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Abstract

Carbohydrate, lipid, and protein metabolism are largely controlled by the interplay of various
hormones, which includes those secreted by the pancreatic islets of Langerhans. While typically
representing only 1-2% of the total pancreatic mass, the islets have a remarkable ability to adapt to
disparate situations demanding a change in hormone release, such as peripheral insulin resistance.
There are many different routes to the onset of insulin resistance, including obesity, lipodystrophy,
glucocorticoid excess, and the chronic usage of atypical anti-psychotic drugs. All of these
situations are coupled to an increase in pancreatic islet size, often with a corresponding increase in
insulin production. These adaptive responses within the islets are ultimately intended to maintain
glycemic control and to promote macronutrient homeostasis during times of stress. Herein, we
review the consequences of specific metabolic trauma that lead to insulin resistance and the
corresponding adaptive alterations within the pancreatic islets.
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Introduction

The islets of Langerhans are specialized clusters of endocrine tissue within a larger housing
of pancreatic exocrine tissue. Collectively, the islets make up only 1-2% of total pancreatic
mass, but remarkably are able to provide fine-tuned control of metabolic events through
secretion of the polypeptide hormones insulin and glucagon. These protein hormones
regulate storage and utilization of various nutritional fuels from carbohydrate, lipid, and
protein sources. For mice, rats, and humans, the pancreatic -cell, which synthesizes and
secretes insulin, is the predominant cell type within the pancreatic islets (1).

Insulin and glucagon (secreted from islet alpha cells) are notable examples of counter-
regulatory hormones, with insulin driving metabolic processes associated with the fed state
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(e.g., glucose utilization and lipid storage) while glucagon typically promotes metabolic
outcomes attributed to the fasting state (e.g., gluconeogenesis and lipolysis). Together, these
endocrine functions allow for efficient utilization of simple metabolic fuels, such as
carbohydrate and fatty acids, to maintain blood glucose levels in a narrow range. Insulin and
glucagon ratios also carefully coordinate tissue nutrient storage and utilization via receptor-
mediated signals. The necessity of this hormonal interplay is highlighted by development of
diabetes when these processes fail (2).

There are numerous conditions requiring the hormonal production capacity of the pancreatic
islets to be altered. For example, in situations of caloric surplus, such as occurs during
progression to obesity, pancreatic 3-cells are required to produce and secrete much more
insulin to maintain blood glucose levels within a healthy range (~70-100 mg/dL in humans).
In addition, there are clinical situations, such as chronic glucocorticoid regimens, that while
necessary to produce a desired therapeutic outcome, also put stress on islet B-cell insulin
production due to substantial decreases in peripheral insulin sensitivity.

Obesity and glucocorticoid excess are examples of two specific instances discussed herein
that generate metabolic trauma. For the purposes of this review, we define metabolic trauma
as a homeostatic disruption severe enough to require systemic signaling adaptations. For
example, lipid accumulation in lean tissues, which leads to a reduction in the normal (i.e.,
physiological) responses to insulin (3). As delineated herein, metabolic trauma can arise via
ectopic lipid deposition due to overnutrition (e.g., obesity), defects in nutrient availability
(e.g., reduced glucose transport), hormonal excess or deficiency, or side effects of drug
therapy.

The extraordinary ability of the pancreatic islet to respond to disparate metabolic alterations
by increasing both numbers of p-cells within islets, and enhanced production of insulin,
permits control of blood glucose levels during many discrete physiological and
pathophysiological scenarios. As we will discuss in each section below, resistance to insulin
action by separate and distinct origins produces a common outcome: dynamic changes in
pancreatic islet function and mass. Regardless of the primary pathology, insulin resistance is
characterized by a reduced ability of insulin to: a) decrease glucose production in the liver
and b) stimulate glucose uptake into skeletal muscle and adipose tissue [for reviews, see
refs. (4-6)]. The goal of this review is to highlight specific situations that drive adaptive
increases in pancreatic islet size, as well as islet B-cell function, and to discuss some of the
similarities and differences associated with these metabolic states. A continuum of enhanced
islet B-cell function dictated by metabolic need that eventually pushes the islet -cell into a
dysfunctional state is also considered.

Obesity defines a state of excess adipose tissue and is correlated with adverse human health
outcomes, including increased risk for cardiovascular disease, cancer, and diabetes (7).
Many of the negative aspects of obesity are due to both endocrine and immunological
changes associated with the obese state (8, 9). Insulin resistance is a major consequence of
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obesity in mice, rats, and humans. Thus, obesity-induced ectopic lipid deposition contributes
to metabolic trauma in a wide variety of tissues (3).

Islet size is increased in human obesity, an observation put forth more than 80 years ago [see
ref. (10) and Figure 1], and confirmed in recent studies (11). From an experimental
perspective, mice rendered obese by specific genetic mutations also display increased islet
size and corresponding morphological alterations that are similar to the human condition
(12, 13). Diet-induced metabolic trauma, resulting in insulin resistance and decreased energy
expenditure, is observed in mice and rats (14, 15). Indeed, caloric surplus, coupled with
sedentary lifestyle, are two key factors that drive obesity and produce insulin resistance;
reduced insulin action in target tissues pre-disposes mice, rats, and humans to eventually
develop T2DM (16). The determining factor in the development of T2DM is a decrease in
function and mass of the pancreatic islet g-cells (17, 18).

In an effort to gain further insights into the underlying pathology of insulin resistance and
T2DM, rodent genetic models of obesity, such as ob/oband db/db mice, as well as Zucker
Diabetic Fatty (ZDF) rats, are often used to study mechanisms of tissue dysfunction relevant
to the obese, insulin resistant state (19). The ob/0b mouse is obese due to a gene mutation
preventing production of the leptin protein (20, 21). Leptin is a hormone that controls food
intake by signaling satiety via receptor based input into the neuronal circuitry (22) and is
also a regulator of intracellular lipid content in multiple tissues (23).

The db/db mouse is deficient in leptin receptor signaling due to a point mutation within the
leptin receptor gene (24, 25). Thus, db/db mice are a model of leptin resistance because they
have high circulating levels of the hormone, but little to no hormone action in target tissues.
Both ob/ob and db/db mice display peripheral insulin resistance and compensatory increases
in pancreatic islet size [see refs. (26, 27)]. An important observation noted in the ob/ob
mouse model is the increase in islet volume, but an unchanged total number of pancreatic
islets (26). The phenotype of increased islet size, due to enhancement of insulin-positive cell
area, of these mice is similar to that of the high-fat fed mouse [ref. (28) and SJB, MDK, and
JJC, unpublished data]. In addition, the expansion of islets appears to be due to increases in
the number of B-cells per islet rather than an increase in the total number of islets (26, 29).

Similar to db/db mice, the ZDF rat has a leptin receptor mutation that causes obesity
secondary to deficiencies in leptin receptor signaling. ZDF rats, which are homozygous for
the leptin receptor mutation, are insulin resistant, hyperlipidemic, and have larger pancreatic
islets than either heterozygous littermates or standard control laboratory rats (e.g., Wistar,
Sprague-Dawley, etc.). All of these rodent models share many phenotypic similarities to the
human metabolic syndrome, such as obesity, hyperlipidemia, insulin resistance, and
hyperinsulinemia. Moreover, once insulin production and release from the pancreatic p-cells
are unable to meet metabolic needs in these rodent models, overt hyperglycemia ensues (18).
These observations are similar to obese humans that progress to T2DM (30).

A key component of most, if not all, of the diet-induced or genetically-driven obese rodent
models is the compensatory expansion of pancreatic islets and resulting hyperinsulinemia.
This enhancement in pancreatic islet size appears to arise via an increase in the proliferation
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of pancreatic p-cells. Most striking is that the induction of islet B-cell proliferation in
response to obesigenic signals is rapid, often occurring concurrently with or prior to overt
insulin resistance (31, 32). One interpretation of these results is that islet p-cells have
evolved acute “sensory” mechanisms that allow the organism to deal with a developing
problem of existing or impending homeostatic imbalance, which includes the onset of
insulin resistance and related metabolic trauma.

Thus, in obese mice, rats, and humans, prevention of diabetes depends on greater amounts of
insulin secretion to compensate for reduced insulin action in peripheral tissues (e.g., liver
and skeletal muscle). The unique findings of larger pancreatic islets first put forth by Ogilvie
in 1933 (10) have since been confirmed and extended in more recent studies comparing lean
and obese humans subjects. These newer studies have further revealed that insulin resistance
is directly associated with the observed augmentation in islet size (11, 33). Moreover, the
expansion of islet area is most likely due to increased numbers of B-cells as an adaptive
response to meet the enhanced metabolic demands associated with the obese state. By
contrast, in the absence of functional islet g-cells, the endocrine disease diabetes mellitus
develops due to insulin deficiency (16, 17, 34) and parallel hyperglucagonemia (35).
Collectively, the use of both genetic and diet-induced rodent models has helped reveal
specific features of islet biology that explain particular components of the human disease.

Lipodystrophy

Caloric excess leading to obesity, followed by the increased eventual storage of lipid in lean
tissues during chronic overnutrition, is associated with insulin resistance, hyperlipidemia,
cardiomyopathy, hepatic steatosis, and T2DM (36). Strikingly, a similar scenario in which
lipids accumulate in lean tissues (e.g., liver, muscle, pancreatic islets, etc.) is lipodystrophy,
a medical condition characterized by abnormal or degenerative reductions in adipose tissue
depots (37). While most heritable lipodystrophies are rare syndromes, a progressively
prevalent type of acquired lipodystrophy occurs due to prolonged protease inhibitor therapy,
such as needed to control HIV (38). Regardless of the mechanisms underlying
lipodystrophy, severe defects in lipid and glucose homeostasis occur as a result of the lack of
adipose tissue.

Mice with generalized PPARgamma (PPARy) knockout (MORE-PGKO) display
lipodystrophy, insulin resistance, and increased area of the pancreatic islets. Male and
female MORE-PGKO mice have impaired insulin sensitivity; however, only the male mice
were hyperglycemic despite elevated plasma insulin levels relative to lean controls (39).
Female mice were likely protected from hyperglycemia due to an even 5-fold higher
circulating insulin level relative to the male MORE-PGKO mice. Both male and female
MORE-PGKO mice displayed enlarged pancreatic islets, consistent with their
hyperinsulinemia.

A separate model of lipodystrophy in the mouse was generated by insertion of the Tet
activator (tTA) and a tTA-regulated Flag-tagged PPARy transgene in place of the
endogenous PPARY gene (40). These mice, termed PPAR!di, allow for conditional
generation of the lipodystrophic phenotype, with the metabolic sequelae typical of the lack
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of adipose tissue, including increases in circulating triglycerides levels, cholesterol, and free
fatty acids. The PPARy!d! /* mice are glucose intolerant despite hyperinsulinemia, with
marked increases in the size of the pancreatic islets (40). This model is consistent with other
studies that show insulin resistance correlating with enhanced pancreatic islet area.

In a third mouse model of lipodystrophy, which used fat-specific PPARy deletion (PPARy
FKO) to drive marked reductions in brown and white adipose tissue, a phenotype of extreme
insulin resistance secondary to fat loss occurred (41). This lipodystrophic model also
displays hyperglycemia despite striking hyperinsulinemia. Furthermore, a massive expansion
of pancreatic islets was present, ostensibly to maintain the higher insulin output required to
counterbalance the extreme insulin resistant state of these mice. Indeed, the authors note that
circulating insulin is >60-fold higher in the PPARy FKO mice relative to controls (41),
showecasing the amazing ability of the pancreatic islets to adapt to severe alterations in
metabolic homeostasis.

In summary, after onset of lipodystrophy in three distinct mouse models, it is clear that the
lack of adipose tissue, which is both a lipid storage depot and an endocrine organ,
reproduces many of the symptoms associated with the human metabolic syndrome. These
phenotypes are remarkably reproducible in mice, rats, and humans, emphasizing three key
points:

1. The importance of storing lipids within adipose tissue to prevent adverse
metabolic events (i.e., metabolic trauma).

2. The significance of adipose tissue derived hormones (e.g., leptin, etc.) for
appropriate regulation of glucose and lipid homeostasis.

3. The ability of the pancreatic islets to adapt to metabolic trauma (e.g.,
insulin resistance induced by lipid accumulation in lean tissues) via
increases in B-cell mass and heightened insulin secretion.

Glucocorticoid Excess

The corticosteroid hormones (e.g., glucocorticoids) are synthesized in the adrenal glands and
signal through specific nuclear hormone receptors (e.g., glucocorticoid receptor aka
NR3C1). The glucocorticoid receptor (GR) is present in nearly all vertebrate animal cells,
indicating widespread organismal tissue sensitivity to glucocorticoid hormones.
Glucocorticoids play important roles in regulating tissue nutrient processing, thus
contributing to overall maintenance of glucose homeostasis (42). However, glucocorticoid
excess and deficiency each produce specific clinical conditions, illustrating the importance
of precise control of the synthesis, release, and activity of these endogenous steroid
hormones.

Cushing’s syndrome describes excess glucocorticoid exposure, regardless of the primary
causative agent (43). Cushing’s disease is a specific situation involving adrenocorticotropic
hormone (ACTH) excess due to pituitary adenoma and will therefore often include specific
symptoms unrelated to glucocorticoid overexposure. Currently, however, glucocorticoid
excess is most commonly caused by clinical administration of these steroids to treat diseases
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with inflammatory components. For that reason, we will restrict the current discussion solely
to glucocorticoid excess induced via pharmacologically relevant means to illustrate how this
situation produces insulin resistance resulting in adaptive responses within the pancreatic
islets.

The predominant acute metabolic effects of glucocorticoids are to promote increases in
blood glucose by stimulating hepatic gluconeogenesis. This metabolic outcome is driven by
alterations in specific metabolic enzyme genes, such as enhanced transcription of the gene
encoding phosphoenolpyruvate carboxykinase, an enzyme widely viewed as rate controlling
for gluconeogenesis (44, 45). In addition, breakdown of skeletal muscle provides free
alanine, one of the most important amino acids contributing to gluconeogenesis. While acute
endogenous glucocorticoid production will promote lipolysis to support fasting state needs,
chronic glucocorticoid excess, especially due to pharmacologic administration, often
promotes enhanced fat deposition. Clinical administration of glucocorticoids typically
produces insulin resistance within 48h in human subjects (46), with a compensatory increase
in insulin secretion (47). This phenotype can be reproduced in rats given daily injections of
dexamethasone (48, 49), a synthetic glucocorticoid often used clinically to treat diseases
with inflammatory components. Thus, glucocorticoids have both rapid and sustained effects
that influence overall glucose homeostasis.

In an effort to model the human conditions associated with chronic glucocorticoid excess, a
mouse model of oral corticosterone delivery was developed by Karatsoreos and coworkers
(50). This /n vivo experimental system has several advantages, including that it is non-
invasive, does not require adrenalectomy, and is relatively inexpensive to conduct. In this
model, corticosterone is delivered over several weeks via drinking water at 100 pg/mL,
which is sufficient to increase deposition of white adipose tissue, promote overall weight
gain, and impair glucose tolerance (50). The mice receiving corticosterone also display
elevated lipids in the blood as well as hyperleptinemia and hyperinsulinemia.

In a separate study, the metabolic trauma associated with oral corticosterone delivery (100
ug/mL) was extended to include increased lipid storage in liver and skeletal muscle (51).
Furthermore, pancreatic islet size was increased in mice receiving oral corticosterone
relative to their vehicle control counterparts. Insulin-positive cell area was enlarged by 2.3-
fold in mice exposed to corticosterone versus mice given the vehicle control. These results
are consistent with the 3-fold increase in pancreatic islet volume and are likely explained by
the 2.7-fold increase in markers of islet p-cell proliferation (51). Because glucocorticoid
regimens can induce rapid insulin resistance in humans (46), it is plausible that the increase
in pancreatic islet size and insulin output in mice and humans are adaptive responses to
address the need for more circulating insulin to compensate for reduced insulin action in
liver and skeletal muscle.

Genetic Deletion of Fibroblast Growth Factor 21 (FGF21)

Human FGF21 is a 181 amino acid protein with ~75% identity to mouse FGF21. It is
secreted predominantly by the liver but also by other tissues involved in glucose and lipid
homeostasis [e.g., adipose tissue and pancreas; see ref. (52)]. FGF21 serves as an endocrine
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signal and influences insulin sensitivity by signaling through FGF receptors, where B-Klotho
serves as a cofactor (53). There are documented alterations in FGF21 production and
circulation during many stress and disease settings, with increased abundance observed in
coronary heart disease (54), Cushing’s syndrome (55), and obesity (56), but decreased
abundance in anorexia nervosa (57) and autoimmune diabetes (58). In addition, FGF21
protects mice from toxicity induced by lipopolysaccharide, a model of sepsis (59).

Mice with genetic deletion of FGF21 gain more weight and have increased adipose tissue
and liver mass relative to their control counterparts (60). In addition, FGF21 KO mice store
more lipid in hepatic tissue (60). The FGF21 KO mice are insulin resistant, but exhibit
largely normal blood glucose levels (61). The prevention of hyperglycemia in the FGF21 KO
mice is most likely due to their enhanced circulating levels of insulin (61). Upon
examination, FGF21 KO mice have larger islets with more production of insulin transcripts
when compared with littermate control mice. Moreover, there is an increase in Ki-67
positive cells, an index of proliferation, within the islets of FGF21 KO mice. This Ki-67 data
is consistent with the increase in islet size and is most likely explained by augmented p-cell
mass through cellular replication.

There are more glucagon positive alpha cells within the islets of FGF21 KO mice, although
no increases in glucagon mRNA or circulating hormone were reported. Moreover, the islets
isolated from FGF21 deficient mice display blunted responses to a glucose challenge (61),
similar to what is observed in islets isolated from obese, insulin-resistance mice (62). Thus,
pancreatic islets from discrete models of insulin resistance, such as the db/dband FGF21
KO mice, often display a common phenotype of enhanced insulin secretion at low glucose
but diminished insulin secretory output in response to a high glucose challenge. The most
likely explanation for these experimental phenotypes is the necessity for sustained
production and secretion of insulin to offset chronically reduced hormonal action in
peripheral tissues.

Heterozygous Deletion of GLUT4

One of the major functions of insulin is to stimulate glucose uptake into adipose tissue and
skeletal muscle. Normally, distributed control of glucose uptake occurs via recruitment of
the facilitative glucose transporter GLUT4 to the cell surface coupled to phosphorylation of
the sugar by hexokinase Il in response to insulin receptor activation by the insulin hormone
(63). These processes are disrupted or severely diminished in the obese state, where a
decreased action of insulin is an early link to the metabolic syndrome (64).

To determine the contribution of GLUT4 to overall glucose homeostasis /in vivo, mice with
one copy of the GLUT4 gene were generated (65). Not surprisingly, skeletal muscle glucose
uptake was impaired due to this genetically-induced reduction in the major insulin-
stimulated glucose transport protein. As a result, these mice are insulin resistant without
being obese. The majority of the GLUT4*/~ mice display elevated circulating levels of
insulin in the fed state, which is sustained throughout their lifespan. Since the GLUT4*/~
mice maintain lifelong insulin production, the remarkable ability of the pancreatic -cells to
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compensate for reduced glucose uptake into skeletal muscle (and adipose tissue) over the
mouse life span exemplifies the highly adaptable nature of the endocrine pancreas.

Not surprisingly, the pancreatic islets in the GLUT4*/~ mice are much larger when
compared to their GLUT4*/* control counterparts (66). It is plausible that insulin resistance
induced by heterozygous deletion of GLUT4 protein in mice is a major driver of the
adaptive expansion in islet g-cell mass. This is interesting because the GLUT4*/~ mice,
while not displaying an obese phenotype, have islets as large as those from mice fed a high-
fat diet (66). In addition, Dai, et al. found that in multiple mouse models of insulin
resistance, there is an increased dilation of blood vessels in the pancreatic islets, but no
change in angiogenesis (66). Thus, the vascular adaptation that occurs in the pancreatic islets
of insulin-resistant animals may be one way to increase insulin output in an attempt to
counteract the reduced actions of insulin in peripheral tissues.

Atypical Anti-psychotic Drug Therapy

The atypical antipsychotics, also known as second-generation antipsychotics (SGAS),
include clozapine, olanzapine, and risperidone, and are used worldwide as pharmacological
interventions for psychiatric conditions. These drugs are deemed essential by the clinical
guidelines for their use in the treatment of schizophrenia, particularly in forms of the disease
that have shown resistance to first generation antipsychotic drugs. For example, clozapine is
often used in the management of early onset and treatment-resistant schizophrenia (67), with
reduced motor system side effects when compared with other neuroleptic drugs (68).
Clozapine and other SGAs are classified as atypical antipsychotic drugs due to their ability
to engage serotonin, dopamine, and other receptors related to psychiatric disorders.
However, these atypical antipsychotic drugs often produce a variety of metabolically
relevant side effects, which include obesity and insulin resistance (69).

Patients with mental illness have increased risk of metabolic syndrome correlating with
reduced life span, primarily due to premature cardiovascular events (70). The prolonged use
of SGASs to treat psychiatric conditions (e.g., schizophrenia) promotes weight gain, insulin
resistance, hyperlipidemia, and risk of hyperglycemia. The use of mouse models to study the
consequences associated with SGA therapy have yielded insights into these metabolic
effects, including the impact of drug administration on the pancreatic islets.

In C57BL/6 mice, administration of discrete atypical antipsychotic drugs impairs glucose
transport, leading to hyperglycemia (71). In addition, clozapine dose-dependently increases
blood glucose levels within 3 h after administration, demonstrating potent acute metabolic
effects of this drug. Chronic administration (21 days) of clozapine to rats induces marked
changes in islet morphology, including increases in islet size (72). This observation is
similar to that observed in the GLUT4*/~ mice (see above), where genetically-induced
decreases in glucose transport (i.e., resistance to insulin action) augments insulin secretion
and pancreatic islet size.

The risk of diabetes is much higher in humans on an atypical antipsychotic drug regimen
(73). This marked increased in diabetes risk is most likely due to the acute decrease in

Shock. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burke et al.

Page 9

glucose transport, promoting early stage hyperglycemia. If this hyperglycemia is not
corrected, and is followed by a later stage failure of insulin output to meet the demand for
peripheral insulin resistance, diabetes will manifest. Data from rodent models support this
interpretation. Because glucose serves a natural mitogen for p-cell replication (74, 75), early
hyperglycemic episodes, which can be induced by psychotropic medications (71), likely
support increases in p-cell number and thus overall islet expansion.

Moreover, acute clozapine exposure in isolated mouse islets enhance both insulin and
glucagon release. These islet secretory responses show a clear deviation from the usual islet
physiology where elevated insulin secretion normally suppresses glucagon release (76).
Additionally, seven days of clozapine exposure in isolated rat pancreatic islets decreases
stimulus-secretion coupling responses necessary for fuel-mediated insulin release (77).
Thus, the overall increase in risk of diabetes due to SGA drug regimens arises through both
peripheral effects of the drugs and via major alterations in pancreatic islet physiology.

Relevance to Shock, Trauma and Critical lllness

While the focus of this review centers on the functional and structural adaptations of the
endocrine pancreas to chronic conditions of metabolic trauma, we note that it is not
completely understood how pancreatic islets specifically respond to, or compensate for, the
acute metabolic demands associated with specific traumatic events, such as hemorrhagic,
septic, burn or cardiogenic shock. Literature reports indicate that critical illness and other
forms of trauma, including burn injury, are associated with a decrease in glucose utilization
and peripheral insulin resistance (78-81). Consequently, blockade of the renin-angiotensin
system (RAS) may improve glucose utilization in diabetic subjects and thus conceivably
decrease the onset or severity of type 2 diabetes (82). This is interesting because plasma
angiotensin |1 is elevated during sepsis, trauma and burn injury (83-85), situations that
create whole body insulin resistance. The insulin resistant state associated with these events
can be partially ameliorated by immediate post-trauma intervention with an angiotensin Il
type 1 (AT1) receptor blocker in a rat model of burn injury (78, 79). The adaptive responses
of the pancreatic islets in these situations have, in many cases, not been thoroughly
examined.

In a recent study;, it was reported that a 4 week chronic infusion of angiotensin 1l impaired
glucose tolerance /in vivo and abolished glucose stimulated insulin secretion independent of
changes in blood pressure (86). Angiotensin Il also had deleterious effects on pancreatic islet
mitochondrial function and insulin secretion due to IL-1f and NF-xB mediated
inflammation in islets (86). Since components of the RAS, including angiotensin-converting
enzyme 2 (ACEZ2), are found in rodent and human pancreatic islets (87-89), and
overexpression of ACE2 in pancreas of diabetic mice improve glycemic control (89), the
efficacy of RAS blockade to ameliorate insulin resistance in burn injury may also be due to
improvements in pancreatic islet function.

Angiotensin Il also reduces pancreatic blood flow and a reduction in first phase of glucose-
stimulated insulin secretion (90). This is consistent with the regulation of blood flow to the
pancreas being under the control of a variety of neural and hormonal mediators as well as
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other changes in circulatory conditions (91). Under conditions of hemorrhagic stress and
hypotension, intravital fluorescence microscopy has shown that nutritive perfusion of
pancreatic tissue is reduced in a stepwise fashion with reductions in blood pressure (92).
However, it is not known if a change in local perfusion of the endocrine pancreas under
conditions of hemorrhagic hypotension has long-term compensatory consequences on islet
beta-cell mass and/or stimulus-secretion coupling that controls insulin secretion.

In addition, in a sepsis model, parental glucose infusion impairs the insulin secretion
capability (93). This appears to be due to the combination of a glucose challenge on top of
severe systemic inflammation, because LPS or glucose alone do not create metabolic
dysfunction. A key component of this model is that induction of hyperglycemia appears to
require the presence of inflammation and reduced insulin secretion (94). These studies,
using a clinically relevant sepsis model in C57BL/6 mice, are consistent with previous work
by our group and others showing that pro-inflammatory cytokine exposure impairs glucose-
stimulated insulin secretion (95, 96). Thus, inflammation-based dysfunction in the
pancreatic islets may be a critical factor promoting hyperglycemia in disease models.

On a final note, we suspect that obese individuals or patients on specific drug regimens that
influence insulin sensitivity (e.g., atypical anti-psychotics) would fare worse during septic
shock or burn trauma. The rationale is that metabolic dysregulation may arise through a
multifactorial process that can include a traumatic event (e.g., sepsis), coupled with a
potential drug therapy, or existing condition (e.g., obesity), that promotes adverse metabolic
side effects. The combination of these factors would ostensibly put undue stress on the
pancreatic islets and other tissues to maintain glucose homeostasis. This extra stress may
directly promote insulin insufficiency or predispose the islets to pathological alterations in
fuel-mediated insulin release. Studies directly exploring these possibilities are warranted.

Summary and Discussion

In this review, we have attempted to highlight and summarize the response of pancreatic
islets to a variety of adverse metabolic conditions, many of which arise through dissimilar
origins (Figure 2). Other specific scenarios mandating an increase in islet size, such as
pregnancy, have been reviewed elsewhere (97), and was not considered here because it is not
a pathological condition. The transcriptional responses and cell cycle regulatory mechanisms
that facilitate islet development and growth have also been reviewed previously (98, 99).

It is noteworthy that there are other experimental situations, such as tissue-specific states of
insulin resistance, which trigger increases in pancreatic islet mass and function. For
example, when insulin signaling is specifically disrupted in the liver, glucose homeostasis
and other metabolic outcomes in the whole animal are perturbed (100-102). As a result of
this hepatic insulin resistance, a massive increase in pancreatic islet mass (up to 10-fold
enhancement) ensues, producing pronounced hyperinsulinemia (102). The striking
expansion in pancreatic islet mass and function that occurs upon induction of hepatic insulin
resistance relies, at least in part, on the transcriptional activity of Pdx-1 (103). Pdx-1 is a
transcription factor involved in pancreas development and in the maintenance of adult -cell
identity (104).
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Additional transcription factors, such as Nkx6.1 and MafA, which are also required to
maintain the adult B-cell phenotype (105, 106), likely play key roles during p-cell mass
expansion, enhanced islet p-cell function, or both processes throughout situations of
metabolic trauma. The absence of these key transcriptional regulatory proteins is linked to
the diminutions of islet B-cell mass and function associated with overt diabetes (95, 107).
Collectively, these findings connect basic and clinical research, because an overall reduction
in islet pB-cell mass and function is the ultimate driver of diabetes onset.

Two separate biological mechanisms have been put forth to explain the reduction in islet p-
cell quantity and overall insulin output that precede the development of diabetes mellitus.
These include activation of specific death mechanisms, such as apoptosis, and a more
recently described process of cellular de-differentiation. Evidence for apoptosis has largely
arisen through histological analysis of pancreatic tissue, often using TUNEL staining as a
marker (108). However, TUNEL staining only indicates that DNA damage is present but is
incapable of identifying a specific death mechanism (109). Because p-cells have the ability
to repair damaged DNA (110), the link between loss of p-cell mass and a specific death
pathway (e.g., apoptosis, necrosis, etc.) leading to T2DM is still an unresolved issue.

On the other hand, the process of de-differentiation is an exciting and compelling new
viewpoint from which to explain losses in f-cell mass and function (111, 112). In this
scenario, the islet B-cell loses the ability to maintain a mature phenotype, defined by insulin
production and stimulus-secretion coupling. This is typically due to diminished expression
of key transcription factors required to support p-cell growth and function (107, 113).
Importantly, this description of B-cell loss is not associated with any evidence of apoptosis
(114), which is consistent with the idea that the “immature” cells can also regain mature -
cell identity (i.e., re-differentiation). Thus, it is entirely possible that the continuum of
mature B-cell — “immature” de-differentiated p-cell allows for protection against
inflammatory or other damaging signals. Once the offending stimuli are withdrawn, re-
differentiation, such as with insulin therapy, could restore B-cell mass and function (114).
Further studies will be required to fully address these outstanding issues.

In summary, the function and mass of the pancreatic islets are altered in states of metabolic
disturbance, showcasing the dynamic ability of the endocrine pancreas to compensate for
peripheral abnormalities. For diabetes to occur, the function and/or mass of the pancreatic -
cells must be compromised (115-118). Importantly, attempts to understand the dynamic
changes in islet mass expansion, as well as inflammatory responses within p-cells, have
benefitted from the establishment of novel “omics” technologies (119-122). Our goal herein
was to illustrate the outstanding ability of the endocrine pancreas to respond to various,
albeit distinct, scenarios that require an increase in insulin production and release. As
outlined in the disparate situations presented above, the responses of the pancreatic islets
have evolved to combat multiple situations of reduced peripheral insulin action and related
metabolic trauma. Whether the increase in pancreatic islet size is secondary to insulin
resistance, arises in parallel with insulin resistance, or is independently a marker of insulin
resistance is not completely understood. In addition, the specific growth mechanisms
required for increased islet size, enhanced B-cell mass, and heightened insulin secretion are
all active research areas.
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Figure 1. Pancreatic iset sizeisincreased in obese humanswhen compared with lean control
groups
(A and B)

Data are plotted from tabled values originally reported in ref. (10), revealing significant
increases in both average islet area (A) and percent islet tissue (B) in obese human subjects
(n =19 per group). Similar data can be obtained using mouse and rat models of obesity.
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Figure 2. Insulin resistance arises through many discrete possibilities, all of which are capable of
inducing increasesin pancreatic iset mass and function

Enhancements in pancreatic islet mass are often linked with the induction of insulin
resistance. Insulin resistance can be induced by a variety of distinct events and can also be
temporally sustained. The impact of insulin resistance on insulin secretion is often an
increase in basal insulin release with a reduced ability of the islet to respond to a glucose
challenge. The eventual failure of pancreatic -cells to produce and secrete sufficient
quantities of insulin results in adverse metabolic events, most notably the onset of diabetes
mellitus.
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