

r 
in

 
th

e 
pr

es
en

ce
 o

f 
ar

gi
ni

ne
 o

r 
le

uc
in

e 
(i

ns
ul

in
 

se
cr

et
ag

og
ue

s)
. 

H
FD

/C
T

R
 a

nd
 

H
FD

/H
Su

 h
ad

 
in

cr
ea

se
d 

bo
dy

 
w

ei
gh

t f
ro

m
 P

30
 

to
 P

12
0.

 P
12

0 
is

le
ts

 e
xp

os
ed

 to
 

H
FD

 in
 u

te
ro

 o
r 

H
Su

 d
ie

t a
ft

er
 

w
ea

ni
ng

 h
ad

 
hi

gh
er

 b
as

al
 

in
su

lin
 a

nd
 lo

w
er

 
fo

ld
 in

cr
ea

se
 a

t 
hi

gh
 g

lu
co

se
.

[2
7]

A
lb

in
o 

W
is

ta
r 

ra
ts

C
T

R
 (

22
%

 p
ro

te
in

, 5
%

 f
at

, 
31

%
 p

ol
ys

ac
ch

ar
id

e,
 3

1%
 

N
o 

di
ff

er
en

ce
s 

in
 p

la
sm

a 
gl

uc
os

e 
le

ve
ls

.
In

 M
O

 m
al

e 
of

fs
pr

in
g,

 p
la

sm
a 

in
su

lin
 w

as
 h

ig
he

r 
at

 P
11

0.
 

M
O

 o
ff

sp
ri

ng
 h

ad
 h

ig
he

r 
pr

op
or

tio
n 

of
 β

 c
el

ls
 (

%
 o

f 
N

o 
ef

fe
ct

 o
n 

pu
p 

w
ei

gh
t, 

bu
t M

O
 

[2
3]

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Elsakr and Gannon Page 21

A
ni

m
al

 m
od

el
D

ie
t/

E
xp

er
im

en
ta

l g
ro

up
s

G
lu

co
se

 t
ol

er
an

ce
/F

as
ti

ng
 g

lu
co

se
In

su
lin

 t
ol

er
an

ce
/F

as
ti

ng
 in

su
lin

E
nd

oc
ri

ne
 c

el
l m

as
s/

ra
ti

os
N

ot
es

R
ef

er
en

ce

si
m

pl
e 

su
ga

rs
).

 M
at

er
na

l 
ob

es
ity

 (
M

O
) 

(2
3.

5%
 

pr
ot

ei
n,

 2
0%

 a
ni

m
al

 la
rd

, 
5%

 c
or

n 
oi

l, 
21

%
 

po
ly

sa
cc

ha
ri

de
, 2

1%
 s

im
pl

e 
su

ga
rs

).
 D

ie
ts

 f
ro

m
 P

21
 to

 
P1

20
, t

he
n 

th
ro

ug
h 

pr
eg

na
nc

y 
an

d 
la

ct
at

io
n.

 
O

ff
sp

ri
ng

 w
ea

ne
d 

to
 C

T
R

.

O
th

er
w

is
e,

 n
o 

di
ff

er
en

ce
s.

 P
11

0 
is

le
ts

 s
ec

re
te

d 
le

ss
 in

su
lin

 a
t b

as
al

 
(5

 m
M

) 
gl

uc
os

e.

to
ta

l i
sl

et
 c

el
ls

) 
at

 P
36

, b
ut

 
fe

w
er

 a
t P

11
0.

 M
O

 h
ad

 
hi

gh
er

 p
ro

po
rt

io
n 

of
 α

 c
el

ls
 

at
 b

ot
h 

P3
6 

an
d 

P1
10

.

of
fs

pr
in

g 
ha

d 
hi

gh
er

 %
 b

od
y 

fa
t.

W
is

ta
r 

ra
ts

C
T

R
 (

45
 g

/k
g 

fa
t)

; H
FD

 
(2

00
 g

/k
g 

fa
t f

ro
m

 v
eg

et
ab

le
 

oi
l)

 f
or

 o
ne

 w
ee

k 
be

fo
re

 
m

at
in

g,
 th

en
 d

ur
in

g 
pr

eg
na

nc
y 

an
d 

la
ct

at
io

n.
 

O
ff

sp
ri

ng
 e

xa
m

in
ed

 a
t 

w
ea

ni
ng

.

H
FD

 p
up

s 
ha

d 
lo

w
er

 p
la

sm
a 

gl
uc

os
e 

at
 b

ir
th

, b
ut

 h
ig

he
r 

gl
uc

os
e 

at
 w

ea
ni

ng
.

N
o 

di
ff

er
en

ce
s 

in
 p

la
sm

a 
in

su
lin

.
N

ot
 a

na
ly

ze
d.

M
ot

he
rs

 h
ad

 n
o 

di
ff

er
en

ce
 in

 
w

ei
gh

t g
ai

n 
du

ri
ng

 p
re

gn
an

cy
 

an
d 

C
T

R
 g

ro
up

 
at

e 
m

or
e 

kc
al

/
w

ee
k.

 H
FD

 
of

fs
pr

in
g 

w
ei

gh
ed

 
m

or
e 

an
d 

ha
d 

m
or

e 
bo

dy
 f

at
.

[2
5]

Sp
ra

gu
e 

D
aw

le
y 

ra
ts

C
T

R
 (

5%
 f

at
 b

y 
w

ei
gh

t)
 o

r 
H

FD
 (

C
T

R
 s

up
pl

em
en

te
d 

w
ith

 2
0%

 la
rd

 b
y 

w
ei

gh
t)

. 
Fe

d 
di

et
 1

0 
da

ys
 b

ef
or

e 
pr

eg
na

nc
y 

an
d 

du
ri

ng
 

pr
eg

na
nc

y 
an

d 
la

ct
at

io
n.

T
re

nd
 to

w
ar

ds
 e

le
va

te
d 

fa
st

in
g 

gl
uc

os
e 

at
 6

 m
on

th
s 

in
 H

FD
 g

ro
up

.
6-

m
on

th
-o

ld
 H

FD
 o

ff
sp

ri
ng

 h
ad

 
el

ev
at

ed
 f

as
tin

g 
in

su
lin

, a
nd

 1
-

ye
ar

-o
ld

 o
ff

sp
ri

ng
 w

er
e 

in
su

lin
 

re
si

st
an

t (
cl

am
p 

st
ud

ie
s)

. H
FD

 
is

le
ts

 s
ec

re
te

d 
le

ss
 in

su
lin

 in
 

re
sp

on
se

 to
 2

0 
m

M
 g

lu
co

se
 a

nd
 

ha
d 

lo
w

er
 is

le
t i

ns
ul

in
 c

on
te

nt
.

N
ot

 a
na

ly
ze

d.
O

n 
el

ec
tr

on
 

m
ic

ro
sc

op
y,

 H
FD

 
gr

ou
p 
β 

ce
lls

 h
ad

 
a 

gr
ea

te
r 

pr
op

or
tio

n 
of

 
im

m
at

ur
e 

in
su

lin
 

gr
an

ul
es

. α
 c

el
l 

gr
an

ul
es

 d
id

 n
ot

 
di

ff
er

 b
et

w
ee

n 
gr

ou
ps

. N
o 

ob
vi

ou
s 

di
ff

er
en

ce
s 

in
 is

le
t 

m
or

ph
ol

og
y 

on
 

H
&

E
. H

FD
 

of
fs

pr
in

g 
ha

d 
in

cr
ea

se
d 

ab
do

m
in

al
 

ad
ip

os
ity

.

[2
8]

W
is

ta
r 

ra
ts

M
ot

he
rs

 f
ed

 h
ig

h 
sa

tu
ra

te
d 

fa
t (

SA
FA

) 
or

 h
ig

h 
ca

rb
 

(C
H

O
) 

di
et

 f
ro

m
 9

 to
 1

2 
w

k,
 

th
en

 th
ro

ug
h 

ge
st

at
io

n 
an

d 
la

ct
at

io
n.

 O
ff

sp
ri

ng
 w

er
e 

fe
d 

ei
th

er
 d

ie
t t

o 
m

ak
e 

fo
ur

 
gr

ou
ps

, p
lu

s 
a 

fi
ft

h 
th

at
 w

as
 

ex
po

se
d 

to
 S

A
FA

 in
 u

te
ro

, 
th

en
 n

ur
se

d 
by

 C
H

O
 m

om
s 

an
d 

m
ai

nt
ai

ne
d 

on
 C

H
O

 
po

st
-w

ea
ni

ng
. S

A
FA

 (
60

%
 

en
er

gy
 f

ro
m

 f
at

, 2
5%

 c
ar

bs
, 

15
%

 p
ro

te
in

).
 C

H
O

 
(1

0/
75

/1
5)

.

N
o 

di
ff

er
en

ce
s 

in
 p

la
sm

a 
gl

uc
os

e 
le

ve
ls

 a
t 1

4 
w

k.
N

o 
di

ff
er

en
ce

s 
in

 p
la

sm
a 

in
su

lin
 

le
ve

ls
 a

t 1
4 

w
k.

 S
A

FA
 d

ur
in

g 
ge

st
at

io
n 

w
as

 n
eg

at
iv

el
y 

co
rr

el
at

ed
 

w
ith

 o
ff

sp
ri

ng
 is

le
t i

ns
ul

in
 

se
cr

et
io

n 
in

 r
es

po
ns

e 
to

 s
tim

ul
i. 

SA
FA

 d
ur

in
g 

la
ct

at
io

n 
w

as
 

po
si

tiv
el

y 
co

rr
el

at
ed

. N
o 

co
rr

el
at

io
n 

w
ith

 p
os

t w
ea

ni
ng

 d
ie

t. 
N

o 
di

ff
er

en
ce

s 
in

 p
er

if
us

io
n.

N
ot

 a
na

ly
ze

d.
N

o 
di

ff
er

en
ce

 in
 

lit
te

r 
si

ze
 o

r 
av

er
ag

e 
w

ei
gh

t a
t 

bi
rt

h.
 N

o 
di

ff
er

en
ce

s 
in

 
w

ei
gh

t a
nd

 f
oo

d 
in

ta
ke

 th
ro

ug
ho

ut
 

th
e 

st
ud

y.
 A

no
th

er
 

st
ud

y 
by

 th
e 

sa
m

e 
gr

ou
p 

sh
ow

ed
 n

o 
di

ff
er

en
ce

s 
in

 
in

su
lin

 s
en

si
tiv

ity
 

be
tw

ee
n 

gr
ou

ps
.

[2
2]

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Elsakr and Gannon Page 22
C

T
R

 =
 c

on
tr

ol
 d

ie
t; 

H
FD

 =
 h

ig
h 

fa
t d

ie
t; 

H
FD

G
 =

 H
FD

 d
ur

in
g 

ge
st

at
io

n 
on

ly
; H

FD
G

# 
=

 H
FD

 d
ur

in
g 

w
ee

k 
X

 o
f 

ge
st

at
io

n;
 H

FD
L

 =
 H

FD
 d

ur
in

g 
la

ct
at

io
n 

on
ly

; H
FD

L
# 

=
 H

FD
 d

ur
in

g 
w

ee
k 

X
 o

f 
la

ct
at

io
n;

 
H

FD
G

L
 =

 H
FD

 d
ur

in
g 

ge
st

at
io

n 
an

d 
la

ct
at

io
n;

 H
FD

G
L

# 
=

 H
FD

 d
ur

in
g 

ge
st

at
io

n 
an

d 
w

ee
k 

X
 o

f 
la

ct
at

io
n;

 H
FD

P 
=

 H
FD

 p
os

tn
at

al
ly

; H
FD

G
-P

 =
 H

FD
 d

ur
in

g 
ge

st
at

io
n 

an
d 

po
st

na
ta

lly
; H

Su
 =

 h
ig

h 
Su

cr
os

e 
di

et
; G

T
T

 =
 g

lu
co

se
 to

le
ra

nc
e 

te
st

; A
U

C
 =

 a
re

a 
un

de
r 

th
e 

cu
rv

e;
 w

k 
=

 w
ee

ks
 o

f 
ag

e;
 P

 =
 p

os
tn

at
al

 d
ay

.

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

