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CHAPTER I

 BACKGROUND AND SIGNIFICANCE

The Pancreas

Tissue compartments

The pancreas, located against the curve of the duodenum (Figure 1A) and posterior to the 

stomach, is an organ composed of two anatomically and functionally distinct compartments: the 

exocrine pancreas, which is responsible for production of digestive enzymes, and the endocrine 

pancreas, which produces multiple hormones that collaborate to regulate glucose metabolism 

and homeostasis. The exocrine pancreas is central to proper gastrointestinal function, digesting 

almost all categories of macromolecules to forms that are absorbable across the intestinal 

wall. The enzymes trypsin, 

chymotrypsin, pancreatic 

lipase, and amylase are 

produced in the pancreatic 

acinar cells and are 

transported to the gut via 

an extensive network of 

pancreatic ducts (Figure 1B). 

The endocrine pancreas 

makes up only 1-2% of 

total pancreatic mass and is 

organized into mini-organs 

Figure 1. Pancreas anatomy and tissue compartments. A. The pancreas 
sits against the duodenum and is connected to the bile duct by the main 
pancreatic duct, which runs the length of the organ. B. Digestive enzymes 
are secreted into the ducts by the exocrine acinar cells. C. Five types of 
endocrine cells are arranged into the islets of Langerhans, each of which 
secretes a distinct hormone into the bloodstream (not pictured are ghrelin-
producing ε-cells). Images from Edlund et al. (2002).
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called the islets of Langerhans. The islets are clusters of approximately 100-1000 hormone-

producing cells, and these clusters are spatially distributed throughout the exocrine pancreas. 

Islets are composed of five endocrine cell types, each of which produces a distinct hormone. 

They are the α cell (glucagon), β cell (insulin), δ cell (somatostatin), PP cells (pancreatic 

polypeptide), and ε cell (ghrelin) (Figure 1C). In proper coordination, the regulated secretion of 

these hormones into the blood stream responds to and manages changes in blood glucose in 

an exquisitely precise manner.1

Islet vascularization and innervation

Control of glucose metabolism by the endocrine pancreas is dependent on extensive 

vascularization, which not only allows the endocrine cells to accurately sense the prevailing 

blood glucose level, but also allows delivery of secreted hormones from the islet into the 

blood stream. For this reason, islets are highly vascularized, receiving 10-20% of pancreatic 

blood flow, about 10-fold higher than the exocrine tissue.2 In addition, islet-associated vessels 

are denser and thicker than those in the surrounding tissue (Figure 2). The endothelial cells 

of islet vasculature are critical 

for proper pancreatic and islet 

development, both morphologically 

and transcriptionally, which 

is orchestrated by a delicate 

cooperation between islet cell and 

endothelial cell secreted factors.3 

Closely associated with the islet 

vessels are parasympathetic, 

Figure 2. Islets are extensively vascularized. A. Mouse pancreatic 
islet immunolabeled for endothelial cell marker CD31 (red), 
insulin (green), and glucagon (blue), showing vessels around and 
penetrating the islet. B. Mouse islet with vasculature labeled by 
infused tomato lectin, conjugated to FITC fluorophore, showing dense 
and tortuous islet capillaries within the islet (defined by white dashed 
line). Images courtesy of Marcela Brissova, Vanderbilt University.
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sympathetic, and sensory nerve fibers. Similar to the islet vasculature, nerve fibers and neurons 

are specifically denser around and in the islets. Acetylcholine-releasing parasympathetic 

fibers originate from the vagus and penetrate the pancreas along the vessels, and the nerves 

ultimately project directly upon individual endocrine cells (Figure 3A). Acetylcholine has a 

general stimulatory effect on hormone secretion from all islet endocrine cell types, as a result of 

signaling through endocrine cell muscarinic receptors.  Norepinephrine-expressing sympathetic 

nerve fibers originate in the hypothalamus and similarly enter the pancreas in tight spatial 

association with vessels (Figure 3B). Norepinephrine can either suppress glucose-stimulated 

insulin secretion by hyperpolarizing β cells downstream of α-adrenoreceptors or stimulate 

secretion through β adrenoreceptor-mediated cAMP generation. Thus, norepinephrine’s 

net effect may depend on the relative abundance of receptor types.4 Glucagon secretion is 

stimulated by sympathetic nerve 

activity, but somatotstatin is 

suppressed. The presence of 

peri-islet sensory nerve fibers 

has been well established, 

and although their role in 

islet physiology is not well 

understood, there is evidence 

that they could also impact 

hormone secretion.4-7

Figure 3. Islets are innvervated by multiple nerve types. A. 
Parasympathetic nerve fibers entering a mouse islet. Image stained for 
vesicular acetylcholine transporter (VAChT) to mark cholinergic neurons 
(white) and with Tau, an axonal marker (red). The peri-islet ganglion is 
shown by the arrow. Image depth: 60 um. B. Sympathetic nerve fibers 
entering a mouse islet. Staining for sympathetic nerve marker tyrosine 
hydroxylase (TH) in white and for blood vessels in red. Close alignment 
of sympathetic nerve fibers along arterioles and other vessels is 
demonstrated. Image depth: 75 um. Images from Tang et al. (2014).5 
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Organ morphogenesis and specification of endocrine cells

The process of pancreas development has been intensely studied in mouse models, and many 

aspects of morphogenesis and transcriptional control in the developing mouse pancreas are 

now understood. All references to embryonic timing in the following descriptions thus refer to 

mouse embryogenesis (Figure 4).8

Pancreas morphogenesis begins at e9.5 and e10, with the formation of two distinct buds, dorsal 

and ventral, from a portion of foregut endoderm between the stomach and the duodenum. At 

this stage, the burgeoning pancreas is composed of multipotent progenitor cells. Separation 

subsequently begins between the tip and trunk epithelia, as the tip domain grows via protrusions 

at the tissue edges, whereas trunk cells grow and rearrange rapidly into a single layer of 

polarized epithelial cells that branch into the primitive duct. Dedication to the pancreatic lineage 

and budding from the foregut endoderm is specified and enabled by the transcription factors 

Figure 4. Morphogenesis during mouse pancreas and islet development. Schematic depicting stages of 
pancreas development. A portion of patterned epithelium on the gut tube expresses Pdx1 and Ptf1a around e8, 
leading to the budding of the dorsal and ventral pancreas (DP and VP). Endocrine progenitor cells within the buds, 
expressing ngn3, produce endocrine cells that cluster into proto-islets by e15. The fully formed pancreas contains 
discrete endocrine and exocrine tissue by e19 in the mouse. Image adapted from Habener et al. (2005).8 
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Pdx1 (Pancreatic duodenal homeobox1) and Ptf1a (Pancreas-specific transcription factor 

1a), which are jointly capable of also directing other endodermal lineages to a pancreatic fate 

(Figures 4 and 5).8-11

As the gut grows and rotates, the ventral and dorsal pancreatic buds are brought into 

spatial proximity to fuse into a single organ, with a continuous central duct. A morphological 

rearrangement then occurs, separating outer tip cells, which express Ptf1a, from the inner trunk 

cells, which express Nkx6.1. Tip cells then further differentiate to become acinar cells, and 

continued growth of the exocrine pancreas occurs via extensive branching morphogenesis. 

In contrast, the inner trunk cells develop in a highly branched network of single-layer ductal 

epithelium and are the progenitors of all ductal and endocrine cells. Ptf1a expression remains 

critical for development of the tip domain, whereas Nkx6.1 (NK6 Homeobox 1) and Nkx6.2 (NK6 

Homeobox 2) mediate trunk growth and arrangement.10-13

A subset of duct epithelial cells 

begin to express the transcription 

factor Neurogenin 3 (ngn3) and are 

referred to as endocrine precursor 

cells (Figure 5), as Ngn3 expression 

is both requisite and sufficient to 

specify endocrine cell fate. Upon 

expression of Ngn3, ductal cells 

stop proliferating and delaminate 

from the ductal epithelium at 

e14.5, slowly moving into the 

surrounding acinar tissue. The 

Figure 5. Transcription factor specification of pancreatic cell 
types. Pancreatic buds are patterned by Pdx1 and Ptf1a. Ngn3 
expression defines endocrine precursor cells. Arx and Pax4 specify the 
α and β cell lineages, specifically. Image from Kaneto et al. (2015).15
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mutually repressive transcription factors Pax4 (Paired box gene 4) and Arx (Aristaless-related 

homeobox), both targets of Ngn3, then designate cells to the β/ δ cell or α cell fate, respectively 

(Figure 5). As hormone expression begins in these cells, they rearrange into proto-islet 

clusters by e17.5, abandoning the peri-ductal, cord-like structures from which they migrated. 

After embryonic development, there is little new generation of endocrine precursors from the 

ductal epithelium, although intense investigation continues to determine if ductal cells can be 

induced to generate new endocrine cells after various types of pancreatic injury or aging-related 

phenomena. The development of fully functional islets occurs around postnatal day 8.8,14-18

Development of the human pancreas is, for experimental reasons, less defined. It appears that 

PDX1, PTF1A, NKX6.1, NGN3, PAX4, and ARX are similarly important in human development 

to the roles defined in mouse studies. The timing of expression (based on morphogenic stage, 

rather than gestational period) for PDX1 is slightly different in human pancreata, but the order 

of events is similar, based on transcriptional analysis of whole fetal pancreata. Bud formation 

begins at 4 weeks of gestation, with NKX6.1 appearing in multipotent progenitor cells quickly 

thereafter. NGN3 appears as early as 8 weeks, with full expression by 11 weeks and reduced 

expression at 19 weeks. PAX4, insulin, and glucagon all are expressed around 9 weeks.10,19,20

Maturation and adult function of β cells 

At the time of birth, late stages of mouse islet development are ongoing. Importantly, the 

functional competence of β cells remains incomplete. To yield glucose-sensitive cells that 

appropriately regulate insulin secretion, a cast of critical, islet-enriched transcription factors 

is required to work in concert. The transcriptional profile of the mature β cell is generally 

considered to include, among other factors, Pdx1, Nkx6.1, MafA, and MafB (Figure 6).21-23 
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The levels of Pdx1 are carefully orchestrated throughout pancreas and β cell development. 

Despite the critical role of Pdx1 in pancreas development as a whole (discussed above), the 

adult pancreas shows Pdx1 expression is restricted to β cells, with little or no expression 

in other islet cells, and only low levels in acinar cells. Models of Pdx1 loss, either late in 

development or in adult β cells, have diabetic phenotypes. Although this effect is certainly 

related to Pdx1 as a transcriptional regulator of the Insulin gene, Pdx1 also controls genes 

related to glucose sensing, insulin secretion, and maintenance of β cell mass. Unlike in the 

mouse, human PDX1 seems to be also expressed in ductal cells, but the importance of this is 

not yet understood.24-27

Nkx6.1 is essential for maturation along the β cell lineage, but it is also fundamental to 

adult β cell identity and function. Nkx6.1 directly suppresses transcription of the Glucagon 

gene, contributes to insulin biosynthesis, and mediates expression of critical β cell genes 

involved in glucose flux and granule fusion. Removal of Nxk6.1 from adult β cells results in 

glucose intolerance, reduced 

insulin secretion, reduced 

insulin content, and the 

appearance insulin-positive 

cells co-expressing ngn3 and 

somatostatin, suggesting 

changes in cell identity.28-31

The large Maf factor, MafA, was 

discovered to bind the Insulin 

gene and promote transcription, 

yet it also promotes 

Figure 6. Events in postnatal β cell maturation. Expression of 
MafA, MafB, Nkx6.1, and Pdx1 contribute to mature β cell function in 
the postnatal period. Functional maturity is largely characterized by 
components of tightly regulated and adequate glucose-stimulated insulin 
secretion. Image from Benitez et al. (2012).23
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transcription of Pdx1. MafA and its relative, MafB, arise during a developmental period of rapid 

endocrine cell expansion. In the mouse, both MafA and MafB are expressed in the developing 

β cell, but MafB is ultimately restricted to α cells in the adult. In human islets, however, MafB 

remains expressed in many adult β cells. Loss of MafA in rodent models results in reduced 

insulin, impaired glucose-stimulated insulin secretion, and decreased expression of Pdx1 and 

Glut2.21,32-37

Importantly, in vivo and ex vivo studies link reductions in these four transcription factors, Pdx1, 

Nkx6.1, MafA and MafB, to T2DM (Figure 7). MafA and Nkx6.1 protein levels are decreased 

in the db/db diabetic mouse model (Figure 7A), and both mRNA (Figure 7B) and protein 

of all four of the human transcription factors PDX1, NKX6.1, MAFA and MAFB (Figure 7C-

E), are dramatically lower in islets from T2DM patients.38 Importantly, expression of ISL1, 

and NEUROD1, other β cell–specific transcription factors, were unaltered in T2DM islets, 

suggesting that the four factors listed above are specifically sensitive to damage during 

disease progression. Data from the db/db diabetic mouse indicates that Mafa may be affected 

earlier, with Nkx6.1 and Pdx1 levels remaining normal until a longer duration of exposure to 

the hyperglycemia and insulin resistance of that model. This concept of temporally-specific 

responses of different transcription factors to metabolic stress has not yet been well defined in 

human tissues.

Glucose-Stimulated Insulin Secretion

The insulin-producing β cell is the most abundant islet cell type. The primary purpose of the β 

cell is to produce and secrete the hormone insulin, and it is the only cell type in the body that 

does so. In response to an increase in local blood glucose concentrations, glucose enters the 

β cell via facilitated diffusion, through the glucose transporter (GLUT-1 or GLUT-2). Upon entry, 
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Figure 7. Critical β cell transcription factors are dramatically reduced in islets from T2DM patients. A. MafA 
and Nkx6.1 mRNA is severely reduced in islets from db/db mice, but the pan-endocrine marker Pax6 is unaffected. 
B. Gene expression of MAFA, MAFB, PDX1, and NKX6.1 are significantly and specifically reduced in T2DM human 
islets. C. The percent of β cells with MAFA, NKX6.1, or PDX1 protein is reduced in T2DM islets. D. The percent 
of β cells with MAFB protein is similarly reduced in T2DM islets. E. Immunohistochemical staining shows loss of 
transcription factors from β cell nuclei in T2DM islets (lower panels) compared to normal islets (upper panels). Images 
from Guo et al. (2013).38
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glucose is promptly phosphorylated to 

glucose-6-phosphate by glucokinase, 

without which glucose would be able 

to diffuse back out of cell. An increase 

in the intracellular concentration of 

glucose-6-phosphate increases flux 

through the glycolytic pathway, which 

culminates in the mitochondrial electron 

transport chain. Increased glycolytic 

flux produces the high-energy molecule 

adenosine triphosphate (ATP), 

raising the ratio of ATP to adenosine 

diphosphate (ADP). In conditions where 

ATP exceeds ADP in the β cell, ATP 

outcompetes ADP for binding to the 

SUR1 component of the Kir6.2 KATP channel, resulting in channel closure and depolarization 

of the β cell plasma membrane. This depolarization triggers the opening of voltage-gated 

calcium channels (VDCCs) and the release of calcium from the endoplasmic reticulum. The 

resulting elevation in intracellular calcium promotes the fusion of pre-formed, insulin-containing 

granules with the plasma membrane and the consequent release of insulin into the extracellular 

space (Figure 8).39,4 A secondary mechanism that promotes insulin secretion is the elevation 

of intracellular cyclic AMP (cAMP) levels. Elevation of cAMP activates either PKA or EPAC 

(exchange protein activated by cAMP), both of which increase the efficacy of Ca2+ in promoting 

exocytosis. Hormones and peptides, such as glucagon and GIP (gastric inhibitory peptide) 

physiologically increase cAMP levels in β cells, as does treatment with any phosphodiesterase 

Figure 8. Glucose-stimulated insulin secretion (GSIS). 
Glucose enters the β cell via GLUT-2-facilitated diffusion and is 
metabolized by glycolytic pathways, generating ATP. The rise in 
intracellular ATP concentration promotes closure of the KATP 
channel, inducing depolarization of the plasma membrane and 
the subsequent opening of voltage-gated calcium channels. The 
influx of calcium stimulates fusion of insulin granules with the 
plasma membrane, and insulin is released from the cell. Image 
from De León and Stanley (2007).40
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inhibitor, by reducing the rate of cAMP degradation.39 Although glucose is the only nutrient that 

can independently induce insulin secretion, glucose-stimulated insulin secretion is potentiated 

by lipids and amino acids. Free fatty acids (FFAs) can enter the β cell either through diffusion or 

by binding a free fatty acid receptor (FFAR), such as GPR40. FFAs can acutely enhance insulin 

secretion by the general acylation of important functional proteins, direct effects on L-type 

Ca2+ ion channel function, and activation of protein kinase C (PKC).39 The specific amino acid 

type dictates the intracellular mechanism of potentiation. Some directly or indirectly depolarize 

the cell membrane, namely L-arginine and L-alanine, respectively. Others, such as aspartate 

and glutamate, enter NADPH shuttles in the mitochondria and contribute to the generation of 

ATP.39,41,42

Species Differences in Islet Physiology

Rodent models, the mouse in particular, have been and remain critical for advancing our 

understanding of islet biology and disease. Nonetheless, caution is required when translating 

mouse-derived data to human islet physiology. This caution is predicated on specific differences 

between mouse and human islets, which, as a group, underscore the importance of research on 

human islets.43

Architecture and cell ratios

Multiple species differences have been observed in islet morphology and function. In the 

mouse, β cells regularly constitute close to 80% of the endocrine cells in each islet, and they are 

tightly grouped in the interior of the islet structure. The other cell types, especially α cells, are 

arranged in a “mantle” around the β cell core (Figure 9A). In human islets, however, the spatial 

arrangement of cell types is highly heterogeneous, with α cells frequently penetrating the islet 

core (Figure 9B). In addition, the ratio of cell types varies greatly in human islets, with α cells 
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Figure 9. Islet morphology and composition varies between mice 
and humans. (A) Mouse and (B) human islets labeled for insulin (green), 
glucagon (red), and somatostatin (blue). Images exemplify the heterogeneous 
arrangement of cell types in the human islet, compared to the define beta cell 
“core” and alpha cell “mantle” of the mouse islet. Percent of each cell type in 
(C) mouse islets, n=28, and (D) human islets, n=32, quantified from optical 
sections taken at various depths throughout the islet. Human islet composition 
was significantly different (p<0.0001) for all endocrine cell populations examined. 
Horizontal bar shows the mean value for each cell type. Image adapted from 
Brissova et al., 2005.26
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representing a much larger percent of islet cells (Figure 9C). This has implications, for example, 

for whole islet transcription data, where there is an assumed ratio of cell types in the mouse that 

is not appropriate for human islets.44,45

Gene expression and insulin secretion

The expression of certain critical β cell genes is highly glucose-responsive in mouse islets, 

but not in human. As published previously,46 48-72 hour treatment with high glucose does not 

increase gene expression of glucose-sensing genes, transcription factors, or insulin itself in 

human islets, as it does in mouse islets (Figure10 A-D). As is mentioned earlier in this chapter, 

MAFB expression is maintained in human adult β cells, whereas its expression is restricted 

to α cells in adult mouse islets. The insulin secretory profiles of mouse and human islets also 

vary. When directly compared, human islets secrete more basal insulin, but the fold increase in 

secretion upon stimulation with high glucose is smaller in human than in mouse (Figure 10E-F), 

and insulin content experiences a smaller fold increase in human islets than mouse, after 24 

hour treatment with high glucose.46

Proliferative capacity and expansion of β cell mass

The establishment of β cell mass and the general proliferative frequency of β cells also differs 

between species. In the adult mouse, basal β cell proliferation is approximately 2-5%, but the 

ability of mouse β cells to proliferate in response to obesity, pregnancy, and other conditions of 

increased insulin demand has been clearly documented.47,48 Some studies suggest that mouse 

β cell mass more than doubles in pregnancy. Most therapeutically intriguing have been studies 

suggesting that mouse β cell regeneration can resolve diabetes.49
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Figure 10. Differences in glucose-responsive gene expression and glucose-stimulated insulin secretion in 
human and mouse islets. Human (A) and mouse (B) expression of glucose-sensing genes and islet secreted factors 
after culture in 5 mM (black bars) or 11mM (white bars) glucose. Human (C) and mouse (D) transcription factor 
expression after culture in 5 mM (black bars) or 11mM (white bars) glucose. Islet perifusion profiles of human (E) and 
C57Bl/6 mouse (F) isolated islets, showing that human islets secrete more insulin basally (at 5.6 mM glucose) but 
have a smaller fold increase in secretion upon stimulation with 16.7 mM glucose. Images from Dai et al. (2012).46
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Figure 11. Levels of human β cell proliferation across life periods. 
Graphical representation of peak human β cell proliferation during the neonatal 
period, with β cell proliferation dropping to or below 1% during childhood. Gray 
points are derived from individual donor pancreata, red points are the mean 
values in each time category, with the dashed curve representing the change 
trend between the average value in each life period. Image from Gregg et al. 
(2012).50
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In human islets, there is a transient burst of β cell proliferation in the postnatal period, but 

rates drop precipitously and remain very low (0.1-0.5%, by most estimates) during adulthood.50 

Although autopsy studies provide evidence that increased body mass index (BMI) correlates 

with greater β cell mass,51 the lack of longitudinal studies precludes the conclusion that this is 

due to β cell mass expansion in individual patients, and it seems that β cell mass adaptation in 

human pregnancy is minor, compared to that in mice.52 

The cyclins and cyclin-dependent kinases (cdks) responsible for both mouse and human β cell 

progression through the cell cycle have been well, if not completely, defined.53,54 As a result, 

there has been great therapeutic interest in defining mouse and human β cell mitogens, with the 

end goal of increasing or replacing β cell mass and alleviating diabetes.55 However, due to the 

relatively modest proliferative response of human β cells to stimuli, it remains unclear whether it 

will be feasible to address human diabetes with the stimulation of human β cell proliferation.

Insulin

Structure and signaling

Insulin is a 53-amino acid peptide 

that results from two cleavage 

events, the first by PC1/3 (proprotein 

convertase 1/3), converting 

preproinsulin to proinsulin during 

translocation of the protein into the 

ER, and the second by PC2 (prohormone convertase 2), cleaving proinsulin to insulin inside 

the insulin granules. The result of the PC2 reaction is removal of the “C-peptide,” a peptide 

portion that connects the “A” and “B” segments of the insulin protein (Figure 12). C-peptide is 

Figure 12. Structure of the insulin prohormone. Amino acid 
sequence of proinsulin, showing the A-chain, B-chain, and 
C-peptide, the last of which is removed by PC2-mediated cleavage 
and is co-secreted with insulin. Image from Kitabchi (1977).56
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secreted in equimolar amounts with insulin from the secretory granules but is considered to 

be biologically inert. Importantly, C-peptide has a much longer half-life than insulin in the blood 

(hours versus minutes). For this reason, C-peptide is a more useful indicator of prior insulin 

secretion, and the equimolarity of C-peptide to insulin allows direct quantification of previous 

insulin release.56

Insulin signals via its designated receptor, the insulin receptor (IR). The IR is found on the cell 

surface of almost all mammalian cells, but its role in glucose metabolism is greatest in the 

brain, liver, skeletal muscle, adipose tissue, α cells, and the β cells themselves. The receptor 

is a tetrameric, transmembrane receptor tyrosine kinase, with two α and two β subunits. In the 

absence of ligand, the α subunits conformationally suppress the intrinsic transphosphorylation 

activity of the β subunits. However, upon binding of insulin to the α subunits, this repression is 

removed, and the two β subunits transphosphorylate tyrosine residues (Figure 13).57-60

Multiple signaling sequences occur downstream of IR phosphotyrosines, and much of insulin-

induced signaling is mediated by the phosphorylation of a family of proteins called insulin-

receptor substrates (IRS), some of which are tissue-specific.61 IRS-1, for example, initiates 

signaling through PI(3)K and Akt, which contributes to GLUT4 translocation in skeletal muscle 

cells. IRS-1 and IRS-3 mediate MAPK signaling, through Grb2 and SHP2, respectively (Figure 

13). Although the IR promotes these signaling programs through tyrosine phosphorylation, the 

IR β subunits and IRS isoforms also contain serine and threonine residues. Mitigation of insulin 

receptor signaling appears to depend on dephosphorylation of the IR and IRS proteins, as well 

as particular S/T phosphorylation events, which play an important role in modulating the balance 

of insulin’s intracellular effects.57-59



18

Figure 13. Signaling through the insulin receptor.  Depiction of tyrosine phosphorylation on the intracellular 
portion of the insulin receptor β subunits, which initiates two main insulin-induced signaling pathways. The PI(3) 
kinase pathway initiates the majority of insulin’s metabolic consequences, and the MAP kinase pathway initiates 
mitogenic and inflammatory consequences. Image from Boucher et al. (2014).61
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Action in peripheral tissues

Insulin is a potent anabolic hormone with critical, tissue-specific intracellular influences. In 

skeletal muscle, the primary effect of insulin signaling is to promote cellular uptake of glucose 

from the bloodstream. As briefly mentioned above, this occurs by translocating the glucose 

transporter GLUT4 from the cytoplasm to the cell membrane, where it allows facilitated diffusion 

of glucose. In adipose tissue, insulin promotes lipid synthesis by increasing activity of enzymes 

such as pyruvate dehydrogenase, fatty acid synthase (FAS), and acetyl-coA carboxylase, 

and potently suppresses lipolysis through inhibition of hormone-sensitive lipase. In the liver, 

insulin also has a dual agenda, to promote storage of glucose as glycogen and to suppress 

gluconeogenesis. The former is directly accomplished partly by activating glycogen synthase 

(GS). The suppression of gluconeogenesis, however, is more complex, incorporating direct 

suppression of the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) with 

indirect effects, such as reduced glycerol and non-esterified fatty acids, due to its effects in 

adipocytes, and reduced glucagon secretion from islet α cells. Insulin secretion and action is 

clearly a central component of carbohydrate and lipid metabolism, the dysregulation of which 

has wide-spread and severe consequences for overall health.58,59,62

Diabetes Mellitus

Incidence and Pathological Types

Diabetes mellitus is a group of metabolic diseases that are characterized by an insufficient 

insulin response to adequately control blood glucose levels, resulting in hyperglycemia and 

related complications. The diagnosis of diabetes, regardless of type, is defined by a fasting 

blood glucose value above 7mM (126 mg/dL) or an HbA1C value over 6.5%.63 HbA1C is a 

measure of percent glycosylated hemoglobin in the blood, which indicates the average blood 
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glucose value of a patient over the preceding three-month period. In addition, glucose tolerance 

tests are often used in diagnosis. Two hours after delivery of a 75g glucose bolus, blood glucose 

of more than 11.1mM (200 mg/dL) indicates diabetes. Importantly, there are separate definitions 

for “prediabetes” that indicate abnormal glucose metabolism (5.7% < HbA1C <6.5 and 100 

mg/dl < fasting glucose < 126 mg/dL).64 These values are important warnings for patients 

who, without potent intervention, are likely to progress to frank diabetes. Importantly, the 

pathogenesis that leads to the condition defined by these metrics differs fundamentally between 

the most common forms of diabetes, Type 1 and Type 2.

Type 1 Diabetes

Pathogenesis and Pathophysiology

Type 1 diabetes (T1DM) is generally categorized as an autoimmune disease, in which β cells 

are targeted by T-cell-mediated immune processes. The majority of new diagnoses occur in 

childhood or adolescence, particularly 

between ages 5-7 and around the 

beginning of puberty. However, 

presentation can occur in very 

young children, as well as in young 

adults, into their 20s and 30s. Type 

1 diabetics are frequently diagnosed 

after presentation with polydipsia, 

polyuria, and/or polyphagia, all 

of which indicate the presence 

of extreme hyperglycemia. The 

presence of autoantibodies against 

Figure 14. A natural history of T1DM. Depiction of proposed 
events in the progression of T1DM pathogenesis. A genetic 
predisposition establishes susceptibility such that, upon the 
occurrence of some precipitating event, an abnormal immune 
response is triggered, leading to T-cell-mediated attack of β cells. 
During the period of preclinical diabetes, there is a gradual and 
progressive loss of β cell mass and insulin release, leading to 
increased incidence of glucose excursions. Upon loss of 80-90% 
of β cell mass, clinical symptoms manifest, as the total insulin 
release dwindles below the required amount to maintain proper 
glucose metabolism. Image from Simmons et al. (2015).66
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β cell proteins can be highly predictive of progression toward T1DM, long before symptom 

presentation, and at least one autoantibody is present at the time of 90% of diagnoses. In 

particular, antibodies against IAA (insulin), GAD (glutamic acid decarboxylase), ZnT8A (zinc 

transporter 8), and IA2A (insulinoma-associated autoantigen 2) indicate current or future 

immune attack on β cells. These antibodies can precede disease symptoms by months or 

years, as it is thought that frank diabetes does not occur until approximately 80-90% of β cell 

mass has been lost (Figure 14). Most T1DM patients have very few, if any, insulin-containing 

islets, although there is evidence that, even after decades of the disease, some patients still test 

positive for low levels of C-peptide, indicating ongoing insulin production. T1DM islets are often 

characterized by varying degrees of insulitis, predominantly composed of CD8+ T cells.65,66 

Epidemiology

The incidence of T1DM has been increasing in recent decades, to the confusion of clinicians 

and researchers. As of 2015, the global incidence is increasing 2.3% per year, although 

the prevalence varies significantly among countries, with Caucasian populations having the 

highest incidence. Hypotheses abound to explain this increase, but there is no consensus. 

Considerations include both global and regional changes in hygiene and germ exposure, 

patterns of viral infection, environmental factors, and evolving genetics.67

Therapeutic options

Despite extensive basic and clinical research, delivery of exogenous insulin has remained 

the primary therapeutic option for Type 1 diabetics since insulin’s discovery in 1922. Frequent 

blood glucose monitoring and calibrated exogenous insulin therapy have allowed many 

Type 1 diabetics to live with the disease for decades, but only immunomodulatory therapies 

can address the underlying autoimmune etiology of the disease. Beginning in 2000, clinical 

transplantation of islets from human donors has been an attractive treatment option for the most 
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severe and poorly controlled cases of Type 1 diabetes. This procedure can temporarily eliminate 

the need for exogenous insulin therapy in some patients, but the survival of the islet grafts 

requires immunosuppressive drugs, and most islet grafts eventually lose efficacy.68-70

Maturity onset diabetes of the young

A rare form of diabetes is maturity onset diabetes of the young, or MODY, a set of monogenic, 

autosomal dominant mutations in islet factors. MODY patients generally present with moderate 

hyperglycemia in childhood or adolescence, often as a result of routine blood work, but MODY 

is sometimes mis-diagnosed as other forms of diabetes. Importantly, MODY patients do not 

produce islet autoantibodies and lack the insulin resistance that is common in T2DM. Instead, a 

primary defect in insulin secretion is responsible for the hyperglycemia. To date, eleven MODY 

genes have been identified: HNF-4α (MODY1), glucokinase (MODY2), HNF-1α (MODY3), IPF-1 

(MODY4), HNF-1β (MODY5), NEUROD1 (MODY6), KLF11 (MODY7), CEL (MODY8), PAX4 

(MODY 9), INS (MODY10), and BLK (MODY11). Interestingly, the specific MODY mutations 

in these genes are numerous and often vary by family. Treatment of MODY often involves 

simple dietary changes, although oral medication to increase insulin secretion is sometimes 

needed.71,72

Type 2 Diabetes

Epidemiology

Type 2 diabetes (T2DM) represents more than 90% of diabetes cases worldwide, equaling a 

total of 285 million individuals (6.4% of the global population) in 2010. T2DM is often associated 

with obesity and/or increased age, but its incidence in young patients is rising rapidly, in 

concordance with increased obesity in youth. There is a strong genetic component to T2DM, 
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estimated to be more than 50%, but weight, diet, exercise, and other lifestyle factors often play 

a determinant role.63,64

Pathogenesis and Pathophysiology

T2DM is associated with resistance to insulin signaling in the liver, skeletal muscle, and adipose 

tissue, termed peripheral insulin resistance. Although the order of events in the pathology of 

T2DM remains contested, it is widely proposed that insulin resistance places a level of insulin 

demand on the islet that β cells eventually cannot sustain, leading to their dysfunction or even 

death (Figure 15A).63

Insulin resistance (IRes) is a condition in which insulin signaling and its intracellular 

consequences are blunted, requiring a greater amount of insulin to elicit the same intracellular 

effect. Although insulin resistance can be observed in all insulin-sensitive tissues, insulin 

resistance in the liver is particularly detrimental to overall glucose metabolism. The inability 

of insulin resistant individuals to suppress gluconeogenesis and glycogenolysis is the largest 

peripheral (extra-pancreatic) contributor to the hyperglycemia of T2DM. In skeletal muscle, IRes 

reduces glucose uptake from the blood and subsequent storage. In adipocytes, IRes limits lipid 

storage and results in unchecked lipolysis, the consequence of which is increased circulating 

lipid concentrations. This dyslipidemia carries its own set of deleterious consequences, both 

by promoting inflammation in peripheral tissues, which further hinders insulin signaling, and by 

directly acting on the β cell.59,62,73

The progression from normal glucose metabolism to insulin resistance to T2DM depends on a 

shift in the curve relating β cell function to insulin sensitivity (Figure 15B). Those individuals that 

can move up the curve by increasing β cell function adequately as insulin sensitivity declines 

can maintain normal glucose tolerance (NGT). As the curve shifts left and the level of β cell 
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Figure 15. Mechanisms and evidence of T2DM progression. A. Schematic of 
insulin’s action in peripheral tissues and how components of T2DM indirectly (via β cell 
dysfunction) and/or directly (insulin resistance) alter these effects. B. The relationship 
between β cell function and insulin sensitivity on curves representing normal glucose 
tolerance (NGT), impaired glucose tolerance (IGT) and T2DM. Images from Stumvoll et 
al. (2005).63
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function at a particular insulin sensitivity level is lower than required, impaired glucose tolerance 

results. A further shift in the curve depicts the transition to frank T2DM.63

The results of insulin resistance increase blood glucose. Sustained hyperglycemia, or even 

regular hyperglycemic excursions, exerts a plethora of negative consequences. The chronic 

complications of diabetes are broadly categorized as microvascular or macrovascular. The 

former includes retinopathy (the most common cause of adult blindness in the United States), 

neuropathy (either nerve pain or loss of sensation), and nephropathy (necessitating dialysis 

or renal transplantation for some patients). Macrovascular complications include coronary, 

cerebral, and peripheral vascular dysfunction. For example, the risk of cardiovascular disease 

is four-fold greater in T2DM patients. As a whole, these complications place significant financial 

and quality-of-life burdens on large patient populations.74,75

Despite the importance of insulin resistance in most cases of T2DM, recent studies have placed 

deserved focus on the β cell. There is now strong evidence that patients with T2DM harbor an 

inherent β cell defect that limits insulin secretion.73 The hypothesis follows that it is patients with 

an initial, sub-clinical deficit in insulin secretion that fail to cope with insulin resistance, when it 

subsequently develops. This idea is supported by the presence of a “healthy obese” population 

that becomes insulin resistant but never diabetic. Interestingly, genome-wide association studies 

of T2DM patients return gene associations related to β cell function more often than any other 

category of gene product.76-78 Although this component of T2DM pathogenesis is still poorly 

understood, it highlights the importance of ever better understanding fundamental β cell biology.

Therapeutic options

Although weight loss, exercise, and careful dietary changes are the first line of intervention, 

many patients progress to requiring the addition of exogenous insulin and/or oral medications 

to adequately control their hyperglycemia. The main categories of oral medications currently 
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prescribed include metformin, which reduces hepatic glucose production, sulfonylureas, which 

directly promote insulin secretion by closing the KATP channel and inducing cell depolarization, 

sodium channel blockers that promote excretion of glucose in the urine, PPARγ receptor 

agonists, which improve insulin sensitivity, and incretin mimetics, which promote satiety, weight 

loss, and protection of β cells.63,79

Transplantation of Human Islets

Clinical transplantation

Despite years of improvements in delivering exogenous insulin therapy to control Type 1 (and 

now often Type 2) diabetes, many patients still experience dangerous hyperglycemic and/or 

hypoglycemic excursions. The cumulative effect of hyperglycemic excursions over many years 

is an increased risk for a panel of diabetic complications. Acute hypoglycemia, conversely, can 

induce anything from dizziness and nausea to death, particularly if the hypoglycemic event 

occurs while the patient is asleep. Even well-controlled patients struggle with both ends of this 

glycemic spectrum, but blood glucose control is unusually difficult to modulate in some patients. 

The first human islet transplantation occurred in 1977, but it wasn’t until the advent of the 

Edmonton protocol in 2000,68 which reported 7 consecutively successful transplantations (insulin 

independence after 12 months in all patients) with steroid-free immunosuppression, that clinical 

success and interest in the procedure rose. The attractiveness of islet transplantation lies partly 

in the potential for temporary insulin independence. Between the years of 2007 and 2010, 

the average duration of graft function and insulin independence has lengthened, with 44% of 

patients from the Collaborative Islet Transplant Registry (CITR) remaining insulin independent at 

3 years after transplantation.80 
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Despite multiple areas of recent improvement, immunosuppression is a daunting prospect for 

many patients, and the benefit of transplantation for glycemic control is only deemed superior for 

patients with great difficulty on exogenous insulin therapy. It is the hope of many clinicians and 

patients that, with continued advancement in donor registration, donor selection, islet isolation 

protocols, and immunosuppression regimens, that islet transplantation may become beneficial 

for more T1DM patients. 

Human islets in basic research

As clinical transplantation has increased in popularity, the rise in human islet use for basic 

research has been dramatic. Although T2DM patients do not currently qualify for clinical 

transplantation, researchers increasingly rely on human islet studies to understand the 

pathogenesis of Type 2 diabetes.81 Given the previously discussed species differences between 

mouse and human islet physiology, the ability to directly study human islets is critical for 

translational research. The factors that are carefully considered when selecting donors (cause 

of death, body mass index, ischemic time, etc.) for clinical transplant are also important for basic 

research. In particular, the range of insulin secretory profiles among human islet preparations 

can have huge consequences for research data, as will be described in Chapter IV. As both the 

number of investigators conducting human islet research and the number of acquired human 

islet preparations for research continues to increase,82 these issues are ever more pertinent to 

the larger field of islet biology. 

Transplantation of human islets, most frequently into immunodeficient mouse models, has 

become a valuable and accepted means of studying human islet biology. The combination of 

human tissue and the in vivo environment is the most clinically-relevant scenario available to 

most researchers. Unlike in clinical transplantation, where islets are injected into the portal 



28

vein, islets transplanted into mice are often placed under the kidney capsule, where the cells 

can coalesce, revascularize, and be readily retrieved for ex vivo study.83,84 The use of a human-

specific radioimmunoassay for insulin has allowed investigators to distinguish human insulin 

from mouse insulin in the blood, which is critical in models where mouse and human islets co-

exist. To promote islet graft survival, selection of an immunocompromised or immunodeficient 

mouse model is essential, and many appropriate choices are now available.85,86

Glucotoxicity and Lipotoxicity

Hyperglycemia and hyperlipidemia negatively affect an abundance of tissues, evidenced by the 

plethora of diabetic complications. Importantly, there is now a widespread understanding that 

excess glucose and lipid have some direct negative consequences on the β cell itself. These 

consequences were termed “glucotoxic” or “lipotoxic,” depending on the responsible nutrient. 

Many in vitro studies have probed the underlying mechanisms of these glucotoxic and lipotoxic 

effects in cell lines and isolated islets, and in vivo mouse models have advanced some of these 

findings.

Experimental evidence for glucotoxicity and lipotoxicity

One main category of “toxicity” is dysfunction or reduced function of β cells. In that vein, 

studies of β cell lines cultured in high glucose show reductions in insulin gene transcription, 

insulin content, glucose-stimulated insulin secretion, and exocytotic events.87-90 Similar results 

have been shown in studies of isolated islets.87 A number of in vitro studies have examined 

combinations of high glucose and high lipid, showing evidence of reductions in stimulated 

insulin secretion, glucose uptake into β cells, mitochondrial activity, calcium release, intracellular 

insulin content, and docking of insulin granules from rat and mouse islets.91,92 It has even been 

suggested that the negative effects of high lipid on β cells are dependent on the co-existence 
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of high glucose,93-95 thus generating the idea of “glucolipotoxicity”. However, this is contested by 

studies of lipid perfusion in normal rats and of human islets cultured with FFAs only, in which 

glucose-responsiveness, glucose metabolism, insulin gene expression  and glucose-stimulated 

insulin secretion were all suppressed.96-102 Despite the pathological importance of β cell 

dysfunction, the ultimate form of “toxicity” is β cell apoptosis. High glucose has been shown to 

promote β cell apoptosis in cultured human islets,103-105 and cadaveric studies of T2DM patients 

echo this conclusion.106,107 

Important considerations of all the above studies include the difficulty of selecting relevant 

glucose and lipid concentrations that reflect concentrations in the interstitial space in vivo, 

as well as selecting appropriate lipid types. For example, saturated fatty acids seem to be 

detrimental, but unsaturated species can be protective for β cells.108,109 Exposure time also 

appears to be central to the nature and degree of the β cell effect, with the time required for 

seeing β cell damage inevitably differing based on the chosen nutrient concentrations. In vivo 

rodent models like the ZDF rat, which do not require this sort of decision-making, are limited by 

the inability to separate the influences of glucose and lipid.

Proposed mechanisms of glucotoxicity and lipotoxicity

Oxidative stress

An unavoidable consequence of glycolytic flux in the β cell is the generation of reactive 

oxygen species (ROS), as these highly volatile molecular species are a byproduct of the 

metabolism of oxygen in the mitochondrial electron transport chain (Figure 16).110 ROS such 

as superoxide, hydrogen peroxide, and hydroxyl radicals are important signaling molecules 

in the β cell, needed for proper glucose-stimulated insulin secretion.111,112 However, above 

certain concentrations, they can have deleterious effects by altering the structure and 
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function of proteins, lipid, and DNA.113 

Physiological responses to elevated ROS 

include expression of antioxidant enzymes 

that neutralize the hyperreactivity of these 

molecules.113 However, β cells express 

abnormally low levels of antioxidant enzymes 

compared to other tissues, particularly in the 

cases of superoxide dismutase, catalase, and 

glutathione peroxidase (Figure 17).114-116 Thus, 

as glycolytic flux increases in the β cell, which 

is an inherent consequence of hyperglycemia, 

ROS production rises (Figure 18),117 but 

the antioxidant response is thought to be inadequate. The resulting state of chronically 

elevated ROS levels is termed “oxidative stress.” Importantly, lipids can also contribute to ROS 

generation,118,119 making oxidative stress an attractive candidate for both glucotoxic and lipotoxic 

consequences in the β cell.118,119 

Oxidative stress has been faulted for many events in the pathogenesis and progression of β 

cell dysfunction and apoptosis,120 but the effects on transcription factor function have been 

of particular interest. Studies have shown that MafA,38,121 Pdx1,38,122 and Nkx6.138 levels and/

or function are reduced in the presence of high ROS, with broad implications for the general 

relationship between ROS and general β cell transcription. Additionally, there is evidence that 

amelioration of oxidative stress by antioxidant supplementation can reverse components of β 

cell dysfunction (in vitro studies) and diabetes (in vivo studies).123,124 

Figure 16. Reactive oxygen species generation 
and neutralization in the mitochondria. Schematic 
depicting the exchange of electrons in the mitochondrial 
membrane, along the electron transport chain of 
proteins. Superoxide (O2

o-) is produced at Complex I 
and Complex III and, in the presence of superoxide 
dismutase (SOD) is transformed into hydrogen 
peroxide (H2O2). Catalase or glutathione peroxidase 
(GPX) can then further neutralize H2O2 to water. Image 
from Yu et al. (2014).110 
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Endoplasmic reticulum stress

Under normal physiological conditions, proteins are folded, modified, and packaged in the 

endoplasmic reticulum (ER), with the assistance of chaperones and modifying enzymes. When, 

in the course of normal cell function, an inevitable subset of proteins progress in unfolded, 

misfolded, or improperly modified forms, mechanisms exist to remove and degrade them 

(Figure 19).125,126 If improperly processed proteins substantially accumulate, the unfolded protein 

response (UPR) is initiated, to increase expression of critical processing proteins, such that the 

backlog of unfolded proteins, or ER stress, can be resolved. Importantly, initiation of the UPR 

also halts the processing of any new protein. 

The presence of unfolded proteins is detected 

by direct and indirect signaling through a trio 

of ER transmembrane proteins, PERK, ATF-

6, and IRE1α, which initiate transcriptional 

changes needed to address the glut of unfolded 

proteins.127,128 If the UPR is chronically unable to 

relieve the ER stress, apoptotic mechanisms are 

triggered.126,129

Secretory cells, such as β cells, that have 

constantly high levels of protein folding and 

processing, are particularly susceptible to ER 

stress. In conditions that further increase the 

demand for insulin production, such as insulin 

resistance and/or hyperglycemia, ER stress is 

additionally likely. ER stress has been proposed 

as a mechanism of β cell dysfunction and 

Figure 17. β cells have extremely low levels 
of antioxidant enzymes. Tissue content of (A) 
superoxide dismutase (SOD), (B) catalase, and (B) 
glutathione peroxidase in a variety of tissue types, 
showing that in all cases, pancreatic islets have the 
lowest protein levels of any tissue presented. Data 
presented as percent of protein level detected in liver. 
Tables adapted from Lenzen et al. (1996).115

A.    Tissue Cu/Zn SOD
(% of liver)

Mn SOD 
(% of liver)

Liver 100 ± 7 100 ± 17

Kidney 99 ± 7 125 ±19

Brain 77 ± 8 67 ± 16

Lung 80 ±12 66 ± 17

Skeletal muscle 59 ± 7 95 ± 14

Heart muscle 70± 10 142 ± 9

Pituitary gland 79 ± 19 47 ± 11

Adrenal gland 175 ± 16 239 ± 25

Pancreatic islet 38 ± 9 30 ± 5

B.    Tissue Catalase
(% of liver)

Glutathione 
Peroxidase
(% of liver)

Liver 100 ± 10 100 ± 5

Kidney 78 ± 8 91 ± 9

Brain 36 ± 10 39 ± 8

Lung 50 ±10 58 ± 9

Skeletal muscle 41 ± 12 40 ± 10

Heart muscle 72± 11 39 ± 7

Pituitary gland 23 ± 2 66 ± 11

Adrenal gland 45 ± 7 77 ± 12

Pancreatic islet n.d. 15 ± 6
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Figure 18. Glucose increases peroxide levels in isolated human islets. 
Flow-cytometric analysis using fluorescein-labeled dye to detect peroxide 
after 72 hour-incubation with 5.6mM glucose, 30mM glucose, or 30mM 
glucose with the hexokinase inhibitor mannoheptulose (MH), which prevents 
glucose metabolism. 30mM glucose increased peroxide levels, interpreted 
from the right-shift in the red peak, but prevention of glucose metabolism 
by MH ablated this effect (represented by the overlap of the green and blue 
peaks). Image from Robertson and Harmon (2006).117
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Figure 19. The unfolded protein response resolves ER stress. Depiction of the chaperone BiP mediating protein 
folding in the endoplasmic reticulum. Normal levels of misfolded proteins are delivered for proteasomal degradation. 
In cases of misfolded protein build-up, PERK signaling inhibits translation of new proteins, IRE1α signaling increases 
expression of chaperone proteins, and ATF6 signaling increases unfolded protein degradation. As a group, PERK, 
IRE1α, and ATF6 collaborate to ameliorate ER stress. Image from Haataja et al. (2008).125
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apoptosis in diabetes,128-131 although there remains disagreement as to whether ER stress is a 

major or minor contributor in the disease process.

Amyloid

Included among the contents of the insulin granule are the monomers of islet amyloid 

polypeptide (IAPP), a peptide implicated in the progressive loss of β cell function in 

T2DM.125,132,133 IAPP is processed to its mature form in the Golgi and in the insulin granule, 

where it exists in a ratio of approximately 1:100 with insulin.134,135 IAPP appears to have 

important roles in normal physiology, including contributions to gastric emptying, satiety 

signaling, and suppression of glucagon secretion.134 However, human IAPP is capable of 

aggregating into both extracellular (Figure 20A) and intracellular (Figure 20 B-C) fibrils and 

larger deposits.136,137 Importantly, mouse IAPP is not amyloidogenic and lacks the amino acid 

sequence identities that have been correlated with fibril formation in the human form.138,139 

The islets of T2DM patients have marked islet amyloid deposition,133,135 and amyloid has 

been proposed to induce β cell dysfunction by multiple mechanisms, including induction 

of mitochondrial dysfunction, ER stress, oxidative stress, and autophagy dysregulation 

(Figure 20D).136,140 In vitro studies have shown that amyloid formation can induce islet cell 

apoptosis,106,107,141,142 potentially by disrupting the cell membrane.143,144 In the context of islet 

transplantation, amyloid deposition correlates with graft failure,145 underscoring the detrimental 

effect of amyloid deposition for β cell function. However, the mechanism(s) connecting amyloid 

and β cell dysfunction remain inadequately defined.

Aims of Dissertation

The aim of this work is to address the direct consequences on human islets in vivo of 

two characteristic components of Type 2 diabetes pathology, namely hyperglycemia and 

hyperlipidemia. Our understanding of gluco- and/or lipotoxicity in human islets is limited, in 
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Figure 20. Evidence and proposed toxicity of islet amyloid. A. Congo red staining showing extracellular amyloid 
deposition in an human islet. B. Electron micrograph of human β cell showing intracellular amyloid fibrils (black 
arrow). C. Electron micrograph showing insulin granules of human IAPP transgenic mouse fed high-fat diet. ProIAPP-
specific antibodies showing fibrils within insulin granules (red arrows). D. Schematic of proposed mechanisms of 
amyloid toxicity in β cells, depicting inappropriate formation of amyloid oligomers in the ER and Golgi, abnormal 
IAPP/oligomer presence in the cytosol, interference with mitochondrial membrane integrity, secretory granule fusion 
and/or rupture, and requirement of autophagy for oligomer degradation, rather than proteasomal breakdown. Images 
from Westermark et al. (2011).139
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large part due to the difficulty of performing mechanistic studies in human islets in vivo. In 

Chapter III, we present work using three models in which human islets are exposed in vivo 

to hyperglycemia, insulin resistance, or both, with which we not only defined and probed the 

effects on human islets but also compared the response of human and mouse islets to identical 

metabolic conditions. Additional benefits of these studies include the ability to transplant human 

islets under normoglycemic conditions and only subsequently induce hyperglycemia. This 

sequence of events improves general graft survival and function and reduces confounding 

factors that impact studies of islet transplantation into hyperglycemic mice. In addition, this 

model exposes human islets to hyperglycemia without insulin resistance, a separation that is 

uncommon in mouse models. Conversely, the high-fat diet model used in these studies induces 

only mild hyperglycemia. Together, these two models allow us to address the boundaries of 

glucotoxicity versus lipotoxicity and determine what mechanisms may be distinct to, or more 

dominant in, one type of nutrient excess or the other.

An inherent complicating factor of all human islet studies is the variation in donor attributes, 

pancreas processing center, isolation protocol, and in vitro function among human islet 

preparations. Perifusion insulin secretion profiles vary to an unknown degree among islet 

preparations distributed for research. This has fundamental consequences for how human islet 

data is grouped and interpreted, as well as for decisions about which islet preparations to use 

for transplantation studies. To further our understanding of the relationships between donor/

isolation attributes and islet function, we performed a comprehensive and systematic, post-

hoc analysis of 183 human islet preparations used in our laboratory. This work is presented in 

Chapter IV.

The islet field maintains interest in growth factors that may promote increased β cell proliferation 

and enhanced function. In Chapter V, work is presented from early in my graduate studies that 
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aimed to define the role of epidermal growth factor receptor signaling in islet physiology. The 

extremely mild consequences of EGFR removal in β cells were unexpected.

The experimental methods used in these studies are detailed in Chapter II. A summary of 

findings, a discussion of their significance, and a description of future directions are presented in 

Chapter VI.
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CHAPTER II

MATERIALS AND METHODS

Some methods in this chapter have been published in Kayton et al., 2015,146  

and others have been submitted for publication.

Mouse Models

All animal studies were approved by the Vanderbilt Institutional Animal Care and Use 

Committee. All animals were monitored by the Vanderbilt University Division of Animal Care, 

kept on a 12-hr light / 12-hr dark cycle, and allowed unrestricted access to food and water, 

expect where noted. Immunodeficient animals were housed in a certified pathogen-free barrier 

facility. All studies with human islets used de-identified samples and thus were not deemed 

human studies.

NSG-ob/ob

Adult male and female B6.Cg-+/Lepob mice (#000632, The Jackson Laboratory, Bar Harbor, 

ME) were mated with NOD.Cg-Prkdc scidIl2rgtm1WjlSz  (NSG) mice147 (#005557, The Jackson 

Laboratory), and the Lepob mutation (abbreviated as ob) was subsequently backcrossed for 

10 generations to the NSG strain to create the NSG- ob strain. The colony was maintained by 

intercrossing NSG +/ob heterozygotes. These crosses produced NSG-ob/ob mice as well as 

NSG +/ob and +/+ wild type (wt) controls. NSG-ob/ob and NSG-wt controls were studied at 3, 6, 

and 11 weeks of age. 
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NSG-Glut4-/-

(B6;129 Sv)-Glut4+/- mice were mated with NSG mice, and the Glut4 mutation was subsequently 

backcrossed for 10 generations to the NSG strain to create the NSG-Glut4  strain. The colony 

was maintained by intercrossing NSG +/Glut4 heterozygotes. These crosses produced NSG-

Glut4-/- mice as well as NSG-Glut4+/- and Glut4+/+ wild type (wt) controls. 

NSG-HFD

To create diet-induced insulin resistance on the immunodeficient background, we fed NSG mice 

with regular or high-fat diet (HFD). Two high-fat diets were used: 45% or 60% of calories from 

fat (Research Diets, New Brunswick, NJ). The 45% HFD (D12451) contained 45% from fat, 

35% of calories from carbohydrate, and 20% from protein. The 60% HFD (D12492) contained 

60% of calories from fat, 20% from carbohydrate, 20% from protein. The 60% HFD was used in 

subsequent studies and was compared to a regular chow diet (Lab Diet, St. Louis, MO, #5001), 

which contained 13.5% of calories from fat, 58% from carbohydrate, and 28.5% from protein.

NSG-DTR

NSG-Tg(Ins2-HBEGF)6832)Ugfm/Sz mice, referred to as NSG-RIP-DTR mice, were developed 

by backcrossing the RIP-DTR transgene from a B6;CBA-RIP-DTR stock that was kindly 

provided by Pedro Herrera. The original B6;CBA Tg(Ins2-HBEGF)6832)Ugfm/Sz mice were 

made by injecting the RIP-DTR construct into B6;CBA eggs. The transgene was backcrossed 

using a marker assisted speed congenic method to the NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ 

(abbreviated as NOD-scid IL2rgnull or NSG) strain background. These NSG-RIP-DTR mice 

express the human diphtheria toxin receptor (DTR) driven by a rat insulin promoter (RIP). The 

RIP-DTR transgene was then fixed to homozygosity and maintained as a homozygous line. 

Transgenic mice, with two autosomal copies of the RIP-DTR transgene,148 in which diphtheria 
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toxin receptor expression is driven by the rat insulin promoter, were backcrossed onto the NSG 

background147 for more than 10 generations, resulting in the NSG-DTR mouse. 

InsCreEGFRfl/fl

EGFRfl/fl mice149 on a mixed background were kindly provided by William Russell and Larry 

Scheving, at Vanderbilt University Medical Center. This line was backcrossed more than 10 

generations onto the C57Bl/6 background. The C57Bl/6 EGFRfl/fl mouse was then crossed 

with the Tg(Ins2-Cre)1Herr,150 here called the “InsCre” mouse, also on the C57Bl/6 background, 

yielding InsCreposEGFRfl/+ animals, which were then crossed with the EGFRfl/fl mouse to yield a 

population of InsCreposEGFRfl/fl pups.

Islet isolation

Mouse islet isolations were performed by Anastastia Coldren of the Vanderbilt Islet Procurement 

and Analysis Core, part of the Vanderbilt Diabetes Research and Training Center. After 

dissection to expose the pancreas, the bile duct was ligated by suturing. Collagenase P (3mL 

of 0.6 mg/mL solution in Hank’s balanced salt solution (HBSS), Gibco) was injected into the bile 

duct, resulting in infusion into and inflation of the pancreas. The pancreas was then removed 

and further digested in the same Collagenase P/HBSS solution by a wrist action shaker in a 

37oC water bath, then shaken manually at room temperature. Addition of cold HBSS with 10% 

fetal bovine serum (FBS) inactivated the collagenase. The digested tissue was washed three 

times in HBSS/10%FBS solution, with 2-minute 4oC centrifugation at 1000 RPM and disposing 

of supernatant in between each wash. Islets were then plated in Petri dishes in the same 

solution and placed on ice until hand-picking in sterile, RNase-free conditions, to achieve near 

100% islet purity (absence of exocrine tissue).
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Human islet acquisition 

Human islets were received by overnight shipment from centers supported by the National 

Institutes of Health (NIH), the Integrated Islet Distribution Program (IIDP, iidp.coh.org), Juvenile 

Diabetes Research Foundation (JDRF), or the Islet Cell Resource Centers (icr.coh.org), 

during the years 2002–2013. Islet preparations originated from the centers listed in a following 

section (Isolation centers). Islets were shipped overnight to Vanderbilt and plated into 15 ml of 

CMRL1066 medium at a density of 12,000 –15,000 IEQ per 10-cm nontreated tissue culture 

dish (Corning, Corning, NY; cat. no. 430591). From 2002 to 2007, 100 islets were perifused, 

and in each case an islet equivalent (IEQ) value was calculated, based on islet diameter. Since 

2006, 60 islets of 180 um diameter (104 IEQs) have been used. Data from all years were 

normalized to 100 IEQ. Islets were handled and perifused as described below. Importantly, 

all human islet preparations were hand-picked in our laboratory prior to perifusion, enhancing 

the purity of human islets beyond the purity reported by the isolation center. Some perifusion 

profiles analyzed in Chapter IV were part of previously published datasets.16,45,46,84

Islet perifusion

Experimental protocol

Assessment of human or mouse islet function was performed by perifusion on the day of islet 

arrival (human), or the day after isolation (mouse) as previously described46,146 and adapted 

from Wang et al., 1997.151 The media base for all secretagogues was prepared fresh on the day 

of each perifusion. A batch of 1mL media was prepared by combining 1 bottle of Dulbecco’s 

modified Eagle’s medium powder (Sigma, #D5030), 3.2g NaHCO3 (Sigma, #S6014), 0.58g 

L-glutamine (Sigma, #G8540), 0.11g sodium pyruvate (Sigma, #P2256), 1.11g HEPES (Sigma, 

#H7523), 1.0g RIA-grade BSA (Sigma, #A7888), 3mL of 0.5% phenol red (Sigma, #P0290), and 
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1L of deionized water. After dissolving into solution on a stir plate, the media was filter-sterilized 

(Millipore, #SCGPU05RE) and de-gassed for 30 minutes, in a 37oC water bath. 60 size-matched 

islets of 180-um diameter were perifused with 5.6mM glucose, 16.7mM glucose, and 16.7mM 

glucose with 100 μM 3-isobutyl-1-methyl-xanthine (IBMX) (Sigma, St. Louis, MO, #I5879-1G). 

Islets were loaded into Omnifit chromatography columns (Sigma, St. Louis, MO) with filtering 

frits (25um filtration size) and submerged in a 37oC water bath. The different media described 

were run to the columns by peristaltic pumps (Model CP 78001-00, Ismatech, Glattbrugg, 

Switzerland), through capillary tubing. Media fractions were collected every 3 minutes, at a rate 

of 1mL/min, by robotic fraction collectors (#2110, Bio-Rad). The insulin content of each fraction 

was measured by radioimmunoassay, and insulin content values were normalized to 100 

IEQs.146 

Islet transplantation

NSG-HFD, NSG-DTR, and NSG-S961 models

NSG or NSG-DTR male mice, between 12 and 20 weeks of age, were used for transplantation. 

For the NSG-HFD model: each mouse received 1500 IEQ human islets, 140 islets isolated from 

NSG mice, or 200 islets from C57BL/6J mice, transplanted under the kidney capsule. After two 

weeks of engraftment, the mice were placed on a regular diet (RD) or a high fat diet (HFD) for 

12 weeks. For the NSG-DTR model: each recipient mouse received 2000 or 4000 human islet 

IEQs. For the S961 model: each recipient mouse received 4000 human islet IEQs. All data 

with human islets in Chapter III, from all models, were normalized to 2000 transplanted IEQs. 

Mouse islets for transplant were isolated from 13-15 week-old NSG or C57BL/6J mice (Jackson 

Laboratory, Bar Harbor, ME).
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General transplantation protocol

Human and mouse islets were transplanted after overnight culture in 5mM glucose. Islets 

were loaded into tubing connecting to a 1mL syringe via a gel loading tip. Recipient mice were 

anesthetized with a mixture of 90 mg/kg ketamine (#45-290, Zoetis, Inc., Kalamazoo, MI) and 

10 mg/kg of xylazine (#139-236, Lloyd Laboratories, Shenandoah, IA). The left side of the back 

was shaved and sterilized to prepare the surgical site. Once the mouse was fully anesthetized, 

a cut was made through the skin and muscle, and the kidney was exposed. A channel was 

created in the renal capsule using a 23-gauge butterfly needle, in preparation for insertion of 

the tubing. Islets were injected into the space underneath the capsule. Surgical glue was used 

to seal the puncture hole in the capsule. The muscle and skin were then closed using Vicryl 18” 

sutures (#5-0, Ethicon, Somerville, NJ), and the skin was stapled with 9mm Reflex9 stainless 

steel wound clips (CellPoint Scientific, Inc., Gaithersburg, MD). The mice recovered from 

anesthesia while wrapped in gauze, on a heating pad. Staples were removed 10-14 days after 

transplantation. 

Nephrectomy

To remove the graft-containing kidney via survival surgery, the initial transplantation steps were 

followed until exposure of the kidney. The left renal artery and vein were ligated with 5.0 black 

braided silk suture (#SUT-15-1, Roboz Surgical, Rockville, MD). The kidney was then removed 

by severing the tissue between the ligation suture and kidney, using a scalpel. The incision site 

was then closed, according to general transplantation steps. Animals were sacrificed within 48 

hours after nephrectomy.
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Human Islet Assessment

Individual isolation centers have performed static culture of isolated human islets and now 

regularly report these data to the IIDP (some of these data are presented in Fig. 43H, thanks 

to the assistance of Barbara Olack). The IIDP-published protocol for this static culture (QA-005 

Potency Test: Glucose Stimulated Insulin Release Assay) can be found at https://iidp.coh.org/

investigator_sops.aspx. Static culture assays performed in our laboratory (Fig. 43I) measured 

insulin secretion from 60 size-matched islet into RPMI medium over 1 h at 37°C. Previously 

published data points (open squares) reflect the stimulation index of secretion at 11 mM glucose 

divided by secretion at 5 mM glucose. New data points (closed squares) reflect the stimulation 

index of secretion at 16.7 mM glucose divided by secretion at 5.6 mM glucose.

Isolation centers

Islets in the studies found in Chapter IV were procured from the following isolation centers (in 

alphabetical order): Emory University (Atlanta, GA), National Institutes of Health (Bethesda, 

MD), Northwestern University (Chicago, IL), Scharp Lacy Research Institute (Irvine, CA), 

Southern California Islet Consortium (City of Hope, Duarte, CA), University of Alabama 

(Birmingham, AL), University of Colorado (Denver, CO), University of Illinois (Chicago, IL), 

University of Massachusetts (Worcester, MA), University of Miami (Miami, FL), University of 

Minnesota (Minneapolis, MN), University of Pennsylvania (Philadelphia, PA), University of 

Pittsburgh (Pittsburgh, PA), University of Wisconsin (Madison, WI), and Washington University 

(St. Louis, MO). The ordering of this list has no relation to Centers 1–15, as labeled in Chapter 

IV.
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Definition of donor and islet attributes

“Donor attributes,” characteristics of the human pancreas donor reported by the Organ 

Procurement Organization (OPO) to the islet isolation center, and “Islet attributes,” 

characteristics of isolated islet preparations that the IIDP/ICR reports to investigators, are listed 

in Table 5. Protocols for viability and purity quantification are available on the IIDP website at 

http://iidp.coh.org/investigator_sops.aspx.

Definition of perifusion attributes

“In vitro responsiveness” was defined by Baseline (the insulin concentration of the last fraction 

collected before introduction of 16.7 mM glucose), Peak1Max (highest point of the Peak in 

response to 16.7 mM glucose), Peak2Max (highest point of the Peak in response to 16.7 

mM glucose + IBMX), Fold 1 (Peak1Max/Baseline), Fold 2 (Peak2Max/Baseline), and Peak 

Difference (Peak2Max-Peak1Max). A Peak is defined as having a collected fraction with an 

insulin concentration more than 1.5 times that of the Baseline value.

Insulin content of pancreas and islet grafts

Harvested pancreata were rinsed with 1X PBS, blotted to remove excess liquid, weighed, 

immersed in 2 mL of acid alcohol (1 mL of 10N HCL brought up in 110 mL 95% ethanol), 

and placed on ice. Mechanical homogenization was achieved with the Polytron PT 10/35 

homogenizer (Brinkmann Instruments, Riverview, FL). During homogenization, 3 mL additional 

acid ethanol was added to each sample. Tubes rotated for 48 hours at 4oC to complete insulin 

extraction. Supernatant from 30-min. centrifugation at 2500 rpm was stored at -80oC until further 

use. Mouse and human islet grafts were excised from under the renal capsule after removal of 

the kidney from anesthetized mice. Kidney tissue was surgically removed to the greatest extent 

possible, and grafts were placed into 200uL acid ethanol. Grafts were manually homogenized 
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using polypropylene pestles until samples were visually homogenous. Samples rotated for 48 

hours at 4oC to complete insulin extraction. Tissue human insulin or total insulin (mouse and 

human) was measured using species-specific radioimmunoassays from Millipore (Billerica, 

MA, catalogue #RI-14K or #RI-13K, respectively), either in the laboratory or by the Vanderbilt 

University Hormone Assay and Analytical Services Core. Serum mouse insulin was calculated 

as the difference between total (mouse/rodent, cross-reactive with human) and human-specific 

insulin measurements.

Genotyping

The REDExtract-N-AmpTM Tissue PCR Kit (XNAT-100RXN, Sigma, St. Louis, MO) was used 

to extract DNA from mouse tail snips and to prepare PCR samples, and all aspects of the 

kit were used according to manufacturer’s instructions. DNA samples were stored at 4oC or 

used immediately for PCR. Primers for InsCre and EGFR were obtained from Integrated DNA 

Technologies (Coralville, IA). Original primer stocks were reconstituted from powder in DNase-

free water to 100 uM and were then diluted to working stocks of 20 uM in RNAse-free water 

(#46-000-Cl, Corning cellgro, Manassas, VA) and stored at -20oC. The DNA was amplified by 

PCR, and the products were resolved on 1.5% agarose gels with  (#A20090Research Products 

International Corp., Mt. Prospect, IL) with 100 ng/mL ethidium bromide (#161-0433, Bio-Rad, 

Hercules, CA) in 1X TBE buffer and compared to a 100 base-pair ladder. Primer sequences and 

thermocycler programs are listed in Table 1.

Glucose Tolerance Tests and Blood Glucose Measurements

Intraperitoneal glucose tolerance tests were performed after a 6-hour fast in cages with ALPHA-

driTM bedding, to prevent ingestion of corncob bedding particles. 10% glucose solution was 

made by dissolving D-(+)-Glucose (G7528, Sigma, St. Louis, NJ) in 1X phosphate buffered 
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Table 1. PCR primers and conditions for genotyping
Mouse Model Genotyping Primers PCR Conditions

NSG-ob/ob 5’ TGT CCA AGA TGG ACC AGA CTC - 3’ (forward)
5’ ACT GGT CTG AGG CAG GGA GCA 3’ (reverse)

1. 94°C….3′                        
2. 94°C….30′′
3. 62°C….1′   
4. 72°C….45′′                
Repeat 35 cycles                       
72°C….2′ 
10°C….hold

NSG-Glut4-/- 5’ - TCT TGA TGA CCG TGG CTC TG - 3’ (forward)
5’ - GAA TGG GCT GAC CGC TTC CTC GTG - 3’ (reverse)

95°C….15′                     
94°C….30′’
67°C….30′′   
72°C….1′                    
Repeat 34 cycles        
72°C….8′ 
4°C….hold

Ins-Cre 5’ - TAA GGC TAA GTA GAG GTG T - 3’ (forward)
5’ - TCC ATG GTG ATA CAA GGG AC - 3’ (reverse)

94°C….3′                     
94°C….30’′
55°C….30′′   
72°C….1′                    
Repeat 39 cycles         
72°C….10′
4°C….hold

RIP-Cre 5’ - TGC CAC GAC CAA GTG ACA GC - 3’ (forward)
5’ CCA GGT TAC GGA TAT AGT TCA TG - 3’ (reverse)

93°C….3′                     
93°C….20′′
60°C….20′′   
72°C….45’′                     
Repeat 30 cycles         
72°C….5′ 
4°C….hold

EGFRfl/fl 5’ - CTT TGG AGA ACC TGC AGA TC - 3’ (forward)
5’ - CTG CTA CTG GCT CAA GTT TC - 3’ (reverse)

94°C….5′                     
94°C….30′′
60°C….1′   
72°C….1′                     
Repeat 35 cycles          
72°C….7′ 
4°C….hold
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saline (PBS) (#14190-144, Gibco), and sterilized by syringe filter (Thermo Scientific/Nalgene 

0.22um PES 25-mm filter). Solution was allowed to equilibrate for 5 hours prior to use. Animals 

were weighed at the end of the fasting period and received 2g/kg glucose. Blood glucose values 

were measured from nicks in the tail vein at the zero-minute and fifteen-minute timepoints, using 

an Accucheck Aviva glucometer and compatible strips (Roche, Indianapolis, IN). Intraperitoneal 

injections were performed with a 27-gauge needle and 1mL insulin syringe (Becton Dickinson & 

Co., #305109 and #329654). Blood glucose was subsequently measured at 15, 30, 60, 90, and 

120 minutes after glucose injection. 

Insulin tolerance tests

Mice were fasted for 4 hours and weighed, then fasting blood glucose was measured. Mice 

were then injected i.p. with 0.5units/kg of Novolin R, diluted in 1X PBS from 100U/mL stock 

solution (NDC 0169-1833, Novo Nordisk, Plainsboro, NJ). Blood glucose was subsequently 

measured at 15, 30, 60, 90, and 120 minutes (or until the blood glucose level returned to fasting 

levels) after injection. All other materials and methods are as described above, for glucose 

tolerance tests.

Glucose-arginine stimulation

In vivo insulin secretion by human or mouse islets was assessed by glucose-arginine 

stimulation. Following a 6-h fast, each animal, regardless of weight, received a 500 uL 

intraperitoneal injection of solution containing 62.5 mg dextrose (#G7528) and 62.5 mg 

L-arginine (#A6969-25G, Sigma, St. Louis, MO). Blood samples were drawn from the 

retroorbital space both before and 15 minutes after the injection, using heparinized blood 

collection tubes (#02-668-10, Fisher Scientific, Pittsburgh, PA), and immediately placed on ice. 

Plasma was separated as supernatant after 10-minute centrifugation at 13,000 rpm of total 
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blood samples, and plasma was stored at -80oC until further use. All in vivo insulin secretion 

data used in the retrospective analyses of human islet preparations (Chapter IV) reflect human 

islets that were transplanted into normoglycemic mice on regular chow diet, and data were 

normalized to the number of islet equivalents transplanted. 

Serum lipid quantification

Serum triglyceride and cholesterol levels were measured from 10uL of plasma, collected retro-

orbitally, using commercially available kits (#R85457 and #R80035, Raichem, Cliniqa, San 

Marcos, CA), according to manufacturer’s instructions. 

Percent fat and lean mass

Mouse body composition was measured using a Bruker Minispec Analyzer (Bruker Optics, TX) 

in the Vanderbilt Mouse Metabolic Phenotyping Center. 

Compound preparation and delivery

Diphtheria toxin

Diphtheria toxin (DT) (Product #150, List Biological Laboratories, Inc., Campbell, CA) was 

administered in a single, 300uL i.p. injection of 0.5, 1.0, 2.5, 5.0, 10, or 25 ng total DT. Control 

NSG-DTR mice (PBS) were treated with an equal volume of 1X PBS (Sigma, St. Louis, MO). 

All animals in a cohort (with human islets from the same human donor) were injected with DT or 

PBS on the same day. Stock solutions reconstituted with water were stored at -20oC, according 

to manufacturer’s recommendations, and stock solution aliquots were diluted for each use. 
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S961 

S961 reagent152,153 was provided by Dr. Lauge Schäffer, Novo Nordisk, Denmark. S961 is a 

43-amino acid peptide antagonist that induces many consequences of insulin resistance in 

rodents, including hyperglycemia, hyperinsulinemia, decreased hepatic glycogen storage, and 

decreased adipocyte triglyceride storage.152,153 S961 or 1X PBS was loaded into either Alzet 

2001 (200 uL at 10nM) or Alzet 1002 (100 uL at 20nM) osmotic pumps (Alzet, Cupertino, CA). 

Pumps were implanted subcutaneously, 2 weeks after human islet engraftment. Animals were 

sacrificed and tissues were harvested at either 7 or 14 days after pump implantation.

Recombinant EGF

Recombinant murine EGF (PeproTech, Rocky Hill, NJ, #315-09) was reconstituted from 

lyophilized powder in MilliQ water, to a concentration of 1.0ug/uL. Using the molecular weight 

of EGF, 50nM concentrations were calculated and used in media for static islet culture 

experiments. Reconstituted EGF was stored at 4oC for up to one week, or at -20oC for longer 

periods.

Islet static culture with EGF

Aliquots of 30 size-matched islets were cultured for two hours in serum-free perifusion media, 

rather than in RPMI-1640, to avoid potential pre-experimental exposure to EGF from serum. 

Within 6-well, non-treated tissue culture plates, islets were transferred to wells containing one 

of the following conditions: (i) 5.6 mM glucose, (ii) 5.6 mM glucose + 50 nM EGF, (iii) 16.7 mM 

glucose, or (iv) 16.7 mM glucose + 50 nM EGF. Each condition was performed in triplicate. Islets 

were cultured in experimental media for 1 hour at 37oC, after which islets were collected from 

media and a 1mL sample from each experimental well was collected for insulin RIA. Insulin 

values were normalized to 100 IEQ.
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Tissue Collection, Fixation, and Preparation

Upon dissection from anesthetized animals, pancreata or graft containing kidneys were fixed 

in 4% paraformaldehyde (Electron Microscopy Sciences, #15710) in 0.1M PBS (a solution of 

2.0g KCl, 2.04g monobasic KH2PO4, 8.0g NaCl, and 12.07g dibasic Na2HPO4, in purified water). 

After 90 minutes of fixation on ice, with mild agitation on a rocker, samples were washed with 

pure 0.1M PBS 4 times over the course of 2 hours. Tissues then equilibrated overnight in a 

30% (w/w) sucrose solution at 4oC. Equilibrated tissues were then prepared for cryosectioning. 

Samples were embedded in Tissue-Tek Optimal Cutting Temperature (OCT) reagent, housed 

in Tissue-Tek cryomolds (VWR, Radnor, PA, #25608-930 and #25608-916). Pancreata were 

oriented with the long dimension of the organ running top-to-bottom in the mold. Graft-bearing 

kidneys were cut across the width of the organ (a cross-section) at the edge of the islet graft, 

and both halves of the kidney were placed, cut surface facing down, into the mold. Embedded 

tissues were completely frozen through on dry ice before storage at -80oC. Cryosections of 

5-8um were cut on a cryostat and placed on Superfrost Gold Plus slides (Fisher Scientific, #15-

188-48). All slides were stored at -80oC.

Immunohistochemistry

Immunohistochemical studies were performed as described.45,154-156 Primary antibodies used 

are listed in Table 2, and secondary antibodies are listed in Table 3. Frozen slides thawed 

and dried at room temperature, then tissue sections were circled with a Super PAP Pen HT 

hydrophobic marker (#195505, Research Products International). In most cases, tissues were 

post-fixed for 10 minutes in 1% paraformaldehyde before three 5-minute washes in 1X PBS. 

Tissue was permeabilized by treatment with 0.2% Triton X-100 for ten minutes, then washed 

three times more in 1X PBS. Tissue was blocked with 5% normal donkey serum for 90 minutes 

in a humidified chamber, to minimize non-specific binding of secondary antibodies that were 
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raised in donkey. Primary antibodies were then applied at the concentrations listed in Table 2. 

All antibodies (primary and secondary) were diluted in 0.1% Triton X-100 with 1% BSA. Sections 

incubated in primary antibodies overnight, at 4oC. Before addition of secondary antibodies, 

sections then underwent three 10-minute washes in 0.1% Triton X-100, to remove unbound 

primary antibodies. Sections incubated in secondary antibodies at room temperature for one 

hour before three 15-minute washes in 0.1% Triton X-100, followed by three 5-minute washes in 

pure 1X PBS. Slides were mounted with SlowFade Gold antifade reagent with DAPI (#S36938, 

Invitrogen, Waltham, MA), sealed with fingernail polish, and allowed to dry completely before 

imaging.

Imaging

Images for morphometric analyses were acquired using an Olympus BX-41 fluorescence 

microscope connected to a MicroFire camera (Olympus America). Confocal imaging was 

performed in collaboration with the Vanderbilt University Cell Imaging Shared Resource, with a 

Zeiss LSM 510 META laser confocal microscope (Carl Zeiss Microimaging). 

Electron microscopy

Ultrastructure of β cells and vasculature were studied by transmission electron microscopy.156,157 

Mouse pancreas and grafts were perfused intracardially with fixative (a solution of 2% 

paraformaldehyde, 2.5% glutaraldehyde in 0.1M sodium cacodylate, and 1% CaCl2), with the 

assistance of Masakazu Shiota. Pancreata and graft-containing kidneys were removed after 

perfusion and fixed in 2.5% gluteraldehyde in 0.1M cacodylate buffer for 1 hour, then stored at 

4oC overnight. The next day, samples were washed 3 times in 0.1M cacodylate buffer, incubated 

for 1 hour in 1% osmium tetroxide, and washed again with the 0.1M cacodylate buffer. Samples 

then went through a graded ethanol dehydration protocol (30%, 50%, 70%, 80%, and 95% 
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Table 2. Primary antibodies for immunohistochemistry and immunocytochemistry
Antigen Species Dilution Source Catalog #
Insulin Guinea pig 1:500 Dako A0564

Glucagon Rabbit 1:100 Cell Signaling 2760s
Glucagon Mouse 1:500 abcam ab10988

MafA Rabbit 1:25000 Dr. Roland Stein (Vanderbilt 
University) BL1225

Pdx1 Goat 1:10000 Dr. Christopher V.E. Wright 
(Vanderbilt University) N/A

Somatostatin Sheep 1:500 American Research Products 13-2366
Caveolin-1 Rabbit 1:2000 Abcam ab2910

 mouse PECAM Rat 1:100 BD Pharmingen 550389
Ki67 Rabbit 1:500 Abcam ab15580

Nkx6.1 Rabbit Beta Cell Biology Consortium N/A

Insulin Guinea Pig 1:200 Linco 4030-01F
human CD31 Mouse 1:500 BD Pharmingen 555444

Table 3. Secondary antibodies for immunohistochemistry and immunocytochemistry
Host Species Primary Ab Species Fluorophore Dilution Source Catalog #

Donkey

Rabbit

Cy2 1:200 Jackson Immunoresearch 711-225-152

Donkey Alexa488 1:200 Jackson Immunoresearch 711-545-152
Donkey Cy3 1:500 Jackson Immunoresearch 711-165-152
Donkey Cy5 1:200 Jackson Immunoresearch 711-175-152
Donkey Goat Cy3 1:500 Jackson Immunoresearch 705-165-147
Donkey Rat Cy2 1:200 Jackson Immunoresearch 712-225-153
Donkey

Sheep
Cy2 1:200 Jackson Immunoresearch 703-225-155

Donkey Cy5 1:500 Jackson Immunoresearch 713-175-147
Donkey

Guinea Pig

Cy2 1:200 Jackson Immunoresearch 706-225-148
Donkey Alexa488 1:200 Jackson Immunoresearch 706-545-148
Donkey Cy3 1:500 Jackson Immunoresearch 706-165-148
Donkey Cy5 1:200 Jackson Immunoresearch 706-175-148
Donkey Alexa647 1:200 Jackson Immunoresearch 706-605-148
Donkey

Mouse
Alexa488 1:200 Jackson Immunoresearch 715-545-150

Donkey Alexa 594 1:200 Jackson Immunoresearch 715-585-150
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ethanol, then three washes in 100% ethanol). Dehydrated samples were then incubated in 

100% ethanol and propylene oxide, then in two washes of pure propylene oxide. Samples 

underwent a series of incubations in increasing epoxy resin concentrations, culminating in tissue 

embedding in pure resin and polymerization at 60oC for 48 hours. Embedded tissue sections 

of 500nm thickness were stained with 1% toluidine blue and imaged on a light microscope, to 

detect the location of islets. Thin sections (60-80nm) were cut, collected on copper mesh grids, 

and stained with 2% uranyl acetate and lead citrate. Samples were then imaged on the Philips/

FEI Tecnai T12 microscope at various magnifications, with the assistance of Janice Williams.

Morphometric analysis

Quantification of Ki-67+ cells, TUNEL+ cells, intracellular lipid droplets, and area analyses of 

amyloid and β cells were all performed using MetaMorph 7.7 software (Molecular Devices, 

Sunnyvale, CA). In all cases, at least 3 sections per animal were analyzed. For cell counting, at 

least 1000 β cells per animal were counted.

Detection of apoptosis, superoxide, and amyloid

Apoptosis was assessed by immunofluorescent TUNEL stain using the TUNEL Apoptosis 

Detection Kit (#17-141, Millipore, Billerica, MA) according to the manufacturer’s instruction. 

Dihydroethidium (DHE) (#D7008, Sigma, St. Louis, MO) was used to measure O2
- in 

cryosections. Sections were washed 3 times by PBS followed by DHE staining for 30 minutes, 

followed by staining for hormones. Fluorescence intensity of islet grafts was quantified using 

ImageJ software and was normalized to regular diet group 158. To assess amyloid deposits, 

frozen tissue sections were incubated with 0.5% concentration Thioflavin S (#T-1892, Sigma, St. 

Louis, MO) in PBS for 30 minutes, prior to further staining. 
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Quantitative RT-PCR

Total RNA from human grafts or mouse islets was isolated using an Ambion RNAqueous kit 

(#AM1912, Ambion, Austin, TX), as previously described.46 Contaminating trace DNA was 

eliminated using the Ambion TURBO DNA-free kit (#AM1907). In preparation for RNA isolation, 

islets or grafts were washed three times in 1X PBS, with all solution removed after the third 

wash, and stored at -80oC. The quality of extracted RNA was analyzed by the Vanderbilt 

Genome Sciences Resource. An RNA Integrity Number (RIN) greater than 7 was required for 

quantitative RT-PCR. cDNA was generated from RNA using the High-Capacity cDNA Archive 

Kit with RNase inhibitor (#4368814 and #N8080119, Applied Biosystems, Waltham, MA). 

Quantitative RT-PCR was performed using the TaqMan primer-probe and reagents from Applied 

Biosystems (Foster city, CA) as described,46 using the primers listed in Table 4. Quantitative 

PCR was performed on the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). 

ACTB, TBP, and TFRC were used as endogenous control genes. Relative changes in mRNA 

expression were calculated by the comparative DCt method using Applied Biosystems’ Step 

One Plus software. Quantitative RT-PCR analysis followed the MIQE guidelines.159

siRNA-mediated knockdown in EndoC-βH1 cells

Knockdown of NKX6.1 and MAFB was accomplished 3 days prior to GSIS using the Dharmafect 

#1 reagent following manufacturer’s protocol. Briefly, ON-TARGETplus Smartpool siRNA 

against human NKX6.1 (#L-020083-00), human MAFB (#L-009018-00; GE Dharmacon) and 

scrambled non-targeting siRNA (#D001810; GE Dharmacon) were introduced into 2x106 EndoC-

βH1 cells160 in antibiotic-free media. Following an overnight incubation, the cells were grown in 

normal growth media for an additional 36h, and then overnight in low glucose medium (1.1mM 

Glucose, 2% bovine serum albumin, 50μM 2-mercaptoethanol, 10mM nicotinamide, 5.5μg/mL 

transferrin, 6.7ng/ml selenite and penicillin-streptomycin at 100units/mL). Cells were incubated 



56

Table 4. Primers for quantitative real-time PCR
Primer Assay ID (human) Primer Assay ID (mouse)

INS Hs02741908_m1 Ins2 Mm00731595_gh

GCG Hs01031536_m1 Gcg Mm01269055_m1
IAPP Hs00169095_m1 Iapp Mm00439403_m1
GCK Hs01564555_m1 Gck Mm00439129_m1

SLC2A1 Hs00892681_m1 not measured in mouse N/A
SLC2A2 Hs01096904_m1 Slc2a2 Mm00446229_m1
GLP1R Hs00157705_m1 Glp1r Mm00445292_m1

BID Hs00609632_m1 Bid Mm00626981_m1
BAD Hs00188930_m1 Bad Mm00432042_m1

DDIT3 Hs00358796_g1 Ddit3 Mm00492097_m1
SOD1 Hs00533490_m1 not measured in mouse N/A
SOD2 Hs00167309_m1 not measured in mouse N/A
CAT Hs00156308_m1 not measured in mouse N/A

GPX1 Hs00829989_gH not measured in mouse N/A
UCP2 Hs01075225_m1 not measured in mouse N/A

NFE2L2 Hs00975961_g1 not measured in mouse N/A
HSPA5 Hs00607129_gH Hsp5a Mm00517690_g1

HSP90b1 Hs00427665_g1 Hsp90b1 Mm00441926_m1
PDIA4 Hs01115905_m1 Pdia4 Mm00437958_m1

NKX6.1 Hs00232355_m1 Nkx6.1 Mm00454961_m1
MAFA Hs01651425_s1 Mafa Mm00845206_s1
MAFB Hs00534343_s1 Mafb Mm00627481_s1
PDX1 Hs00236830_m1 Pdx1 Mm00435565_m1
PAX6 Hs00240871_m1 Pax6 Mm00443081_m1

FOXO1 Hs01054576_m1 Foxo1 Mm00490672_m1
EGFR Hs01076078_m1 Egfr Mm00433023_m1
ERBB2 Hs01001580_m1 ErbB2 Mm00658541_m1
ERBB3 Hs00176538_m1 ErbB3 Mm01159987_m1
ERBB4 Hs00955525_m1 ErbB4 Mm01256813_m1
ACTB Hs99999903_m1 Actb Mm00607939_s1
TBP Hs99999910_m1 Tbp Mm00446971_m1

TFRC Hs99999911_m1 Tfrc Mm00441941_m1
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for 1h in DMEM base medium supplemented with 5.5mM glucose or 15.5mM glucose. Secreted 

insulin was analyzed from culture medium and was normalized to the insulin content following 

cell lysis (cell lysis buffer: 1M Tris, Triton x-100, glycerol, 5M NaCl, 0.2M EGTA, protease 

inhibitor tablet). Insulin levels were analyzed by the Vanderbilt Hormone Assay Core. 

Statistical analysis

General statistics

Statistics were performed in GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA). Results 

are shown as mean ± SEM. The student t test (for two groups) or one-way ANOVA  (analysis of 

variance, for three or more groups) were used for statistical analysis, and a P value <0.05 was 

considered significant.

Statistical analyses of data from human islet preparations 

This describes the statistical analyses used in Chapter IV. The criterion of isolation centers 

with seven or more islet preparations for further analysis was established by examining the 

distribution of islet preparations per center. We chose the cut-off point of seven as it provided 

the best balance between observations per center and number of different centers examined. 

To study the full spectrum of individual attributes at each site required a control for any potential 

effect of the center and a sufficient number of islet preps from each center. For univariate 

analyses, we used a Wilcoxon rank sum test to assess differences between the distributions 

of islet attributes for each donor attribute. This nonparametric test makes no assumptions 

about the normality of the islet attribute. We compared our univariate results to an analysis 

of variance (ANOVA) of log-transformed islet attributes and found no meaningful differences; 

thus, for all further adjusted analyses, we continued with the log-transformed ANOVA approach, 
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which provides easier interpretation and the ability to adjust for covariates. We also examined 

the impact of variable missingness on all islet attributes, treating missingness as a categorical 

variable; this revealed no relationships be- tween missingness and islet attributes. All categorical 

variables (Center, Race, Sex, Cause of Death, Estimated Culture Time, and Year) were treated 

as factors. Continuous variables (Cold Ischemia Time, age, BMI, Viability, and Purity) were 

modeled as a continuous variable in linear regression and were also binned into quantiles and 

treated as a categorical variable in an ANOVA. For univariate analyses, statistical significance 

(calculation of a P value) was assessed by a Student’s t-test of the regression coefficient. For 

adjusted analyses, significance was assessed by a one-degree-of-freedom likelihood ratio 

test comparing a full model (with covariate and variable of interest) to a reduced model (with 

the covariate only). Polytomous regression was conducted to examine pairwise differences 

between categorical outcomes. Individual perifusion data points (24 per islet preparation, 

fractions 7–30) were modeled using a nonlinear mixed-effects model with an eight-knot spline 

function. Eight knots were chosen to optimally capture the characteristic features of the islet 

response curve while preserving degrees of freedom. This analysis hierarchically fits an islet 

response curve separately within each categorical group of the analysis, allowing qualitatively 

different curve fits within each group. The spline analyses were performed assessing the 

effects of categorical variables, allowing different insulin secretion response curves to be 

fitted within different categories of the variable. Continuous variables were not modeled in this 

way, because selecting cut-off values to generate categorical “bins” would not be biologically 

informed and would significantly reduce statistical power. Statistical significance for these 

analyses was assessed by a likelihood ratio test comparing a full model (with one random effect 

for the variable of interest and one for the individual) to a reduced model (with a random effect 

for individual alone). All statistical analyses were conducted using R 3.0.1, packages (nlme, 
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lmeSplines), and functions (lm, glm, aov, and lme). The procedures used for this modeling are 

available upon request. Linear regression analyses were performed using Prism v. 6.0d.
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CHAPTER III

IN VIVO METABOLIC STRESS IMPAIRS ISLET TRANSCRIPTION FACTOR 

EXPRESSION AND INSULIN SECRETION IN HUMAN ISLETS

The text and data in this chapter are part of a submitted manuscript. Some figures from that 
paper, included in this chapter, represent data collected by Chunhua Dai.

Introduction

Patients with Type 2 Diabetes (T2DM) have impaired insulin secretion in response to 

glucose,96,161,162 and this β cell dysfunction is progressive, often requiring exogenous insulin 

therapy. Physiological levels of glucose and lipid stimulate insulin secretion. In excess, 

however, these nutrients are thought to directly impair insulin secretion and other aspects of 

β cell function and survival, a phenomenon often referred to as “glucotoxicity”, “lipotoxicity”, 

and “glucolipotoxicity,” indicating the pathological consequences of excess glucose and/or 

lipid.120,163-165 Glucotoxicity and lipotoxicity are widely regarded as important contributors to the 

progressive decline of β cell function in T2D.

Using rodent cell lines,89,93,166,167 cultured rodent and human islets,92,168 and in vivo rodent 

models,99,169 investigators have suggested that excess glucose and/or lipid reduce insulin gene 

transcription,166 insulin content, glucose-stimulated insulin secretion,102,170,171 and exocytotic 

events.89,90,92 Use of somatostatin, to “rest” β cells by halting insulin secretion, does not 

reverse or prevent these effects, suggesting that these toxicities are not simply due to insulin 

depletion.172 Increased islet amyloid deposition, which is associated with β cell dysfunction 

and apoptosis in T2D patients,140,173 is also a proposed consequence of excess glucose and/

or lipid.174,175 Both in vitro and in vivo studies in rodent models have implicated excess glucose 

and/or lipid in promoting β cell apoptosis.103,176 Based on in vitro studies, the lipid contribution 
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to apoptosis depends on the lipid species, with saturated fatty acids promoting apoptosis,177 

potentially through ceramide formation,178,179 altered lipid partitioning,180,181 or oxidative 

stress.118-120

Expression and function of transcription factors critical to β cell development and function, 

particularly MafA, Nkx6.1, and Pdx1, were also reduced by high glucose and/or lipid in cultured 

islets or in vivo rodent T2D models.38 In fact, transgenic mis-expression of MafA is able to 

partially rescue many of islet β cell deficiencies in db/db mice, a model of T2D.182 Moreover, 

MAFA, NKX6.1, and PDX1 were also selectively lost in T2D,38 as was the MAFB transcription 

factor, which is co-produced with MAFA in human, but not mouse, islet β cells. Due to the 

relative sensitivity of these transcription factors to T2D stressors and their established to role 

in regulating mouse islet cell function, it was proposed that staging of T2D β cell dysfunction/

death reflects the early loss of MAFA and/or MAFB with overt changes reflecting the subsequent 

changes in NKX6.1 and/or PDX1. 

Mechanistic and molecular studies of human islets in vivo are difficult to perform. However, 

alternative approaches involving studies of excess glucose and/or lipid in islet cell lines and 

islets in culture, whether mouse or human, do not mimic islets in vivo, as cultured islets lack 

vascularization and innervation, and islet culture itself leads to changes in islet function and 

gene expression. Furthermore, such in vitro studies are challenged by selection of individual 

lipid species, lipid concentrations, and/or glucose concentrations. Most rodent models of T2D, 

such as the ZDF rat or db/db mouse, do not allow experiments that differentiate the effects 

of hyperglycemia from those of hyperlipidemia. Importantly, human islets differ from mouse 

islets in fundamental ways, such as islet architecture,44,45 relative expression of some islet-

enriched transcription factors, regulation of transcription factor expression,46 and proliferative 

capacity.54,183,184
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As a result of these experimental limitations and species differences, the mechanisms of how 

excess glucose and/or lipid specifically impair human islet function in vivo are incompletely 

understood. To address this, we generated or used three models of metabolic stress, in which 

human islets, engrafted into immunodeficient mice, are exposed to hyperglycemia (glucotoxicity) 

and/or excess lipid and consequent insulin resistance (lipotoxicity). Using these models, we 

examined insulin secretion, oxidative stress, transcription factor expression, the unfolded protein 

response, proliferation, apoptosis, and amyloid deposition in human islets in vivo, as well as the 

species-related differences between human and mouse islet physiology under metabolic stress.

Results

To examine the consequences of excess glucose and/or excess lipid on human islets in vivo, 

we developed and characterized animal models involving transplanted human islets exposed 

to chronic hyperglycemia (NSG-DTR model), chronic excess lipid and consequent insulin 

resistance (NSG-HFD), or acute hyperglycemia and acute insulin resistance (NSG-S961) 

(Figures 21B and 21J). Each model capitalizes on the profound immunodeficiency of the 

NSG mouse,85,86,185,186 to facilitate human islet engraftment. In every case, we performed 

pre-experimental assessment of human islet function, to ensure islet quality (Figure 21A). 

Importantly, these models also allowed comparison of the in vivo response of human and 

mouse islets to these metabolic stresses. The advent of the NSG mouse, which lacks B cells, 

T cells, NK cells, and mature dendritic cells, has made possible the generation of “humanized” 

mice in many research contexts, including mice containing human immune systems. 147,187 It has 

significantly improved the ability to study transplanted human islets by dramatically reducing the 

amount of immune infiltration in islet grafts.
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Figure 21. Models of chronic metabolic stress. (A) Isolated human islet preparations (n=13) perifused, prior to 
transplantation, with media containing 5.6 mM or 16.7 mM glucose (G 5.6 and G16.7), then 16.7 mM glucose with 
the phosphodiesterase inhibitor IBMX (51). (B) Experimental design. After islet engraftment period, NSG-DTR mice 
were injected with 5ng diphtheria toxin (DT) or saline and monitored for 4 weeks; NSG mice were placed on HFD or 
RD for 12 weeks. For all subsequent figures, blue colors are used for the NSG-DTR model, red colors for the NSG-
HFD model, and green colors for the NSG- S961 model. Pastel and patterned color bars are used for human islet 
data, white and solid color bars are used for mouse islet data. (C) Random blood glucoses of NSG-DTR groups after 
DT injection (n=6/ group). Nephrectomy indicates survival surgery to remove graft-containing kidney. (D) Pancreatic 
insulin content in NSG-DTR mice, 4 weeks after DT injection (n=4-6/group) (E) Mouse body weight change after 12 
weeks diet (RD, n=29; HFD n=30). *** p<0.001 (F) Fat mass (NSG-RD, n=29; NSG-HFD, n=30 (G) Serum triglyceride 
and cholesterol levels after 11 weeks on diet (NSG-RD, n=8; NSG-HFD, n=9). (H) Random blood glucose after 8 
weeks diet (RD, n=20; HFD, n=21) (I) Glucose tolerance test (GTT) after 8 weeks on diet (NSG-RD, n=31; NSG-HFD, 
n=33). *** p<0.001. (J) Experimental timeline of S961 model. Two weeks after islet transplantation, S961 is delivered 
by implantation of osmotic pump. Analyses were performed at 1 or 2 weeks after pump implantation. (K) Random 
blood glucose measurements of S961 and PBS-treated mice from 0-7 days after pump implantation. *** p<0.001. (L) 
Random (non-fasting) mouse insulin values. *** p<0.001. PBS, n=8; S961, n=12.
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Chronic hyperglycemia model (NSG-DTR)

To directly examine the effect of chronic hyperglycemia on human islets in vivo, we developed 

a model in which one could specifically ablate the native, mouse pancreatic β cells without 

harming transplanted human islets, which engrafted under normoglycemic conditions. To ablate 

mouse β cells, we used the RIP-DTR mouse, in which human diphtheria toxin receptor (DTR) 

expression is controlled by the rat insulin promoter,148 generating DTR-expressing mouse 

β cells. The RIP-DTR mouse was crossed onto the NSG background, to produce the NSG-

DTR mouse, a severely immunodeficient mouse with excellent xenograft tolerance, in which 

diphtheria toxin (DT) injection can now ablate mouse β cells (Figure 22A and F). We examined 

the response of NSG-DTR mice to a range of DT doses. A single injection of 5ng DT rapidly 

generated extreme and persisting hyperglycemia (Figure 22B) and dramatically reduced both 

mouse pancreatic insulin content (Figure 22C and Figure 21D) and islet size (Figure 22E and 

F). The 5ng DT dose did not alter transplanted human islet function, insulin content, or islet 

survival (Figure 22D, G, and H).

To generate and compare mice that become hyperglycemic after DT injection with mice that 

remain normoglycemic after DT injection, we analyzed how these conditions were affected 

by different IEQs of transplanted human islets. We determined that 4000 IEQ maintained 

normoglycemia (NG) in the majority of NSG-DTR+I mice (NSG-DTR mice with transplanted 

human islets) after DT-induced mouse β cell ablation, but that most mice with only 2000 IEQ 

quickly became hyperglycemic (HG) and remained so. To reflect the glycemic level to which 

human islets were exposed, we grouped mice and their data based on their observed glycemic 

status, rather than by the number of islets transplanted. Thus, we use the terms DT-HG 

(hyperglycemia after DT), DT-NG (normoglycemia after DT), and PBS (animals given PBS 

instead of DT) to describe the human islet transplanted groups.
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Figure 22. Establishment of chronic hyperglycemia model (NSG-DTR). (A) Breeding of NSG mouse with 
RIP- DTR transgenic mouse yields NSG- DTR mouse. Injection of diphtheria toxin ablates mouse β cells and 
results in hyperglycemia. (B) Blood glucose values of NSG-DTR mice in response to a single injection of 5ng 
DT, 1ng DT, or PBS. (C) Pancreatic insulin content of NSG-DTR mice (no human islets) injected with different 
DT doses (n= 3). (D) Human graft insulin content after injection with different DT doses (n=3). Representative 
images of NSG-DTR pancreata or human grafts after treatment with PBS (E, G) or DT (F, H). (E-F) Green = 
insulin, red = glucagon, blue = somatostatin. (G, H) Blue = insulin, red = glucagon, green = caveolin-1.
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Chronic insulin resistance model (NSG-HFD)

A high-fat diet (HFD) was used to introduce excess dietary fat and to induce insulin resistance 

on the NSG background. Some mice exhibited high sensitivity to the diet (HFD-HS), and others 

exhibited low sensitivity (HFD-LS), as defined by the change in body weight and fat mass, 

glucose tolerance, and serum insulin (Figures 23 and 24).  On HFD, body weight (Figure 

23A), percent fat and lean mass (Figure 23C and E), glucose tolerance (Figure 24A and C), 

and fasting serum insulin (Figures 24E and 24G) were affected. Only HFD-HS mice were 

subsequently used to test the effects of excess lipid and insulin resistance on human islets in 

vivo. We also generated and characterized two widely-used genetic models of insulin resistance 

on the NSG background: the GLUT4-/- model (NSG-Glut4) and the ob model (NSG-ob/ob). 

The phenotypes of GLUT4-/- and ob/ob mice on the NSG background (Figures 25, 26, and 27) 

differed from the C57BL/6 background, and these models were not subsequently studied. These 

unexpected differences exemplify how genetic background can impact the metabolic phenotype.

NSG mice with transplanted human islets were placed on HFD or RD (HFD+I and RD+I mice) 

for 12 weeks (Figure 21B), and this allowed a comparison of transplanted human islets and 

endogenous pancreatic mouse islets under the same metabolic condition. One week before 

sacrifice (11 weeks on HFD), HFD+I mice had almost 3-fold greater weight gain (Figure 21E 

and Figure 28A), twice the percent fat mass (Figure 21F) and reduced lean mass (Figure 

28B) compared to RD+I controls.  In addition, HFD+I mice had higher serum triglyceride and 

cholesterol (Figure 21G), mild hyperglycemia (Figure 21H), and glucose intolerance (Figure 

21I).  HFD+I mice had dramatic hepatic lipid deposition (Figure 28C), and mouse islet size and 

β cell mass were increased (Figure 28D and E), recapitulating prior studies on the effect of HFD 

on mouse islets.120,164,165
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Figure 23. Feeding with either 60% or 45% of high fat diet (HFD) for 12 
weeks induces obesity in NSG mice. (A, B) Mouse body weight change is 
higher on HFD (A. RD, n=8; 60% HFD-HS, n=14, 60% HFD-LS, n=6; B. RD, 
n=10, 45% HFD-HS, n=10; 45% HFD- LS, n=5). (C-F) Fat mass and lean mass 
(C, E. RD, n=10; 60% HFD-HS, n=13, 60% HFD- LS, n=5; D, F. RD, n=10, 45% 
HFD-HS, n=10; 45% HFD-LS, n=5). ** p<0.01, *** p<0.001, HFD vs RD; †† 
P<0.01, ††† P<0.001, HFD-HS vs HFD-LS.
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Figure 24. HFD induces insulin resistance in NSG mice. (A, B) Eight weeks of 60% 
or 45% HFD impaired GTT in the NSG mice. However, the mice with 60% HFD had 
more severely impaired glucose clearance. (RD, n=10; 60% HFD-HS, n=15; 60% HFD-
LS, n=5; 45% HFD- HS, n=10; 45% HFD=LS, n=10) (C, D) Blood glucose area under 
curve of GTT ** p<0.01, *** p<0.001, HFD vs RD; † P<0.05, HFD-HS vs HFD-LS. (E-H) 
Mouse serum insulin increases in response to 8 weeks (E, F) and 11 weeks (G, H) 
60% (E, G) or 45% (F, H) fat diet. * p<0.05, ** p<0.01. No significant difference showed 
between RD-LS and HFD-LS.
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Figure 25. No phenotype in NSG mice with Glut4 deficiency. NSG-Glut4-/- mice. (A) Body 
weight, (B) blood glucose (6 hour fast), (C) serum insulin (6 hour fast) in wild type (+/ +), 
heterozygotes (+/-), and homozygotes (-/-) at 27 weeks old. n=6-7/genotype/age. p>0.05 (D) 
GTT at 20 weeks. P>0.05 at all time points. (E-G) Islet images of three genotypes labeled with 
insulin (INS, green), glucagon (GLUC, red). Scale bar = 100 μm and applies to E and F.
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Figure 26. Leptin deficiency causes obesity in NSG mice.  (A-C) Body weight of wild type 
(+/+), heterozygotes (ob/+), and homozygotes (ob/ob) at 3, 6, and 11 weeks old. (D-F) Fat mass 
and (G-I) lean mass in three genotyping groups at age of 3, 6, and 11 weeks. (3 weeks: n=6, +/+; 
n=8 (+/ob); n=4, ob/ob; 6 weeks: n=5, +/+; n=12, +/ob; n=5, ob/ob; 11 weeks: n=15, +/+; n=13, +/
ob; n=17, ob/ob). * p<0.05, ** p<0.01, *** p<0.001, ob/+ and ob/ob vs +/+; † p<0.05, †† P<0.01, 
††† p<0.001, ob/+ vs ob/ob.
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Figure 27. Diabetes occurs earlier in NSG-ob/ob mice. Blood glucose after fasted for 6 hours. All mice 
developed to diabetes (glucose > 500mg/dL, except one mouse – 200 mg/ dL). (D-F) Serum insulin (fasted) 
significantly increased at 3 weeks old and was dramatically elevated at 6 weeks. However, at 11 weeks 
the insulin level declined. (G-I) Images of +/+ and ob/ob islets labeled with insulin (INS, green), glucagon 
(GLUC, red). In most mice at 11 weeks, islet size and the number of β cells decreases in ob/ob mice while 
alpha cell number increases (H). Red circles represent the data and islet image (I) from same ob/ob mouse 
that has higher insulin, lower glucose, and larger islets
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Figure 28. Human islet function assessment and larger mouse islet size in response to HFD. (A) 
Body weight in NSG mice with transplanted human islets from day 1 to 12 weeks on RD and HFD. *** 
p<0.001 (B) Lean mass in RD+I and HFD+I. *** p<0.001 (C) Dramatically increased lipid deposit in mouse 
liver after fed with high fat diet for 12 weeks (Oil Red O stain, lipid is red). Scale bar = 50 “m and also 
applies to RD+I. (D) Size of mouse islets in response to 12 weeks of HFD. Islets are from one mouse/each 
diet. Scale bar = 500 “m and also applies to RD+I. (E) β cell mass of mouse pancreas (n=4/diet group). 
*** p<0.001. (F) Representative mouse pancreatic islet images. White arrows point to proliferating Ki67-
positive β cells. (G) Quantification of Ki67-positive ! cells in mouse pancreas (n=9/each diet). The number 
of β cells counted in each group was 7,000 to 16,000. *** p<0.001.
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We examined graft vessel morphology in human and mouse islet grafts in the NSG-HFD 

model (Figure 29F versus 29H), to ensure that islet graft function is not altered by abnormal 

vasculature on HFD. Given that islet grafts revascularize with both donor and recipient 

endothelial cells, sometimes forming chimeric vessels,83 we stained with PECAM, to detect 

mouse endothelial cells, and with CD31, which identifies human endothelial cells.  We found 

similar vessel morphology (size and density) in both diet groups, with both human and mouse 

endothelial cells contributing to vessel formation (Figure 29A and B). By electron microscopy, we 

observed normal fenestration of human vessels on these diets (Figure 29E and F).  We found 

similar results in mouse islet grafts, with similar density, distribution, and size of vessels in these 

diet groups (Figure 29C, D, G, and H). Taken together, these data indicate that diet does not 

change the vasculature of transplanted human or mouse islet grafts. 

Acute hyperglycemia and insulin resistance model (NSG-S961)

To examine the effect of a shorter duration of metabolic stress on human islets, we treated 

mice with the insulin receptor antagonist S961 (Figure 21J), a 43-amino acid peptide antagonist 

known to induce many consequences of insulin resistance in rodents, including hyperglycemia, 

hyperinsulinemia, decreased hepatic glycogen storage, and decreased adipocyte triglyceride 

storage.152,153 In our studies, S961-treated mice became hyperglycemic 24 hours after injection 

(Figure 21K) and remained so at two weeks (Figure 28A). The insulin resistance of these 

mice is illustrated by extreme hyperinsulinemia of both human (Figure 28B) and mouse insulin 

(Figure 21L).

Metabolic stresses impair stimulated human insulin secretion in vivo

DT-HG mice, HFD+I mice, and S961-treated mice all showed hyperglycemia (Figures 30A, E, 

and J, respectively) and fasting human hyperinsulinemia (Figures 30B, F, and K, respectively). 
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Figure 29. Graft vasculature does not change in mice on high fat diet. 
Representative images of human (A, B) and mouse grafts (C, D) labeled for 
insulin (blue), mouse vessels (green), and human vessels (red). Scale bar = 200 
μm and applies to A-C. Representative EM images of fenestration in human (E, 
F) and mouse grafts (G, H). Arrows point to fenestration. L = lumen. Scale bar = 
1 μm and applies to E-G.
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Figure 30. Metabolic stress impairs stimulated insulin secretion from transplanted human β cells. (A) Blood 
glucose of DTR groups after 6-hour fast (0’) and 15 minutes after injection of glucose (2g/kg) plus arginine(2g/
kg).***p<0.001, 0’vs15’withineachgroup; †† p<0.01,DT-HG0’vsPBS0’; ††† p<0.001, DT-HG 15’ vs PBS 15’. (PBS, 
n=15; DT-NG, n=13; DT-HG, n=17) (B) Human insulin secretion from glucose-arginine stimulation assay. * p<0.05, 
*** p<0.001, 0’ vs 15’ within each group;, † p<0.05, DT-HG 0’ vs PBS 0’;  ††† p<0.001, DT-HG 15’ vs PBS 15’ (PBS, 
n=15; DT-NG, n=13; DT-HG, n=17). (D) Human graft insulin content. *** p<0.001, DT-NG vs PBS, ††† p<0.001, DT-HG 
vs DT-NG (n=5-6/group). (E-H) Glucose-arginine stimulation of HFD model after 11 weeks on diet. (E) Blood glucose 
values *** p<0.001, 0’ vs 15’ within the each diet group; †† p<0.01, 0’ vs 0’ between two diet groups;  ††† p<0.001, 
15’ vs 15’ between two diet groups. (NSG-RD, n=27; HFD; n=34). (F) Human and (H) mouse serum insulin levels. *** 
p<0.001, 0’ vs 15’ within the each diet group; ††† p<0.001, 0’ vs 0’ or 15’ vs 15’ between two diet groups (NSG-RD, 
n=27; NSG-HFD; n=34). (I) Human graft insulin content. P=0.880 (NSG-RD, n=12; NSG-HFD; n=14) J-L) Glucose-
arginine stimulation of S961 model, 10 days after injection. (J) Blood glucose values, (K) Human insulin secretion, (L) 
Mouse insulin secretion. * p<0.05, ** p<0.01, *** p<0.001, 0’ vs 15’ within the each treatment; †† p<0.01, ††† p<0.001, 
0’ vs 0’ or 15’ vs 15’ between two treatments (n=5/treatment). (M) Human graft insulin content. * p<0.05 (n=5/treatment).
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Stimulated human insulin secretion dramatically decreased in these experimental groups 

(Figures 30B, F, and K). In contrast to the effect on human insulin, stimulated mouse insulin 

levels were dramatically elevated in HFD+I mice (Figure 30H) and unchanged in S961-treated 

mice (Figure 30L). The response of mouse insulin was not measured in DT-HG mice, due 

to their DT-mediated ablation of mouse β cells.  This demonstrates a fundamental functional 

difference between mouse and human islets under identical metabolic conditions.

The ratio of stimulated human insulin to blood glucose, a measure of β cell responsiveness 

to hyperglycemia, was dramatically reduced in both DT-HG mice and HFD+I mice (Figures 

30C, G, and J). Insulin content of the human islet graft was unchanged in DT-HG and HFD+I 

mice (Figure 30D and 30I), but it was markedly reduced in S961-treated mice (Figure 30M). In 

contrast, content was increased 3-fold in DT-NG grafts (Figure 30D). Together, these results 

indicate that the conditions of chronic hyperglycemia, chronic insulin resistance, and acute 

hyperglycemia with insulin resistance all induce functional impairment of human islets in vivo 

by impairing stimulated human insulin secretion, but that mouse insulin secretion is not similarly 

affected.

Human β cells do not proliferate in response to hyperglycemia or insulin resistance

Insulin resistance promotes compensatory expansion of rodent β cell mass due to 

proliferation,183,184,188-190 and glucose has been reported to be a β cell mitogen in both rodent 

and human.191-193 As expected, native mouse, pancreatic islets in HFD+I mice (Figure 28G) 

and NSG-S961 mice (Figure 31C-D) showed dramatic increases in β cell proliferation. HFD+I 

mice also had larger islets and increased pancreatic β cell mass (28D and E). Human β cell 

proliferation was much lower than that of mouse β cells, and in contrast to mouse β cells, it was 

unchanged by the condition of metabolic stress in each model (Figure 32A-B, D-E, and H-I). 
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Figure 31. S961 model of acute hyperglycemia and insulin resistance. (A) Random blood glucose 
measurements of S961 and PBS-treated mice. *** p<0.001, n=4/treatment. (B) Random (non-fasting) 
human insulin values. *** p<0.001, PBS, n=8; S961, n=12). (C) Representative images showing relative 
levels of β cell proliferation in human graft, mouse graft, and pancreas of S961- or PBS-treated mice. 
Green = insulin, red = Ki67, blue = DAPI. (D) Quantification of β cell proliferation in mouse pancreata 7 
days after S961 injection. *** p<0.001, n=5/treatment.
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To address the possibility that the difference between human and mouse β cell proliferation 

in response to metabolic stress was related to the kidney capsule transplantation site, we 

transplanted NSG mice with mouse islets prior to HFD or S961-treatment. Mouse graft β cell 

proliferation increased more than 6-fold in HFD-fed mice (Figure 32C, F and G) and increased 

nearly 20-fold in NSG-S961 mice (Figure 32J), similar to other studies using S961.194,195 These 

results demonstrate that acute and chronic hyperglycemia and/or insulin resistance potently 

stimulate mouse, but not human, β cell proliferation in vivo. Importantly, this difference was 

shown to be species-specific and not an effect of the transplantation site.  

Neither chronic hyperglycemia nor insulin resistance causes human β cell apoptosis

Multiple in vitro studies have suggested that chronic metabolic stresses promote β cell 

apoptosis and associated decreases in human islets survival.103,176 To address whether human 

β cell loss contributed to impaired stimulated insulin secretion, we measured expression of 

the key apoptosis genes BID, BAD, and DDIT3 (CHOP) in DT-HG and HFD+I human grafts. 

Two markers of apoptosis were decreased in DT-HG grafts (Figure 32K) and all three were 

unchanged in HFD+I grafts (Figure 32L). The lack of increased CHOP expression in both 

models indicates that human β cells under chronic hyperglycemia or chronic insulin resistance 

were not undergoing stress-induced apoptosis. Indeed, we observed only rare apoptotic β 

cells in both mouse and human grafts in the HFD model (Figure 33A-F) and in human grafts 

in the DTR model (Figure 33G), at rates similar to control grafts. Thus, excess glucose or lipid 

does not lead to apoptosis in human or mouse islets in vivo, indicating that β cell death is not 

impacted in DT-HG and HFD+I exposed islets.
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Figure 32. Human β cells do not proliferate in response to hyperglycemia or insulin resistance. Quantification 
of β cell proliferation in (A) NSG-DTR human grafts, (PBS, n=9; DT-NG, n=5; DT-HG, n=12) (B) NSG-HFD human 
grafts (n=11/diet, p=0.633), and (C) HFD mouse grafts (n=3/diet) ** p<0.01. The number of β cells counted in each 
group was 7,000 to 16,000. (D-G) Islet images from human graft (D, E) and mouse graft (F, G) labeled with insulin 
(green), Ki67 (red), and DAPI (blue). Arrows point to proliferating Ki67-positive β cells. β cell proliferation in S961-
treated (H) human grafts (left kidney, n=5/treatment, p=0.644) and (J) contralateral mouse graft (right kidney, n=5/
treatment, ** p<0.01) after 7 days. (I) Human grafts after 14 days (n=5/treatment, p=0.8239). (K, L) Expression of 
apoptosis-related genes BID, BAD, and DDIT3 (CHOP) in human grafts (K) from NSG-DTR model (PBS n=5, DT-NG, 
n=5; DT-HG, n=10; * p<0.05, DT-HG vs PBS) and (L) from NSG-HFD model (n=5/ diet; p>0.05).
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Figure 33. Chronic hyperglycemia and insulin resistance do not increase β cell 
apoptosis. Representative images showing lack of TUNEL-positive β cells in NSG+HFD 
(A, B) human grafts and (C, D) mouse grafts, compared to a positive control. Scale bar = 
100 μm and applies to A-D. (E) Tabulated quantification of TUNEL+ β cells in NSG+HFD 
(F) and NSG-DTR (G) models.
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Chronic hyperglycemia or chronic insulin resistance decrease antioxidant enzyme 

expression and increase superoxide levels in human islet grafts

Oxidative stress from increased levels of reactive oxygen species (ROS) is widely hypothesized 

as a cause of β cell dysfunction.120,196  These islet cells are thought to be more sensitive to ROS 

due to their unusually low levels of antioxidant enzymes compared to other tissues.114,116,197 We 

used these models to assess how oxidative stress responder gene products are impacted by 

chronic in vivo hyperglycemia or insulin resistance. In a panel of oxidative stress-related genes, 

only the transcription factor nuclear factor, erythroid-derived 2-like 2 (NFE2L2) was reduced 

in DT-HG islet grafts (Figure 34A). However, the antioxidant enzymes superoxide dismutase 

(SOD1 and SOD2) and glutathione peroxidase (GPX1), as well as NFE2L2, were decreased 

in HFD+I grafts (Figure 34B). Superoxide levels, as measured by dihydroethidium (DHE) 

staining, were higher in HFD+I grafts, but they were not changed in DT-HG grafts (Figure 34C-

E). HFD+I mouse grafts showed no difference in superoxide levels (Figure 34F), indicating 

that the higher prevailing level of reactive oxygen species induced by HFD is specific to human 

islets.  These data demonstrate that changes in human islet antioxidant enzyme expression and 

subsequent increases in ROS are part of the response to chronic insulin resistance and may 

be a component of the lipotoxic functional consequences of these human grafts. Interestingly, 

the effect of hyperglycemia and insulin resistance on oxidative stress was different. The insulin 

resistance of the NSG-HFD model had a greater effect on both antioxidant enzyme expression 

and ROS levels, suggesting that oxidative stress may be more important as a lipotoxic 

mechanism than a glucotoxic mechanism.
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Figure 34. Antioxidant enzymes, ROS, and unfolded protein response. (A-B) Relative expression of antioxidant 
enzymes (SOD1, SOD2, CAT, GPX1, UCP2) and oxidative stress responding transcription factor (NFE2L2) gene 
in transplanted human islets from (A) NSG-DTR (PBS n=5, DT-NG, n=5; DT-HG, n=10; *** DT-HG vs PBS,  † DT-
HG vs DTR-NG) and (B) NSG- HFD (n=5/diet; * p<0.05, ** p<0.01) models. Quantification of superoxide production, 
measured by dihydroethidium staining, in (C) NSG-DTR human grafts (n=8-10/group), (D) NSG-HFD human grafts 
(n=10/diet, **p<0.01), and (F) HFD mouse grafts (n=15/diet). (E) Images of DHE staining in NSG-HFD/RD human 
grafts. Unfolded protein response (UPR) genes are induced in mouse islets and in DT-NG human grafts, but not in 
DT-HG or HFD+I human grafts. (G-I) mRNA levels of UPR marker genes in (G) NSG-DTR human grafts (PBS n=5, 
DTR-NG, n=5; DTR-HG, n=10). (H) NSG-HFD human grafts (n=5/diet), and (I) mouse islets (n=5/diet). * p<0.05.
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Unfolded protein response is not up-regulated in response to chronic hyperglycemia or 

chronic insulin resistance

The efficacy of the unfolded protein response (UPR) influences the ability of islets to meet 

increased insulin demand under metabolic stressors such as chronic hyperglycemia or insulin 

resistance.130,198-200 To examine the UPR in human islets exposed to chronic hyperglycemia or 

insulin resistance, we measured the gene expression of two chaperones central to the UPR, 

HSPA5 (GPR78, BIP) and HSP90B1 (GRP94), as well as protein disulfide isomerase, PDIA4 

(ERP72). HSPA5 and PDIA4 were increased in DT-NG grafts (Figure 34G), which successfully 

maintained normoglycemia, but were unchanged in both DT-HG and HFD+I grafts (Figure 

34H), which had impaired insulin secretion. In contrast, pancreatic mouse islets of HFD+I mice, 

which had robust stimulated insulin secretion, had increased expression of all 3 UPR genes in 

response to HFD (Figure 34I). 

These models demonstrate that islets with preserved stimulated insulin secretion relative to 

controls, namely DT-NG human grafts and HFD+I mouse islets, up-regulate components of the 

UPR, but islets with impaired stimulated secretion, namely DT-HG human grafts and HFD+I 

human grafts, do not.  This suggests that inability to stimulate the UPR may be a glucotoxic and 

lipotoxic consequence. Alternatively, a lack of UPR induction could be a natural downstream 

response to either reduced or unchanged insulin transcription and/or translation, in which case 

this lack of UPR induction would reflect an appropriate homeostatic mechanism, rather than 

dysfunction. Importantly, mouse and human islets responded similarly, suggesting that the UPR 

may be an aspect of islet function conserved between the species.
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Chronic insulin resistance, but not chronic hyperglycemia, increases amyloid deposition 

in human islet grafts

Peri-islet amyloid deposition is a proposed mechanism of human β cell dysfunction and death in 

T2D.133,135,141,145 Specifically, it has been proposed that hyperglycemia and HFD promote amyloid 

formation by increasing cellular stress.174,175,201 To test whether this occurs in human islets 

exposed to chronic hyperglycemia or insulin resistance in vivo, we measured graft expression of 

islet amyloid polypeptide (IAPP). Both IAPP expression and amyloid formation were observed in 

HFD+I grafts (Figure 35A). HFD+I grafts also had larger amyloid deposits than animals fed RD 

(Figure 35B and C). In contrast, there was no change in IAPP expression, amyloid presence, or 

deposit size in the DT-HG grafts (Figures 36A-C). Due to the inherent inability of mouse IAPP to 

form amyloid,202 mouse grafts were not examined for amyloid. These data suggest that chronic 

excess lipid and insulin resistance, but not hyperglycemia, are the primary driver of amyloid 

deposition in human islets. However, this increased islet amyloid deposition did not cause 

human β cell apoptosis (Figure 33G). 

Human β cells exposed to chronic insulin resistance accumulate a greater number of 

intracellular lipid droplets

Studies have suggested that excess nutrients promote lipid droplet formation within islets168 

and that these lipid droplets impact β cell function.203 Using electron microscopy to examine 

intracellular lipid accumulation, we observed that human β cells (Figures 35D, E and J), but 

not mouse β cells (Figures 35F-I and K-L), extensively accumulated lipid droplets on RD, and 

this was increased in response to HFD (Figure 35J). Human pancreatic β cells also had lipid 

droplets (data not shown), suggesting that droplet presence is not a result of transplantation. 

These data indicate that intracellular lipid accumulation is a feature of human, but not mouse, β 

cells, and that HFD increases human β cell intracellular lipid accumulation.
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Figure 35.  Amyloid deposition in human grafts is increased in NSG-HFD mice. (A) 
Relative mRNA level of IAPP in human grafts (n=5/diet). * p<0.05. (B) Representative images 
of amyloid in human grafts labeled with insulin (green), thioredoxin (red). (C) Measurement of 
thioredoxin area of human grafts. (n=10 grafts/diet). Human, but not mouse, β cells accumulate 
intra-cellular lipid droplets. EM images of β cells from human graft (D, E), mouse graft (F, 
G), and mouse pancreas (H, I), Arrows point to lipid droplet(s). N=nuclear, G=granule. Scare 
bar = 3 μm and applied to A-E. (J-L) The number of lipid droplets per β cell in human grafts (β 
cell n=45-70), mouse grafts (n=50-71), and mouse pancreatic β cells (n=56-74). * p<0.05.
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Figure 36. Islet amyloid is not increased by chronic hyperglycemia. (A) mRNA levels of islet amyloid 
polypeptide (IAPP) in human grafts from DTR mice (n=3). ** p<0.01 vs PBS group, †† p<0.01 vs DT-NG group. 
(B) Representative images of thioredoxin (red) staining in human islet grafts from each group (green = insulin). (C) 
Quantification of amyloid area per graft section (n=3).
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Chronic insulin resistance and chronic hyperglycemia reduce NKX6.1 and/or MAFB in 

human β cells

Given the increased ROS in HFD+I human islet grafts, we postulated those β cell-

enriched transcription factors sensitive to this stressor would be compromised under these 

circumstances, specifically MAFA, MAFB, NKX6.1 and/or PDX1, first described in mouse 

models of diabetes and in type 2 diabetic islets.38,121 Expression of MAFB, which is expressed 

in both human islet α and β cells,204 was reduced in both DT-HG human grafts (Figure 37A) 

and in HFD+I human grafts (Figure 37B), as well as in mouse pancreatic islets in HFD+I mice 

(Figure 37D). This reduction of MafB in mouse islets is most likely due to a decreased ratio 

of α to β cells, resulting from increased pancreatic β cell proliferation (Figures 28F and G), 

as MafB is not expressed in adult mouse islet β cells. Gene expression and protein levels of 

NKX6.1, a transcription factor critical to β cell identity and function,29-31 was also decreased 

in HFD+I human grafts (Figure 37B-C, Figure 38E) but was unchanged in mouse grafts and 

mouse pancreatic islets in the same mice (Figure 37C-D and Figure 38D). This may indicate 

that human NKX6.1 in human β cells is more sensitive to HFD-induced insulin resistance than 

is mouse Nkx6.1 in mouse β cells. Gene expression of MAFA, PDX1, and the pan-endocrine 

marker PAX6 was unchanged in DT-HG and HFD+I grafts (Figure 37B), but mouse pancreatic 

islets in HFD+I mice had a dramatic increase in MafA expression (Figure 37D). The different 

responses of MafA and Nkx6.1 between human and mouse islets under metabolic stress may 

be critically important, given the numerous β cell gene targets of MafA and Nkx6.1.30,33,37 

Two of these targets, INS and GCK, were not changed in HFD+I human islets (Figure 38B), 

but Ins and Gck were increased in mouse islets from the same mice (Figure 38C). INS 

expression was dramatically reduced in DT-HG grafts, compared to both PBS and DT-NG 

groups, but GCK expression was not changed (Figure 38A). These data suggest that glucotoxic 
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Figure 37. MafB and Nkx6.1 transcription factors are reduced in human islets in DTR 
and HFD models, respectively. (A, B) mRNA levels of transcription factors in human grafts. * 
p<0.05, ** p<0.01, DT-HG vs PBS, or NSG-HFD vs NSG-RD (PBS n=5, DTR-NG, n=5; DTR-
HG, n=10). (C) Representative images of NKX6.1 protein in HFD+I and RD+I human grafts 
(left panels) and mouse grafts (right panels). (D) mRNA of transcription factors in mouse islets 
from NSG-HFD model (n=5/diet, ** p<0.01). (E, F) siRNA knockdown of NKX6.1 or MAFB in 
EndoC-BH1 cells. (E) Relative level of each gene after treatment with relevant siRNA. ** p< 
0.01, *** p<0.001, relative to Ctrl siRNA for each gene (n=6/gene). (F) Static stimulation of 
insulin secretion with 5.5 mM or 15.5 mM glucose. ** p< 0.01, relative to Ctrl siRNA, (n=3/group).
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Figure 38. PDX1 protein level does not change in transplanted human β cells in NSG-HFD mice. 
(A-C) Expression of glucose metabolism genes in NSG-DTR human grafts (A), HFD human grafts 
(B), and HFD mouse islets (C). * p<0.05, *** p<0.001 vs PBS, ††† p<0.001 vs DT-NG. n=3/group. (D) 
Representative images of Nkx6.1 in mouse islets on HFD or RD. (E) Images of PDX1 in human grafts (left 
panels), mouse grafts (center panels), and mouse islets (right panels) in response to RD (top panels) or 
HFD (bottom panels). Green = insulin, red = PDX1 , blue = DAPI. Inserts are enlarged β cells. Scale bar = 
50 µm and applies to (D) and (E). (F) Images of Pdx1 (top panels) and Nkx6.1 (bottom panels) in PBS (left 
panels), DT-HG (center panels), and DT-NG (right panels) human grafts.
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and lipotoxic conditions reduce human insulin gene transcription. To ascertain if decreased 

NKX6.1 or MAFB affect glucose-stimulated insulin secretion in human β cells, we performed 

knockdown experiments in the EndoC-βH1 cell line.160 Reduction of either MAFB or NKX6.1 

impaired glucose-stimulated insulin secretion (Figure 37E, F). The decrease observed upon 

knockdown of MAFB is consistent with the pattern recently reported.274 Moreover, it is likely that 

the reduction in NKX6.1 or MAFB also contributes to the decreased insulin gene transcription. 

These data strongly suggest that the glucotoxic and lipotoxic changes in human islet function 

in vivo were mediated by reduction in the level of NKX6.1 or MAFB transcription factors (Figure 

39). 

Discussion

The terms glucotoxicity, lipotoxicity, and glucolipotoxicity are used frequently to describe a 

paradigm wherein excess glucose, lipid, or both result in islet dysfunction and pathology.120,164,165 

Based on studies in rodent β cell lines,88,166,172 human or rodent islets in vitro,92,121,196,205,206 and 

in vivo rodent models,38,99,169 a range of molecular mechanisms, including oxidative stress, ER 

stress, β cell apoptosis, and increased amyloid deposition have been proposed103,119,129,176,207 to 

contribute to these “toxicities”. However, there is limited information regarding whether these 

mechanisms are relevant to human islets in vivo. To address this gap in understanding, we 

generated and/or used three models of metabolic stress that enable the study of human islets in 

vivo. These studies demonstrate that chronic and acute hyperglycemia and/or excess lipid and 

insulin resistance impair stimulated insulin secretion by human islets in vivo.  This impairment 

is similar to observations in human T2D208 and is not explained by β cell death or loss. Chronic 

insulin resistance decreased human islet antioxidant enzymes, increased superoxide, and 

decreased the key β cell transcription factors NKX6.1 and MAFB, while chronic hyperglycemia 

decreased MAFB, but not NKX6.1. Reducing either NKX6.1 or MAFB in a human cell line 
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Figure 39. Proposed model of impaired insulin secretion in transplanted 
human islets under metabolic stress. Solid lines represent experimental 
relationships. Dotted lines represent possible relationships.
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impaired stimulated insulin secretion, mimicking the functional human islet defects seen in the 

in vivo models and indicating that reduction of these transcription factors is likely central to 

the observed defect. Insulin resistance and hyperglycemia potently stimulated mouse β cell 

proliferation but not human β cell proliferation, In addition, HFD increased both peri-islet amyloid 

and intracellular lipid deposits in human islets. Interestingly, the UPR was not increased in 

response to either condition, despite increased demand for insulin secretion. Importantly, these 

studies found multiple differences in the response of human islets compared to mouse islets, 

as well as that some mechanisms noted in rodent models of T2D or in vitro studies of rodent or 

human islets were not operative in human islets challenged by chronic hyperglycemia or insulin 

resistance in vivo.

The presence of both human and mouse islets in the NSG-HFD and NSG-S961 models 

demonstrated fundamentally different responses of human islets to the same metabolic 

conditions. These included a lack of metabolic stress-induced β cell proliferation (Figure 32C 

and J), decreased insulin gene expression and unchanged insulin content (Figure 30B and 

C), prevalence of intracellular lipid droplets (Figure 32C, F, G, and J), lack of UPR induction 

(Figure 34I), levels of the reactive oxygen species superoxide (Figure 34F), and changes in 

transcription factor expression (Figure 37D) in the human islets.  In support of our findings, 

previous studies have also demonstrated that basal human β cell proliferation rates are much 

lower than mouse,53,54,209 that compensatory increases in human β cell mass are far smaller than 

those achieved in mouse,210 and that human β cell transcription factor expression profiles are 

distinct from mouse and are not responsive to glucose.46 A recent study proposes that human β 

cell proliferation has been systematically underestimated in postmortem studies, due to reduced 

Ki67 staining in postmortem tissues.211 However, the functional, vascularized state of the 

transplanted human islets in our studies argues against Ki67-related underestimation of human 

β cell proliferation. In addition, we observed these differences in human and mouse islets across 
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multiple human islet donors. These results highlight the importance of studying human islets 

when possible and of assessing translational relevance of mouse islet studies.

As a result of these findings, we propose a paradigm of direct and indirect effects of insulin 

resistance (excess lipid) and hyperglycemia (excess glucose) on human islets in vivo (Figure 

39). In this paradigm, insulin resistance increases the level of reactive oxygen species, which 

contributes to reduced expression of the transcription factors NKX6.1 and MAFB. This reduction 

in transcription factors then impairs stimulated insulin secretion. In this paradigm, hyperglycemia 

reduces expression of MAFB, which impairs stimulated insulin secretion. Other consequences 

of insulin resistance and/or hyperglycemia, namely increased peri-islet amyloid formation, 

increased intracellular lipid droplets, and a lack of UPR stimulation may contribute to and 

exacerbate this secretion deficit in the insulin resistance and hyperglycemia models.

In the NSG-HFD model of excess lipid, the most highly reactive ROS, superoxide, is increased 

in HFD+I grafts. Reactive oxygen species have been proposed as the mechanism by which 

excess lipid and hyperglycemia exert many adverse cellular consequences.196,212 ROS are 

important messengers required for insulin secretion,111,112 but excess nutrients can elevate 

ROS levels and induce negative secondary consequences. Importantly, superoxide may 

work in conjunction with other ROS, such as hydrogen peroxide, to reduce NKX6.1 and 

MAFB expression. In response to excess lipid, the dominant site of lipid oxidation shifts from 

mitochondria to peroxisomes. This shift is proposed to result in higher, toxic concentrations of 

hydrogen peroxide, against which insulin-producing cells have particularly low defenses.115,116 

Hydrogen peroxide can then directly reduce expression and/or protein function of Nkx6.1, 

Pdx1, and MafA,38 defining a potential link between the excess lipid of insulin resistance and 

impaired stimulated insulin secretion. In our NSG-DTR model of chronic hyperglycemia, neither 

superoxide nor antioxidant expression changed in DT-HG grafts. However, in response to 
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hyperglycemia, increased glycolytic flux can directly lead to elevated ROS generation from 

the electron transport chain.112 MAFB, but not NKX6.1, expression is reduced in this model, 

suggesting that the type of metabolic stress may influence which transcription factors are 

affected. 

Our knockdown experiments in EndoC-βH1 cells demonstrate that reduced NKX6.1 or MAFB 

expression leads to impaired human islet β cell activity. Not only is Nkx6.1 fundamental to adult 

β cell identity and function,29-31 but knockdown of Nkx6.1 in INS-1 cells and primary rat islets 

reduces stimulated insulin secretion without altering basal secretion or insulin content.31 This 

effect is similar to that seen in the NSG-HFD model, in which Nkx6.1 expression is reduced. 

Contrary to human islets, mouse MafB is critical for β cell development but in adulthood is 

expressed only in mouse α cells.33 Although comparatively little is known about MAFB function 

in the adult human β cell, the fact that it is reduced in both HFD+I and DT-HG islets indicates 

that reduced MAFB expression may be common to impaired insulin secretion in response to 

both insulin resistance and hyperglycemia. Interestingly, neither PDX1 nor MAFA, both of which 

are reduced in human T2D islets,38 is reduced in HFD+I or DT-HG grafts, which may indicate 

that increased duration and/or severity of hyperglycemia and/or insulin resistance is required for 

loss of these particular factors.

In addition to oxidative stress, ER stress has been proposed as a mediator of gluco- and/or 

lipotoxicity. ER stress can be initiated by chronic activation of the unfolded protein response 

(UPR), which is critical for sustaining high levels of insulin production, processing, and 

packaging.126 Neither DT-HG nor HFD+I grafts showed a change in expression of chaperones 

central to the UPR, but DT-NG grafts and mouse pancreatic islets in HFD+I mice, which 

had increased stimulated insulin secretion, increased expression of at least two of the three 

chaperones. Thus, in our models of insulin resistance or hyperglycemia, the ability to increase 
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stimulated insulin secretion in response to demand correlates with increased UPR-related gene 

expression. Lack of UPR induction may functionally compromise the DT-HG and HFD+I human 

grafts. However, this lack of UPR induction could also be an appropriate response, in which the 

need for increased human insulin secretion, specifically, is tempered by the shared contribution 

to secreted insulin by the transplanted HFD+I human β cells and the pancreatic mouse β cells. 

Beyond cellular stress responses, peri-islet amyloid deposition, a pathologic hallmark of human 

T2D, has been suggested as a mechanism of β cell dysfunction and apoptosis.134,142,143,145,213,214 

However, studying the development of amyloid in human islets is difficult. The majority of 

prior data comes either from autopsy studies that do not permit time course studies, or from 

mouse models that transgenically express human amyloid. Using our models, we found that 

HFD+I grafts had both more and larger amyloid deposits (Figure 35B and C). Importantly, this 

increase in amyloid deposition did not lead to increased apoptosis, but could contribute to the 

impaired stimulated insulin secretion from human islets. Recent studies suggest that impaired 

autophagy increases susceptibility to amyloid-related toxicities,140,215 a relationship that can now 

be examined in human islets using these models. 

There was a striking lack of islet cell apoptosis in both DT-HG and HFD+I mice (Figure 

33), which indicates that loss of β cells does not contribute to impaired stimulated insulin 

secretion. Some prior studies demonstrating lipid- and glucose-induced β cell death used high 

concentrations of lipid or glucose in culture.103,176-178,216 Importantly, high-fat diet likely generates 

very different lipid species than the selected lipid moieties of infusion or islet culture studies. 

Low levels of β cell apoptosis and a modest reduction in β cell mass are observed in human 

cadaveric T2D studies.107,217 The duration of metabolic stress experienced by human patients 

(years or decades) may be required for β cell death to occur in vivo, or it may require the 
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coexistence of hyperglycemia and insulin resistance that is present in those patients but not in 

our chronic models. 

Glucose has been proposed as a mouse β cell mitogen.191,192 Both by infusing glucose into 

human islet graft-containing mice218 and by using the hyperglycemia of the Akita mouse 

model,193 modest changes in human β cell proliferation rate were noted. However, in our 

models, neither 7 days nor one month of hyperglycemia stimulated human β cell proliferation. 

Importantly, by co-transplanting mouse islets, we confirmed that mouse β cells under the 

kidney capsule proliferate in response to hyperglycemia or insulin resistance. The lack of 

increased human β cell proliferation in our models is consistent with human autopsy studies of 

lean, obese, pregnant, and diabetic patients,51,52 although a caveat is that human β cells may 

not respond to in vivo murine stimuli. The relative age of mouse and human islets must also 

be considered. Human islets used were from healthy, non-diabetic, adult donors, in the age 

range that humans develop T2D. Mouse islets were also from adults, but it is not clear how to 

control for islet age between these species. Although the NSG genetic background is critical 

for successful islet engraftment, it also eliminates many islet-immune interactions, which may 

impact islet function and health.219-222 

Using three models of metabolic stress on human islets in vivo, this work demonstrates that 

hyperglycemia and insulin resistance impair stimulated insulin secretion in human islets in vivo, 

and this is at least partly due to reduced expression of NKX6.1 and/or MAFB. In addition, insulin 

resistance has a broader set of negative consequences than hyperglycemia. Surprisingly, 

neither hyperglycemia nor insulin resistance stimulated β cell proliferation or apoptosis, and the 

responses of human and mouse islets were fundamentally different in many aspects. Future 

studies should focus on determining if these abnormalities that likely contribute to the decline in 

insulin secretion in T2D can be therapeutically addressed.  
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CHAPTER IV

HUMAN ISLET PREPARATIONS DISTRIBUTED FOR RESEARCH EXHIBIT A 

VARIETY OF INSULIN SECRETORY PROFILES

Introduction

The availability of human islets for basic and translational research has increased markedly 

over the last decade, fueling insights into human islet biology and diabetes. Studies of 

human islets have provided insight into human islet morphology, β cell proliferation,45,84,184,223 

epigenetics,45,84,184,223-225 regulation of insulin secretion,226-228 nutrient-induced toxicity,46,168,229 

transcription factor regulation,38,46,230 and transplantation of human islet cells.84,218,231 For example, 

human β cells proliferate at much lower frequency in vivo than mouse β cells53,190 and respond to 

different regulators than mouse β cells.195,223 Such advances in our understanding have spurred 

interest in research with human islets and the demand for human islet tissue.

In the United States, human islets are currently available for research via the NIDDK-supported 

Integrated Islet Distribution Program (IIDP), https://iidp.coh.org, which replaced the National 

Islet Cell Resource Center Consortium (ICR) in 2009. Human islets isolated at IIDP-affiliated 

isolation centers are shipped overnight to recipient laboratories.232 Both the number of 

investigators applying to receive human islets and the total number of requested islets have 

risen dramatically.81 Along with each islet preparation, the isolation center provides metrics of 

the isolation procedure, e.g. cold ischemic time, estimated culture time, purity, and viability of 

the islets, as well as de-identified donor information (age, sex, BMI, race) that is released by the 

organ procurement organization.  



98

Currently, there are no accepted standards to uniformly evaluate and report the health and 

function of human islets prior to experiments, to present data from multiple islet preparations 

from different isolation centers, or to compare the human islet data from different laboratories. 

Human islet research uses islets from donors of different ages, gender, BMIs, and races, that 

are isolated at isolation centers with different personnel and then shipped to investigators across 

the U.S. Certain donor attributes and isolation conditions may correlate with higher or lower islet 

yield upon isolation,233-235 but little is known about these potential relationships. Furthermore, 

how or whether to assess the health and function of health of islet preparations prior to study is 

not standardized. Some laboratories assess human islet health and/or function using methods 

such as measurement of oxygen consumption236,237 or insulin release in response to stimuli,46,238, 

among others.230,239 Although studies have examined the relationship between donor attributes 

and insulin release in the context of a single isolation center,226 little is known about insulin 

secretion compared among islet preparations from different isolation centers, which reflects how 

human islet research is currently being conducted in most research laboratories.  

To define the functional variability in human islet preparations being used for research in the 

United States, we analyzed categorical and functional data from 202 human islet preparations 

distributed by the IIDP/ICR, many which were also used by other investigators. Functional 

data was obtained via islet perifusion, a method that assesses integrated β cell function with 

high temporal resolution and in sequential response to multiple secretagogues.238 Our studies 

indicate that the majority of islet preparations from 15 centers are functional, appropriately 

secreting insulin in response to two stimuli. However, a sizeable minority of preparations was 

dysfunctional. These studies suggest necessary considerations for conducting, reporting, and 

interpreting research with human islets. 
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Results

Influence of donor and islet attributes

To characterize the influence of donor and islet attributes on human islet preparations used 

for studies in our laboratory, we assessed the insulin secretory profile of 202 human islet 

preparations from 15 islet isolation centers during the years 2002-2013, using a dynamic cell 

perifusion system. Islets from pancreas donors were isolated at one of 15 U.S. isolation centers, 

then shipped to Vanderbilt by overnight courier (Figure 40A). Upon arrival, we hand-picked 

islets to increased purity (Figure 40B) and perifused islets and plotted insulin secretion data 

for all preparations, to assess islet function (Figure 40A). Islets were then used for a variety of 

experimental purposes. We first grouped and examined attribute values (Table 5) by isolation 

center. In the 202 islet preparations, most donor (Table 6) and islet attributes (Table 7) had 

similar values and ranges among the majority of centers, with one or two centers contributing 

significant variation. To reduce bias from differences in sample size across centers, we chose 

for further analysis (beyond statistical summarization) only centers that provided 7 or more 

preparations, leaving 183 islet preparations from 11 centers (centers 1, 2, 3, 6, 7, 8, 9, 10, 11, 

14, and 15) for subsequent analysis. 

Grouping of islet preparations by in vitro response

The shape of the perifusion response (insulin secretion) curves varied among preparations, 

suggesting that combining all data sets could veil biologic differences and the contribution of 

other factors to islet secretion. Among 183 preparations, we noted five recurring, in vitro insulin 

secretion patterns, defined as follows (Figure 41). Group 1 preparations: stable baseline at 5.6 

mM glucose, well-defined peaks in response to both 16.7 mM glucose and 16.7 mM glucose + 

IBMX (denoted by both Fold 1 and Fold 2 exceeding 1.5), and a Peak2Max that was higher than 
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Figure 40. Order of events for assessing human pancreatic islets.  A: Islets isolated from donor pancreata at 
isolation centers were shipped by overnight courier to Vanderbilt, where they were hand-picked for further purity 
and IEQ quantification. Islets were perifused to assess in vitro function. Islets were used for subsequent studies 
that are not part of the current report. B: Images showing a human islet preparation before (top left panel) and 
after (top right panel) hand picking. Immunolabeling of human islets for DAPI (blue), insulin (green), and glucagon 
(red) embedded in collagen gel (far right panel). Figure from Kayton et al. (2015)
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Table 5. Donor and Islet Attributes and Possible Values
Attribute Possible Values Actual Value Range

Center #1-15

Year 2002-2013

Donor attributes

Age (of donor) Continuous (years) 7-74 years

Sex Male/Female

Race* Caucasian, African American, Hispanic

BMI Continuous (kg/m2) 15.2-53.2 kg/m2

Cause of death Categorical

Islet attributes
Ischemic Time † Continuous (hours) 2-23 hours

Culture Time ‡ Continuous (days) 0-7 days

Viability § Continuous, 1-100% 64-99%

Purity** Continuous, 1-100% 40-99%

*Reported as Caucasian, African American, Hispanic, or Asian; †Time of cold 
eschemia. from time of aortic cross clamp to either pancreas trimmung, initial 
collagenase injection, or start of digestion; ‡ Estimated culture time prior to 
shipment; § Percent of viable cells in preparation; **Percent of dithizone-position 
cells in preparation. All information provided by islet isolation centers. Table 
adapted from Kayton et al. (2015).
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Table 6. Summary of Donor Attributes

* Mean ± standard deviation. † Range (max-min). ‡ Sex. Male (M), Female (F). N= number of preparations with that 
attribute reported, used to calculate mean, standard deviation, and range for that attribute. § Race. Caucasian (C), 
African American (A), Hispanic (H). Data was not available from all preparations. Figure from Kayton et al. (2015).
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* Mean ± standard deviation. † Range (max-min). ‡ N= number of preparations with that attribute reported, used to 
calculate mean, standard deviation, and range for that attribute. § N.R. = not reported. Figure from Kayton et al. (2015).

Table 7. Summary of Islet Attributes
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Peak1Max (Figure 41A). Group 2:  Peak1Max that higher than Peak2Max (Figure 41B). Group 3: no 

peak in response to 16.7 mM glucose (Fold 1 of less than 1.5) but a peak in response to 16.7 

mM glucose + IBMX (Fold 2 of greater than 1.5) (Figure 41C). Group 4: unstable baseline at 5.6 

mM glucose (Figure 41D). Group 5: no response to either stimulus (Fold 1 and Fold 2 of less 

than 1.5) (Figure 41E). The majority of preparations (72%) were in Group 1 (Figure 42C and D), 

despite representing a variety of centers, years, donor attributes, and islet attributes. However, 

12% of preparations were in Group 5, and the remaining 16% were in Groups 2, 3, or 4 (Figure 

42C and D). Thus, caution is appropriate when making assumptions about performance of a 

specific human islet preparation. 

Distribution of islet response groups

We next examined potential reasons for the variability in stimulated insulin secretion. The 

distribution of preparations among response Groups 1-5 was not influenced by Center (Figure 

42A) or Year (Figure 42B). To determine whether donor or islet attributes correlate with a 

particular response Group, we compared Group 1 to Group 5, then searched for attributes 

associated with an increased probability of any Group. Race was the only factor that influenced 

probability of Group 1 versus Group 5 (p=0.007), which was demonstrated by polytomous 

regression analysis (Figure 44D).  No other donor or islet attributes influenced Group.

Univariate analysis of donor and islet variables

To assess whether donor and islet attributes affected in vitro secretion, we focused on Group 1 

islet preparations, because attributes of Groups 2-5 (uneven Baseline or lack of Peak 1, Peak 2, 

or both) might obscure an association between donor or islet attributes and secretion response. 

Within Group 1 preparations specifically, both Center and Year influenced Baseline (Figure 

43A and D, respectively), and Center influenced Fold 1 (Figure 43B). The relationship between 
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Figure 41. Definitions of in vitro response Groups. Perifusion of human islets with the following order of 
stimuli in media: 5.6 mM glucose to 16.7 mM glucose, back to 5.6 mM glucose, then to 16.7mM glucose with 
IBMX. From the entire body of perifusion data, five general response groups emerged. A-E: real curves from 
representative preparations, illustrating characteristics of each Group. A: Group 1 had two stimulation peaks 
(16.7 mM glucose + IBMX induces a higher Peakmax than 16.7 mM glucose alone) and a stable baseline. B: 
Group 2 differed from Group 1 by having a higher Peak1max (in response to 16.7 mM glucose) than Peak2max 
(in response to 16.7mM glucose + IBMX). C: Group 3 had no Peak 1 but did have a Peak 2. D: Group 4 had 
an uneven baseline, but has one or both Peaks. E: Group 5 was considered non-responsive, because it had 
neither Peak1 nor Peak2. Figure from Kayton et al. (2015).
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Fiure 42. Distribution of response Groups among isolation Centers and across Year of isolation. 
Distribution of response groups by Center (A) or Year (B), and actual values for Center (C) and Year (D). 
Figure from Kayton et al (2015).
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Center and Fold 2 suggested a trend but did not meet statistical significance (Figure 43C, 

p=0.06). There was a linear relationship of decreasing Baseline and increasing Fold 1 and Fold 

2 as Year increased (Figure 43D-F). Linear regression analysis revealed that these relationships 

were significant (p=0.008, 0.001, and 0.005, respectively). 

We adjusted all subsequent analyses for Center or Year, removing the contribution of each 

variable (adjusting for both Center and Year simultaneously was not possible due to loss of 

statistical power). When adjusted for Center, Baseline was influenced by Purity (p=0.048) and 

Year (p=0.005), Fold 1 was marginally influenced by Year (p=0.051), and Fold 2 was influenced 

by Cause of Death (0.016). When adjusted for Year, Fold 2 was influenced by BMI (p=0.045). 

These results indicate that (1) Baseline and Fold 2 may be influenced by separate variables, 

(2) Baseline decreases and Fold changes increase linearly with increasing Year, and (3) when 

Center or Year is controlled for, only Purity, Cause of Death, and BMI influenced any measure 

of the in vitro response. This suggests that in vitro responses of islet preparations available for 

research are improving over time (becoming more similar to a Group 1 curve, with low Baseline 

and large Fold increases).  

In vitro stimulated insulin secretion does not correlate with in vivo function of  

responsive islet preparations

To address whether in vitro stimulated insulin secretion predicts in vivo function, we assessed 

12 Group 1 preparations that were transplanted as part of other projects. For the 12 

transplanted preparations, the average in vivo fold change from basal to stimulated insulin was 

2.46 ± 0.38. There was a poor linear relationship between Fold 1 (derived from perifusion) and 

in vivo Fold change (derived from in vivo glucose-arginine stimulation) (Figure 43G) among 
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Figure 43. Effects of isolation Year and Center on in vitro and in vivo responsiveness.  A-C: Univariate 
analyses of Center versus Baseline (A), Fold 1 (B), and Fold 2 (C). D-F: Linear regression analysis of Year versus 
Baseline (D), Fold 1 (E), and Fold 2 (F).  G: Plot of Fold 1 values from perifusion (Perifusion Fold 1) against In 
Vivo Fold change, measured via glucose-arginine stimulation.  Basal human insulin values measured in mouse 
plasma after 6-hour fast. Stimulated insulin values measured 15 minutes after injection of glucose-arginine; n=12. 
H: Perifusion Fold 1 values graphed against Static Culture Stimulation Index (SI), the ratio of insulin secretion at 
high glucose to secretion at low glucose, as reported by isolation centers to the IIDP; n=30. I: Plot of Perifusion 
Fold 1 versus Static Culture SI from static culture performed in our laboratory.  Previously published data points are 
represented by open squares; newly procured data points are closed squares. Figure from Kayton et al. (2015).
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these 12 preparations. Twelve transplanted islet preparations did not provide sufficient statistical 

power to detect an effect of donor or islet attributes on measures of in vivo insulin secretion.

Comparison of static culture and perifusion measures of stimulated insulin release

To compare perifusion and static culture as methods for functional islet assessment, we plotted 

static culture stimulation indices (reported by the isolation centers) against Perifusion Fold 

1 responses (measured in our laboratory) of 30 human islets preparations. We observed no 

linear correlation between the two measures (Figure 43H), indicating that static culture does 

not predict stimulated insulin secretion from islet perifusion. We then analyzed 7 preparations 

for which both assays were conducted in our laboratory, on the same day (Figure 43I). This 

analysis yielded the same result, namely that stimulated insulin values do not correlate well 

between perifusion and static culture.   

Modeling of insulin secretion as assessed by perifusion

To graphically represent the effects of significant attributes uncovered in our univariate analyses, 

we fit splines (curves) of the raw combined perifusion data for all preparations using nonlinear 

mixed effect models, which produce representative curves separated by different attributes of 

interest, such as Center, Year, and Cause of Death. Splines are defined by the full complement 

of in vitro data points, but they have smoothed shapes that ease visual interpretation and reduce 

degrees of freedom. Differences in secretion correlated with Center (Figure 44A) and Year 

(Figure 44B), in that two centers had a higher Baseline and Peak Max values than the majority. 

However, centers had similar average curve shapes. Baseline and PeakMax values generally 

decreased with Year, but Fold changes increased, as observed in our linear regression analyses 

(Figure 43D-F). Cause of Death (Figure 44C) is the single attribute that affected Baseline, 

Peak1Max and Peak2Max values, as well as the shape of the curve (such as the width of Peak 2 
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Figure 44. Fitted spline analysis of perifusion data. A-C: Smoothed average curve fits for response by (A) Center, 
(B) Year, and (C) Cause of Death. D: Fitted differences between Group 1 and Group 5 islet preparations by race 
(Caucasian and African American). HT = head trauma, ICHem = intracerebral hemorrhage, SAHem = subarachnoid 
hemorrhage, Anox = anoxia, CVA = cerebrovascular accident, MVA = motor vehicle accident, GSW = gunshot wound, 
GT = general trauma, CArr = cardiac arrest. Figure from Kayton et al. (2015).
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and the consistency of the Baseline), by way of fitted spline modeling. Cardiac arrest (CArr) and 

intracerebral hemorrhage (ICHem) were associated with lower Baseline, Peak1Max and Peak2Max 

than other causes of death, and subarachnoid hemorrhage with the highest. It remained unclear 

whether Cause of Death biologically impacts islets or is associated with an attribute that does. 

The relationship between Race and response Group (Figure 44D) revealed that, within Group 1 

preparations, African American preparations had smaller average Fold changes than Caucasian 

preparations and that Baseline of Group 5 preparations was higher if from African American 

donors. Race did not significantly influence any individual in vitro measures but was clearly 

related to the response Group and the shape of the curve in both Group 1 and Group 5 islet 

preparations. Collectively, these analyses both confirm our polytomous regression results that 

Race impacted likelihood of Group 1 versus Group 5 response type and revealed the influence 

of Cause of Death on in vitro response (on Baseline, Peak Max values, and curve shape).

Gene expression differences between Group 1 and Group 5 islets

To investigate the reason for functional differences between Group 1 and Group 5 preparations, 

we compared expression of key islet-enriched genes in preparations matched for age, sex, 

and BMI (Figure 45A-B). Transcript levels of GLUT-2 (SLC2A2), glucokinase (GCK), and 

MafA (MAFA) were significantly lower in Group 5 islets (Figure 45C), but insulin was similar 

(Figure 45C), highlighting alterations in glucose sensing, rather than in insulin production. 

Notably, there was no difference in the expression of apoptosis markers Chop, Bid, and Bad 

(Figure 45D), indicating that a lack of response to stimuli is not simply due to apoptosis or β 

cell death. We assessed insulin content from 30 human islets preparations (Figure 45E) to 

address whether insulin content differed among the response Groups,. The values and amount 

of variation appear similar among the 5 Groups, with the two values for Group 5 (unresponsive) 

preparations calling within the range of values for Group 1 preparations. We were unable to 



112

Figure 45. Gene expression in Group 1 and Group 5 islets.  A: Islets from six Group 1 and six Group 5 
preparations were matched for sex, age, and BMI. B: Perifusion results. Plotted insulin concentration (ng/100 IEQ/
min) values for all collected media fractions.  n=6 for each group. These Group 1 preparations were a subset of a 
previously published data set (10). C-D: Expression of islet-enriched (C) and apoptosis (D) genes quantified by RT-
PCR. Gene transcript levels expressed relative to Group 1 values. n=6 for each group. E: Insulin content (ng/IEQ) of 
aliquots from 30 human islet preparations, separated by response Group (1-5) (not same 30 islet preparations as in 
Fig. 43H). Figure from Kayton et al. (2015).
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perform an ANOVA due to the low frequency of Group 2-5 preparations in the 30 preparations 

analyzed.

Discussion

Research using human islets is providing new insight into human islet biology and diabetes. 

The fact that human islet preparations for research are isolated at multiple centers from donors 

with varying characteristics presents a challenge to understanding, interpreting, and integrating 

research findings that arise from multiple laboratories using these islets, as little is known 

about the variation among preparations. We report the first comprehensive, standardized 

assessment of human islet function using preparations from multiple isolation centers. We used 

islet perifusion to assess human islet health and function, because it is more informative than 

static incubation, by allowing measurement of a sequential and temporal response to multiple 

secretagogues. We assessed insulin secretion from 202 human islet preparations from 15 

centers over an 11-year period, and examined whether the variation among islet preparations 

related to biological differences or variability in islet isolation procedures.

We noted five recurring insulin secretion patterns (Groups), defined by the degree and nature of 

responsiveness to two stimuli (16.7 mM glucose with or without IBMX). The five insulin secretion 

patterns (Groups) suggest differences in the underlying biology of the preparations. For 

example, Group 2 preparations differed from Group 1 by having a lower Peak2Max than Peak1Max, 

potentially indicating that insulin stores were depleted after stimulation with 16.7 mM glucose, 

or that elevation of cAMP via the phosphodiesterase inhibitor IBMX is not a contributory 

mechanism for insulin secretion in these islets. Group 3 preparations lacked a Peak 1 but 

maintained a modest Peak 2, which suggests that cAMP may be the sole signaling mechanism 

for stimulated insulin secretion in these islets. Group 4 preparations had inconsistent basal 

secretion, evidencing unregulated release. Lastly, Group 5 preparations lacked both peaks, but 
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these islets were not apoptotic, meaning that because they may have normal insulin content, 

they may be able to recover functionality. The expression of genes encoding proteins in the 

glucose-sensing pathway is reduced in Group 5 islets, suggesting that these preparations 

are unhealthy in other ways, which requires further investigation. Although the retrospective 

nature of our study did not permit comparison of protein levels of these glucose-sensing genes 

between Group 1 and Group 5 islets, we note that, in prior work,38,46 mRNA levels of human islet 

transcription factors correlated well with their respective protein levels.

Interestingly, neither islet attributes nor information from the islet isolation center predicted 

the likelihood of a preparation being in a particular response Group. However, within Group 1 

(highly responsive) human islet preparations specifically, both Center and Year did influence 

individual measures of insulin secretion (Baseline, Fold 1, and Fold 2). Overall, the pattern of 

insulin secretion in these preparations was remarkably similar among centers and across the 

years studied.

To limit the potential interrelatedness of Center and Year as variables, we controlled for either 

Center or Year and examined the effect of donor and islet attributes on Baseline, Fold 1, and 

Fold 2. In these controlled analyses, Cause of Death, Purity, and BMI influenced individual 

measures of insulin secretion (Fold 1, Baseline, and Fold 2, respectively). Each of these 

variables influenced only one of the three measures, which may simply highlight that basal, 

glucose-stimulated, and cAMP-mediated insulin secretion work via distinct mechanisms, or it 

may suggest that no attribute is potent enough to impact all three measures.  

The influence of Center on individual measures of in vitro function may be partly procedural, or 

it may reflect the donor pool seen by that center (e.g. perhaps one center receives more organs 

from donors dying in motor vehicle accidents). Year of isolation is of interest for both procedural 

and practical reasons: not only because an influence of Year could stem from changes in 
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personnel at isolation centers, standards of practice, or adherence to protocol among centers, 

but also because practical aspects of isolation have changed with time, such as changes in the 

lot number or provider of digestive enzymes. Our linear regression and spline modeling results 

indicate that in vitro insulin secretion from human islet preparations has improved over the years 

studied.

The assessment of 12 transplanted preparations with Group 1 response profiles demonstrated 

a poor correlation between in vitro and in vivo stimulation-induced changes in insulin secretion 

(Figure 43G). It has previously been suggested that in vitro stimulated insulin secretion does 

not well predict in vivo graft function,240,241  although these studies did not use perifusion as the 

in vitro assay. Conversely, a comparison of multiple quality control assessment methods, which 

did not include perifusion, found that only static islet stimulation identified preparations as being 

“Good” or “Poor,” based on their in vivo function.230 A limitation of our analysis is the lack of in 

vivo data from Group 5 preparations, because we deemed these not suitable for transplantation. 

A study directly comparing the relationship between in vitro and in vivo function of Group 1 and 

Group 5 preparations is needed to further address whether perifusion data can be useful for 

predicting in vivo function.

We used perifusion to assess in vitro islet function because it integrates β cell function with 

high temporal resolution and allows sequential responses to multiple secretagogues. Static 

incubation is widely used to assess glucose-stimulated insulin secretion. However, our analyses 

(Figure 43H and I) indicate that stimulation of insulin secretion in static islet culture does not 

correlate with stimulated insulin secretion via perifusion. Other approaches used to assess islet 

health have included glucose-induced changes in oxygen consumption rate,236,237,241,242 glucose-

induced preproinsulin mRNA expression,243 and mitochondrial integrity.230 Given that these 

approaches, including islet perifusion, are not widely available and pre-experimental human 
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islet assessment is critical, a new approach for islet distribution programs is necessary. Perhaps 

every islet preparation should be perifused or assessed by the islet isolation center and this 

functional information provided to investigators receiving the islets for research.

We noted a significant relationship between human islet responsiveness and Cause of Death, 

observed by spline modeling, but this interpretation is complicated by interrelated variables. 

Despite the fact that Cause of Death is reported by the institution where the organ was 

procured, using nationally-standardized phrases, some causes of death can have multiple 

appropriate definitions, such as “anoxia” encompassing multiple types of hemorrhage or “motor 

vehicle accident” causing “head trauma.” The mechanism by which Cause of Death influences 

islet response remains unclear, but it is known that events immediately preceding death can 

impact islet health, such as oxidative stress impairing islet function and islets from brain-dead 

donor rats being functionally inferior (both in vitro and in vivo).244,245 However, the fact that our 

data suggest various types of anoxic events affect islet function differently suggests that Cause 

of Death is acting as a surrogate for more than one variable.

The implications of our findings for human islet research are both encouraging and cautionary. 

The majority of islet preparations from each center and year (with the exception of center 15 and 

the year 2004) have a responsive profile (Group 1). However, dysfunctional islet preparations 

are being shipped from all centers and are being used in studies where islet responsiveness 

is assumed. The information currently provided to researchers is insufficient to predict the 

functional profile of a human islet preparation. 

The insulin secretion profiles of islet preparations should guide the way investigators represent 

collected data. For example, if two of six human islet preparations in a study had a pattern 

like Groups 2-5, it may confound interpretation to combine gene expression data.  In a study 

with only 3-4 human islet preparations, there would be an even greater impact of including 
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a dysfunctional preparation, which would be statistically likely.  Likewise, a study examining 

the contribution of cAMP-mediated insulin release, Group 2 preparations should perhaps be 

treated separately from Group 1 preparations. Thus, combining data from islet preparations with 

different health and functional statuses may confound interpretation, leading to inappropriate 

conclusions. It is advisable that researchers perform pre-experimental functional assessment to 

select appropriate islet preparations for experimental purposes.  
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CHAPTER V

INVESTIGATING THE ROLE OF EGFR SIGNALING IN ADULT β CELL 

PHYSIOLOGY

Introduction

Central to the pathogenesis of both Type 1 and Type 2 diabetes is an inadequate amount of 

circulating insulin to effectively regulate blood glucose levels. Increasing the availability of 

endogenous insulin requires either an enhancement of the secretory capacity of individual 

β-cells or an increase in the total number of rodent β-cells. Thus, there is great interest in 

stimulating β-cell proliferation and increasing β-cell mass. Multiple growth factors have a 

mitogenic effect on β-cells, including hepatocyte growth factor (HGF), parathyroid hormone-

related protein, prolactin, and insulin itself.246 Recently, the members of another family of growth 

factors, the epidermal growth factor (EGF) family, which signal through the ErbB receptor 

family, have been shown to impact pancreas development, β-cell proliferation, and insulin 

secretion.247,248 Since the Nobel Prize-winning discovery of EGF by Stanley Cohen at Vanderbilt, 

the role of EGF has been implicated in the development and physiology of many tissues. 

More recently, interest has arisen in defining the influence of the EGF family ligands and their 

receptors, called ErbB receptors, on β-cell mass and insulin secretion.

The ErbB (erythroblastic leukemia viral oncogene analog) family of receptor tyrosine kinases is 

fundamentally important for development, cell proliferation, and cell survival in many tissues of 

neuronal, mesenchymal, and epithelial origin.249 The proliferative influence of these receptors 

is highlighted by the fact that they were originally identified as viral oncogenes250 and that they 

are the targets of many cancer therapies.251,252 These receptors can transduce signal via two 
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distinct mechanisms. The first and arguably more frequent mechanism is initiated by the binding 

of an extracellular ligand from the EGF-like growth factor family.249,253,254 Ligand-activated ErbB 

receptors signal in homo- or heterodimers with other members of the ErbB family (Figure 46).253-

255 This receptor dimerization is required because, in an activated dimer, the kinase domain of 

each receptor monomer transphosphorylates tyrosines in the dimer partner’s cytoplasmic tail. 

The resultant phosphotyrosines on the cytoplasmic tail can then interact with and activate a 

panel of “mediator” proteins that initiate a variety of intracellular signaling cascades, namely 

the Akt, PLC-γ, MAPK/ERK1/2, and JAK/STAT pathways (Figure 47).254,256,257 The second 

mechanism of ErbB activation is ligand-independent, beginning with tyrosine phosphorylation on 

the cytoplasmic tail by an intracellular kinase, such as Src kinase.256 

The four members of the ErbB receptor tyrosine kinase family, ErbB1-4, bind the EGF-like 

family of growth factors (Figure 48). Of the four, the EGF receptor (also known as ErbB1 or 

EGFR) seems particularly involved in 

modulating multiple aspects of islet 

development and physiology.258,259 

The EGF-like growth factors include 

the epidermal growth factor (EGF), 

transforming growth factor-α (TGF-α), 

amphiregulin, heparin-binding EGF-like 

growth factor (HB-EGF), betacellulin, 

epiregulin, epigen, and multiple isoforms 

of neuregulin (NRG) (Figure 48). These 

ligands initially exist in pro-ligand form, 

anchored in the plasma membrane, until 

their extracellular signaling domains are 

Figure 46. Structure of EGFR in closed, open, 
dimerized, and activated forms. Domains labeled 
I and III are ligand-binding. II=dimerization domain. 
IV=juxtamembrane domain. TM=transmembrane domain. 
KD=kinase domain. Domains I and III must be in open 
conformation for ligand binding, upon which the kinase 
domain of one receptor transphosphorylates tyrosine 
residues on the intracellular portion of the dimerized 
partner receptor. Image from Ceresa and Peterson (2014).
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cleaved and released by members of the ADAM (a disintegrin and metalloproteinase) family 

of metalloproteinases (Figure 49).260 The subsequently soluble ligands can then interact with 

one or more of the ErbB receptor tyrosine kinases, membrane-bound receptors that mediate a 

complex web of intracellular signaling programs.256

Importantly, each ligand of the EGF-like family has a different degree of binding specificity 

across the four ErbB receptors. For example, EGF itself binds only to ErbB1, the EGFR, but 

other ligands, such as epiregulin, HB-EGF, and NRG1 can bind two different ErbB receptors 

(Figure 48). Notably, ErbB2 binds no known ligand, as it lacks a ligand-binding domain in its 

extracellular region. For this reason, ErbB2 is unable to signal in homodimers, requiring a 

different ErbB receptor (1, 3, or 4) to transphosphorylate its cytoplasmic tail after ligand binding. 

ErbB3 is similarly impotent in homodimers, due to its inherent lack of tyrosine kinase activity in 

its intracellular tail. Thus, ErbB2 and ErbB3 signal only in heterodimers.

Upon phosphorylation of the intracellular tail, EGFR transduces signal through multiple 

pathways. The identity of the specific 

phosphorylated tyrosine residue largely 

determines which specific signaling 

cascade is initiated. These associations 

between individual phosphotyrosines and 

signaling pathways have been collectively 

dubbed “phosphomaps” (Figure 50). The 

most commonly activated pathways by 

EGFR phosphorylation are the PLC γ /

PKC, PI3K/AKT, and MAPK pathways. 

Importantly, however, there are also 

Figure 47. EGFR signaling cascades. Diversity of signaling 
pathways downstream of activated EGFR dimers, promoting 
cell growth, proliferation, survival, and motility. Image from 
Singh and Harris (2005).
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Figure 48. Members of the EGF-like ligand family and ErbB specificity. Shown are the known endogenous 
ligands for the ErbB receptor family, with indications of which receptor(s) each ligand is capable of binding. EGF = 
epidermal growth factor; TGFα = transforming growth factor-α; AREG = amphiregulin; EPGN = epigen; HBEGF = 
heparin-binding EGF; BTC = betacellulin; EREG = epiregulin; NRG1/2/3/4 = neuregulin 1/2/3/4. Image adapted from 
Ceresa and Peterson (2014).
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Figure 49. Events leading to cleavage of pro-ligands. In response to a multitude of 
initiating stimuli and mediated by multiple signaling molecules, members of the ADAM family 
of metalloproteinases cleave and release the extracellular portion of the EGF-like ligand family 
members, allowing them to, in soluble form, bind members of the ErbB receptor family. This 
process of pro-ligand cleavage is also called ligand shedding. Image from Higashiyama et al. 
(2008).
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phospho-tyrosines that promote of receptor internalization and ubiquitylation/degradation 

(Figure 50). ErbB receptors are highly recycled, and the rate of internalization and degradation 

tightly regulate this process.261 The consequences of the main signaling cascades above are 

multitudinous, but central are gene expression changes that promote cell growth, differentiation, 

and survival.

An initial association between EGF levels and diabetes was made with the observation that 

production of EGF by the submandibular gland was dramatically lower in diabetic mice.262 This 

was true of both genetically diabetic mice (db/db) and of mice made diabetic with injection of 

the β cell toxin streptozotocin (STZ) (Figure 51). However, STZ-treated mice that then received 

exogenous insulin were able to partially recover both glandular and plasma EGF levels (Figure 

51). Given the binding specificity of EGF for the EGFR, a correlation was thus made between 

diabetes and reduced EGFR signaling. 

Previous studies have implicated EGFR signaling in proper pancreatic and islet development. 

In a mouse model of global EGFR knockout,263 formation of normal islet architecture is delayed 

postnatally, and islets abnormally remain associated or even in contact with the pancreatic 

ducts (Figure 52A and B). In addition, β cell proliferation is lower in islets from EGFR -/- mice 

(Figure 52C and D), the percent of insulin+ cells per pancreas area is uniquely reduced, and the 

entire pancreatic area is reduced at E12.5 and E16.5. A subsequent study used a Pdx1-driven 

dominant-negative transgene of EGFR (E1-DN) to reduce EGFR signaling in the pancreas, 

specifically.248 Although this model only reduced EGFR signaling by 40%, mice heterozygous 

for the transgene had more than an 80% loss of insulin-positive pancreas area (Figure 53A) 

and were glucose intolerant (Figure 53B and C). More recently, the E1-DN model was used to 

suggest that increases in β cell proliferation and expansion of β cell mass in response to high-

fat diet feeding and to pregnancy are mitigated by reduced EGFR signaling.264,265
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Figure 50. Phosphomap of EGFR. The identity of the signaling pathway initiated by EGFR 
signaling is determined by the specific phosphotyrosine. Various known phosphotyrosines on the 
EGFR cytoplasmic tail are depicted, with arrows indicating the respective signaling consequence 
for each. Importantly, dephosphorylation, internalization, and degradation of EGFR are also initiated 
by specific phosphotyrosine residues. Image from Wheeler et al. (2010).
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Figure 51. EGF deficiency is associated with diabetes. 
(A) EGF content in submandibular gland and (B) EGF 
concentration in plasma of control mice, genetically diabetic 
mice, streptozotocin-treated diabetic mice, and diabetic mice 
given exogenous insulin (“plus insulin”). Image from Kasayama 
et al. (1989). 
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Figure 52. Global deletion of EGFR. A, B: Morphology of islets in wild-type and 
global EGFR knockout mice at postnatal day 1. Insulin=green; glucagon=blue; 
cytokeratin=red. C, D: Staining for Brdu in blue, insulin in red, showing proliferating β 
cells at postnatal day 5. Image from Miettinen, et al. 2000.
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In addition to potential involvement in islet development and β cell mass, there is previous 

evidence that EGFR signaling impacts β cell function. Treatment of isolated murine islets or 

a β-cell line with EGF increased insulin secretion in a low-glucose condition. Both wild-type 

and leptin receptor-deficient (db/db) mice, when given intravenous EGF injections, exhibited 

elevated plasma insulin levels and decreased blood glucose levels.266 Given that EGFR is the 

unique receptor for EGF, this implicates EGFR activity in modulating levels of insulin secretion 

under both normal and diabetic conditions. In addition, the known signaling of EGFR through 

PI(3)K/AKT suggests a potential mechanism for EGF-mediated enhancement of insulin 

secretion, as PI(3)K/AKT is known to promote insulin secretion.267-269

Our objective in the following studies was to assess the potential involvement of EGFR signaling 

in the function and proliferation of adult β cells, specifically. To that end, we generated a model 

of β cell-specific removal of EGFR, in contrast to the global EGFR knockout and the pdx1-

driven dominant-negative receptor that have previously been used. This allowed us to eliminate 

multiple confounding factors associated with previous models.

Figure 53. Pdx-E1-DN knockdown of EGFR. A: Insulin positive area in mice either heterozygous (HEZ or 
homozygous (HOZ) for a dominant-negative EGFR transgene driven by the Pdx-1 promoter. B: Glucose tolerance 
test. C: Insulin concentration in plasma during glucose tolerance test. Miettinen et al (2006).



128

Results

We measured gene transcription of all ErbB receptors in wildtype C57Bl/6 mouse islets and 

in human islets. We found that the relative expression of the four ErbBs differed between the 

two species. In control mouse islets, EGFR levels were significantly higher than those of the 

other receptors, and ErbB4 was barely expressed at all (Figure 54A). In contrast, human islets 

had very similar levels of EGFR, ErbB2, and ErbB3, although lower overall than mouse EGFR 

(Figure 54B). Human ErbB4 expression was lowest of the four, but its levels were higher than in 

mouse islets. 

To generate a model of EGFR loss in β cells only, we crossed a mouse with a floxed EGFR 

transgene,149 here called the EGFRfl/fl mouse, with the Ins2-Cre transgenic mouse,150 hereafter 

called InsCre. The resultant mouse lacks functional EGFR in insulin-producing cells. To 

determine the degree of EGFR knockdown in this model, we measured mRNA levels of EGFR, 

which is reduced by approximately 90% in InsCrepos EGFRfl/fl islets (Figure 54C). Βeta cells make 

up approximately 80% of mouse islets, which suggests an efficiency of the transgene that is 

consistent with prior reports.270 Given the ubiquity of ErbB heterodimers and the complexity of 

downstream ErbB-mediated signaling cascades, it was important to address whether expression 

of other ErbB receptors was increased in response to EGFR loss. ErbB2, ErbB3, and ErbB4 

mRNA levels were unchanged in this model (Figure 54C), arguing against this phenomenon 

occurring at the transcriptional level. 

To examine the metabolic consequences of EGFR loss in β cells, we performed glucose 

tolerance tests on male and female mice. There was no change in glucose tolerance nor in 

fasting blood glucose level between the groups (Figure 55). Insulin tolerance tests demonstrated 

similar insulin sensitivity between the two groups (Figure 56). Islet morphology was normal in 

InsCreposEGFRfl/fl mice, characterized by appropriate hormone expression, cell-type ratios, and 
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Figure 54. EGFR expression is dramatically reduced in the InsCreposEGFRfl/fl mouse. 
ErbB receptors are expressed in mouse and human islets. A-B. Relative gene expression of 
ErbB receptors in isolated mouse (A) and human (B) islets. n=8 (human), n=5 (mouse). C. 
Gene expression of ErbB receptors in isolated islets from InsCreposEGFRfl/fl (lined bars) and 
InsCrenegEGFRfl/fl (white bars) mice. n=5 (knockout), n=3 (controls). *** p<0.001. 
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Figure 55. InsCreposEGFRfl/fl mice are glucose tolerant. Glucose tolerance test of male (A) and 
female (D) InsCreposEGFRfl/fl (red points) and InsCrenegEGFRfl/fl (blue points) mice. Fasting blood 
glucose values of male (B) and female (E) mice. Glucose tolerance test area under the curve (AUC) 
calculations for male (C) and female (F) mice. n=9. 
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Figure 56. InsCreposEGFRfl/fl mice are insulin sensitive. Insulin 
tolerance test of InsCreposEGFRfl/fl (red points) and InsCrenegEGFRfl/fl 

(blue points) mice. n=4-6.
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Figure 57. Loss of EGFR in β cells does not alter β cell or islet mass. A. 
Representative image of normal islet morphology in InsCreposEGFRfl/fl mice, stained for 
insulin (green), glucagon (yellow), somatostatin (red). β cell mass (B) and islet mass (C) 
of RIPCreposEGFRfl/fl (hashed bar) and RIPCrenegEGFRfl/fl (white bar) mice.
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overall islet architecture (Figure 57A). To examine whether β cell mass is altered by EGFR loss 

in β cells, we examined previously collected samples from a related model of EGFR loss, the 

rat insulin promoter (RIP)-driven Cre,271 EGFRfl/fl  model. There was no difference in islet mass 

or β cell mass between RIPCreposEGFRfl/fl  and RIPCrenegEGFRfl/fl  mice (Figure 57B and C), 

demonstrating that loss of EGFR in β cells did not impair establishment or maintenance of β cell 

mass. 

To assess islet function and address a potential effect on insulin secretion, we perifused isolated 

islets with a sequence of low and high glucose, as well as a maximal stimulation condition, 

using the phosphodiesterase inhibitor IBMX. Insulin secretion was similar under basal glucose, 

but InsCreposEGFRfl/fl islets secreted significantly less insulin in response to stimulatory glucose 

levels (Figure 58A and B). Upon maximal stimulation, however the difference between the 

groups was not significant (Figure 58A and C). 

To address whether EGFR ligands promote insulin secretion, we cultured isolated islets from 

control, C57Bl/6 mice in low or high glucose, with or without the addition of EGF. Although 

insulin secretion was potently stimulated in response to high glucose, EGF did not alter insulin 

secretion at either glucose concentration (Figure 59).

Discussion

Our results jointly show that removal of EGFR signaling specifically from β cells has little, if any, 

consequence for β cell mass regulation, glucose metabolism, and that EGF does not stimulate 

insulin secretion from isolated islets. The primary consideration in interpreting how these data 

differ from previous studies is that this model is more specific than any previously used to 

address EGFR’s role in islet physiology. Given the ubiquitous importance of EGFR signaling 

throughout many organ systems, the pancreatic and islet phenotypes of the global knockout 
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Figure 58. Stimulated insulin secretion is reduced in isolated 
InsCreposEGFRflfl islets. A. Perifusion of isolated islets from 
InsCreposEGFRfl/fl (red points) and InsCrenegEGFRfl/fl (blue points) mice. 
*p<0.05. n=9 (control), n=10 (knockout). B-C. Area under the curve 
calculation for 16.7mM glucose (B) and 16.7mM glucose + IBMX (C) 
stimulation. *p<0.05.
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Figure 59. EGF does not augment basal or stimulated insulin 
secretion. Insulin release from C57Bl/6 islets in static culture 
in response to basal (5.6mM) or stimulatory (16.7mM) glucose 
concentrations, with or without EGF. *p<0.05. n=3.
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are almost certainly influenced by EGFR loss in other tissues. The E1-DN transgenic model, 

although pdx1-restricted, is complicated by the possibility that dominant negative EGFRs are 

affecting signaling of other ErbB receptors in heterodimers. This may thus be expanding the 

negative consequence of the E1-DN, despite the fact that only 40% of intracellular signaling 

attributed to EGFR is lost. One rationale for this work was to address the role of EGFR in adult 

islet physiology. For this reason, this work does not address whether the InsCreposEGFRfl/fl model 

has transient developmental abnormalities along the lines of those observed in other studies. 

Importantly, the insulin gene used to drive Cre recombinase in this model is turned on at E10.5, 

compared to pdx-1, which is transcribed beginning at E8.5.8 Thus this model initiates EGFR 

deletion slightly later than the pdx1-E1-DN model initiates expression of the dominant negative 

receptor.

The reduced insulin secretion observed in response to stimulatory glucose in InsCreposEGFRfl/l 

islets suggests that some downstream consequence of EGFR signaling supports insulin 

release. The mitigation of this effect upon maximal stimulation with IBMX, however, hints that 

the mechanism of EGFR involvement is likely not related to cAMP-based potentiation of the 

secretion signal, which is being stimulated by IBMX.

EGF signaling does not seem to play an important role in normal islet physiology, making future 

work in this area a challenging proposition. However, little is known about the role of ErbB 

signaling in human islets. The differences in gene expression of ErbB1-4 in mouse and human 

islets suggest that there may be different roles and levels of involvement for EGFR and/or the 

other ErbBs in human islets. Some studies have examined the use of EGF for improving human 

islet graft survival and performance, although most required combined treatment with gastrin or 

another factor,272,273 making it uncertain what the therapeutic potential may be.
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CHAPTER VI

CONCLUSION

Summary of findings

Glucotoxicity and Lipotoxicity in Human Islets

The objectives of this Dissertation were to advance our understanding of human islet physiology, 

which was accomplished by two projects. The first project, presented in Chapter III, examined 

and defined the consequences of excess glucose and excess lipid, two central components 

of T2DM pathology, for human islets in vivo. Using three complementary models of metabolic 

stress, we examined function of transplanted human islets in response to hyperglycemia, insulin 

resistance, or combined hyperglycemia and insulin resistance. Importantly, the first two models 

represented multiple weeks of chronic exposure to metabolic stress, but the combined model 

was much more acute, examining only 7 or 14 days of exposure. A second project, presented in 

Chapter IV, analyzed the degree of functional variation among human islet preparations used for 

research, correlated the greatest functional differences to islet gene expression changes, and 

addressed whether in vitro islet function correlated to in vivo islet function. 

Our results in the NSG-DTR, NSG-HFD, and NSG-S961 models demonstrate that stimulated 

human insulin secretion is impaired in ways very similar to diabetic patients. The mechanisms 

behind these functional changes are of great importance. Much interest has developed in a 

mechanistic paradigm to explain the establishment of glucotoxicity and lipotoxicity, namely that 

increases in glucose and lipid metabolism in the β cell enhances the generation of reactive 

oxygen species, which then, among other deleterious effects, alter expression and function of 

critical β cell transcription factors. 
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Our results indicate that superoxide levels are increased in human islets from our NSG-HFD 

model, and MAFB and/or NKX6.1 expression is reduced in our chronic models of metabolic 

stress. However, and of great potential importance, MAFA and PDX1, were not significantly 

reduced in either model, but they were dramatically reduced in islets from T2DM patients.38 

This suggests that either a longer exposure to hyperglycemia or insulin resistance is required 

before expression of other transcription factors is affected, or the combination of the two may 

be required. Conversely, it may be that function of MAFA and PDX1 (or also the remaining 

NKX6.1 and MAFB) are impaired, in the absence of expression changes, a possibility that was 

beyond the scope of these studies. This effect of hydrogen peroxide has been demonstrated in 

human islets vitro,38 and future studies to determine whether this occurs in vivo, or in response 

to other ROS would be valuable. Interestingly, the decrease in MAFB expression in the NSG-

DTR model is not accompanied by changes in superoxide, introducing the ideas that another 

reactive oxygen species is elevated, such as hydrogen peroxide, or that the MAFB reduction is 

not downstream of elevated ROS at all.

Functional assessment of human islet preparations

Our comprehensive analyses of human islet preparations for research yielded a new and 

informative system for classifying in vitro insulin secretion profiles. Islets were categorized as 

Group 1-5, based on characteristics of their perifusion patterns (Figure 41). Importantly, Groups 

2-5 have varying functional attributes that suggest dysfunction, reduced function, or lack of 

function. This categorization system allowed us to then assess whether the islet isolation center 

impacted the probability of a particular functional profile and whether the distribution of Groups 

changed over recent years. These analyses demonstrated that, overall, the function of human 

islet preparations has improved over time, suggesting better isolation and handling techniques. 

We also demonstrated that the distribution of Groups 1-5 was not significantly different at 
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any of the isolation centers, and that most centers supply a similar percent of Group 1 islets. 

Importantly, however, clear gene expression changes may contribute to or even explain the 

difference between Group 1 and Group 5 function. Two genes critical to glucose sensing, the 

GLUT2 glucose transporter and the enzyme glucokinase are both significantly reduced in Group 

5 islets. MAFA, which has a plethora of downstream targets, was also reduced.

Many attributes of the islet donor and of the islet isolation experience seem to be potential 

influencers of islet function, such as donor age, donor BMI, cold ischemic time, or culture 

time. Our analyses show, however, that no donor or islet isolation attributes are associated 

with a particular functional Group, indicating that preferences among investigators for islets 

preparations with particular attributes, such as cold ischemic time less than a certain number of 

hours, may not translate to more highly functioning islets. 

Both to better inform decisions preceding human islet transplantation studies and to address 

general aspects of human islet biology, we were interested in whether in vitro function correlated 

with in vivo function. Our comparison of stimulated fold changes in insulin secretion by 

perifusion in vitro and by glucose-arginine stimulation in vivo revealed no significant correlation 

between the two, indicating that in vitro function may be a poor predictor of in vivo performance.

Significance and future directions

Glucotoxicity and lipotoxicity in human islets

The NSG-DTR model is, in itself, a new, important, powerful tool, as well as a significant 

advancement in the study of human islets in vivo. The ability to generate endogenous 

hyperglycemia without accompanying insulin resistance or dyslipidemia is an advantage over 

mouse models of T2DM. To that effect, the NSG-DTR mouse is not, in fact, a model of T2DM, 
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but rather of hyperglycemia. Compared to other methods of toxin-induced β cell death, such 

as streptozotocin or Alloxan, the DTR model is incredibly specific. No mouse cells can possibly 

be affected unless they express the insulin gene, as mouse cells do not inherently express 

the diphtheria toxin receptor. This essentially eliminates the general or off-target toxicity seen 

in response to other toxins but generates a mouse with only human β cells. This last aspect 

is hugely attractive, as the co-existence of mouse and human β cells, secreting mouse and 

human insulin into the blood stream, has potential confounding effects that are not defined. 

Important to our study of human islets is the ability that the NSG-DTR model gives to establish 

hyperglycemia after human islet transplantation, reducing the barrier to successful human islet 

engraftment. Similarly, the toxic specificity mentioned above allows transplantation of mouse 

islets from mice without the RIP-DTR transgene, before DT administration. The potential future 

applications of this model are multitudinous and can provide additional critical insight to the 

interaction into the relationship between hyperglycemia and human islet function that has never 

before been possible. 

There is ample in vitro evidence that lipid species have varied effects on islet function and 

survival. For example, it appears that saturated fatty acids, such as palmitate, are more toxic 

than mono- or poly-unsaturated fatty acids, such as oleic acid or arachidonic acid. Importantly, 

there is a category of “essential fatty acids” that cannot be synthesized by the body and 

must be ingested in the diet. This raises an important larger question regarding HFD-induced 

insulin resistance: whether it is chronic exposure to the lipids in the diet that is causing islet 

dysfunction, or is it HFD-induced insulin resistance, and its resulting lipid profile, that is 

responsible. In our model of HFD-induced insulin resistance, there is no easy way to address 

this question. Thus, although the HFD model is, in many ways, a more clinically relevant model 

of insulin resistance induction, future studies examining the phenomena and mechanisms in 

Chapter III using a genetic model would address whether lipid changes purely downstream 
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of insulin resistance can replicate our current findings. Unfortunately, a model of purely HFD-

associated lipid exposure is more elusive. Long-term culture of human islets introduces gene 

expression changes and functional changes that confound data interpretation, and given the 

complexity of lipid metabolism, in vivo infusion of specific lipids cannot guarantee exposure of 

islets to certain species of lipids or specific concentrations.

For patients with T2DM and the clinicians that manage their disease, there is great interest 

in how reversible islet dysfunction may be. Although elegant in vitro studies have suggested 

that “resting” β cells by temporarily reducing or stopping insulin production and secretion 

can ameliorate subsequent β cell performance, it is unclear whether glucotoxic and lipotoxic 

consequences are reversible in human islets. Future studies can address this by adding a 

period of “rest” after the initial metabolic stress. In the NSG-DTR model, exogenous insulin 

therapy by osmotic pump or treatment with renal sodium channel blockers could reestablish 

normoglycemia. Then, many aspects of islet function and health could be re-evaluated at 

various timepoints, to determine if/when islet function normalizes. In the HFD model of insulin 

resistance, a simple change to Chow diet would remove the initial metabolic stress. However, 

normalization of insulin resistance indicators, such as glucose intolerance, triglyceride levels, 

and hepatic fat content may be required for islet function to improve. There is evidence that 

insulin resistance is reversible, depending on degree and duration, but it presumably would take 

time for those features to return to normal physiological levels. This period between diet change 

and resolution of frank insulin resistance could provide a valuable scenario in which to address 

the question mentioned above, regarding the differences between the effect of HFD-derived 

lipid versus lipid downstream of insulin resistance. Importantly, the duration of metabolic stress 

(hyperglycemia or HFD) may be the main determinant of reversibility. Thus, hyperglycemia for 

more and less than 4 weeks and HFD for more and less than 12 weeks should be examined, 

depending on initial results.
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Results of these studies could provide very useful lessons for clinicians and patients. For 

example, if the dietary lipid that induces insulin resistance is largely responsible for lipotoxicity, 

changing a patient’s diet would be critically important, even if it takes much longer to address 

their insulin resistance with weight loss or other interventions. And if glucotoxicity is reversible 

after some durations of hyperglycemia, therapeutic options that directly normalize glycemia, 

such as exogenous insulin, may become even more appealing. Conversely, if glucotoxicity 

is not reversible, then the importance of prevention increases many-fold. Importantly, any 

temporal aspect of experiment design does not directly correlate to the average duration of 

hyperglycemia or insulin resistance in human T2DM patients, which is years or decades, rather 

than weeks or months. Thus, data from the above proposed experiments can only inform further 

clinical studies.

One of the most stark findings from our studies was the specific lack of human β cell 

proliferation, compared to both transplanted and pancreatic mouse β cells. Although it is 

commonly agreed that human β cells do proliferate less readily than mouse, the reasons for 

this are unclear, and human β cell proliferation is still an observed phenomenon in cadaveric 

samples. Given the inherent difficulty in proving any phenomenon does not happen, some 

questions from our studies are whether (i) there was truly no human β cell proliferation induced 

by the metabolic stresses in our models, (ii) aspects of metabolic stress suppressed or 

prevented proliferation that would otherwise occur when the demand for insulin is increased, 

(iii) the mitogens that influence human β cell proliferation in humans are absent, or (iv) mouse 

β cell mitogens do not signal in human β cells the same way. An interesting way to address 

these questions may be to culture human islets in human versus mouse plasma, or even to 

infuse human plasma into our in vivo models. Caveats accompany each approach, in that 

culture would optimally be restricted to approximately 72 hours, which may not be sufficient, 

and infusion of whole plasma may induce a number of unanticipated, systemic or “off-target” 
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consequences. However, if increased proliferation were observed in either scenario, it would be 

clear not only that our model of human islet transplantation has an important caveat, but also 

that human β cells have greater proliferative potential in vivo than previously thought. This last 

message would be incredibly welcome to the many patients and researchers that place hope 

in the promise of therapeutic induction of human β cell proliferation. It would also encourage 

continued investment of time and money into defining human β cell mitogens. However, a 

negative result, showing that human β cells simply are not highly proliferative, would be equally 

important in directing research toward strategies that enable β cell secretion under stress.

Functional assessment of human islet preparations

The fundamental nature of human islet preparations and human islet transplantation in the 

above studies furthered our practical and scientific interest in defining the functional variation 

in human islet preparations and in examining the potential for predicting in vivo performance 

based on in vitro secretory profiles. 

Our comparison of in vitro to in vivo function was limited by the fact that our laboratory has, 

historically, predominantly transplanted islet preparations that fit the Group 1 functional profile. 

Thus, we were not equipped to analyze whether dysfunctional or underfunctioning islet 

preparations can recover function after transplantation. Future studies should include purposeful 

selection of islet preparations from every Group, to assess this possibility. Some ways in which 

islets differ in vivo from in vitro are clear, such as vascularization, innervation, and interaction 

with the extracellular matrix. However, other potential differences have not been as well 

examined. Expanding the gene expression studies from Figure 45 to (i) compare all 5 Groups 

and (ii) compare expression before transplant, in vitro, to engrafted islets, in vivo, could provide 

valuable insight into the changes islets undergo upon transplantation.
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The significance of our work lies partly in demonstrating that human islet preparations 

distributed for research are not all appropriately functional. We hope that our findings serve 

as motivation for investigators to perform pre-experimental assessment of islet function 

before making decisions about how or whether to use a particular preparation. In addition, our 

results have retrospective implications for interpreting previously-published human islet data 

from laboratories that do not perform any such baseline functional analysis. As a result, we 

propose that the NIDDK and IIDP adopt a standardize method of functional assessment for 

each human islet preparation that is shipped to investigators. Specifically, every preparation 

must be evaluated using the same method, in the same laboratory, and the resulting data must 

be made available to the entire research community. In addition, there should be a specific 

identifier, alphanumeric or otherwise, for each islet preparation.  Investigators should publish 

these identifiers in all manuscripts, so that readers can associate the IIDP-published functional 

assessment data with the specific preparation in the published manuscript.
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