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Abstract

Type 2 diabetes mellitus (T2D) is a complex disease characterized by p-cell failure in the setting
of insulin resistance. The current evidence suggests that genetic predisposition, and environmental
factors can impair the capacity of the B-cells to respond to insulin resistance and ultimately lead to
their failure. However, genetic studies have demonstrated that known variants account for less
than 10% of the overall estimated T2D risk, suggesting that additional unidentified factors
contribute to susceptibility of this disease. In this review, we will discuss the different stages that
contribute to the development of p-cell failure in T2D. We divide the natural history of this
process in three major stages: susceptibility, f-cell adaptation and p-cell failure and provide an
overview of the molecular mechanisms involved. Further research into mechanisms will reveal
key modulators of B-cell failure and thus identify possible novel therapeutic targets and potential
interventions to protect against -cell failure.
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Introduction

Type 2 diabetes (T2D) is characterized by relative insulin deficiency in response to increase
in insulin demand induced by insulin resistance. Experiments in rodent models and human
specimens suggest that the failure of B-cells to increase mass and function is a central event
in the development of this disease. Multiple factors play a role in the adaption of p-cells
during the natural history of T2D. Based on our current understanding of the disease, we
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would like to divide the adaptation of $-cells during the natural history of T2D in three
phases: susceptibility, adaptation, and failure (Figure 1). The susceptibility of individuals to
develop diabetes is determined by genetic components, the fetal environment, and the
nutrient environment during the first few years of life (Figure 1). It is currently believed that
these factors are crucial to control the functional B-cell mass before adulthood. Most
individuals will not develop T2D unless they are exposed to conditions of increased insulin
demand such as obesity induced insulin resistance. In fact, the majority of the obese
population develops insulin resistance and p-cells compensate in response to increased
insulin demand by expansion and increase in insulin secretion. Glucose homeostasis in these
individuals is conserved at the expense of elevated insulin levels by enhancing insulin
secretion and B-cell mass (adaptation phase, Figure 1). However, in a fraction of obese
individuals B-cells fail to properly compensate and hyperglycemia occurs. Human
epidemiologic studies using self-reported survey-based data place estimates that only a
fraction adult males and females BMI>30 develop T2D 1-3. The chronic exposure of p-cells
to hyperglycemia and other metabolic abnormalities triggered by obesity induces
detrimental effects on p-cells manifested with progressive loss of p-cells, deterioration of
function and possibly dedifferentiation (3-cell failure, Figure 1). In the current review, we
provide an overview of some of the major established factors that regulate each of the
different stages of p-cells during the pathogenesis of T2D.

Susceptibility: Factors regulating the accrual of B-cell mass

The B-cell mass in adult humans and rodents is achieved during the first two decades or four
weeks of postnatal life respectively#-8. Theoretically while there is no data to support this
concept, it is plausible to believe that the -cell mass at the end of these early stages can
provide some measure of protection from or risk for T2D. Therefore, an understanding of
what establishes -cell mass at birth and early postnatal stages have been the focus of
intense research. In animal models, rodents with higher B-cell mass in early life have some
protection from developing glucose intolerance when challenged streptozotocin injection”’.
These models establish a link between alterations in -cell mass at birth and the
development of diabetes later in life. This section will review some of the major factors that
determine how rodents and humans arrive at their final of -cell mass. We will focus on
genetic components, the fetal environment, and the nutrient status during the early years of
life as critical components in defining p-cell mass in adults. These components contribute to
the remodeling of B-cell mass during three distinct phases of the organism’s lifespan. These
are embryonic development, the postnatal proliferative and remodeling phase, and the slow
turnover that occurs once baseline B-cell mass is reached.

Genetic components altering B-cell development

Rodents

Most of our understanding about pancreas development comes from rodent experiments
(extensively reviewed here®.9). The earliest stage of pancreas development begins in the
mouse on embryonic day (E)8.5. Under the influence of a number of secreted factors from
the adjacent primitive gut and vascularization, the presumptive pancreas is progressively
defined within early endoderm. A dorsal anlage (quickly followed by a ventral one)
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expressing pancreas transcription factor 1a (Ptfla) and indian hedgehog (lhh), but not sonic
hedgehog (Shh) progressively buds out of the primitive endoderm then grows and branches
within its surrounding mesenchyme. Pancreatic duodenal homeobox 1 (Pdx1) expression
follows, and the pancreatic epithelium then proliferates and differentiates under the
influence of signaling from its surrounding mesenchyme (murine pancreatic development is
extensively reviewed in%11), Pdx1 and Ptf1a are central to pancreatic development and mice
with a germline inactivating mutation of either gene display pancreatic agenesis!?13. In
addition heterozygous Pdx1 mutant exhibit decreased p-cell mass and progressively develop
glucose intolerancel4 indicating that Pdx1 levels also influence postnatal p-cell mass and
function. Several other transcription factors like SRY (sex determining region Y)-box 9
(SOX9), forkhead box (FOX) A1/2, hepatocyte nuclear factor (HNF) 1B, and GATAA4/6
have also been found to play a critical role in forming the pool of multipotent pancreatic
progenitor cells. Deletion of Sox9 in pancreatic progenitors leads to marked hypoplasia of
the pancreas?®. Likewise, the inactivation of both GATA4 and 6 in pancreatic progenitors
also leads to pancreatic agenesis®17. Examination of the role of Hnf1p is more difficult due
to the mutation being embryonically lethal but studies using tetraploid aggregation showed
pancreatic agenesis in these offspring’8. A global knockout of Hnf6 also leads to pancreatic
hypoplasial®. Similarly conditional deletion of both FoxA1 and 2 under the Pdx1 promoter
led to severe pancreas hypoplasia2®. A number of studies have demonstrated that the proper
growth of the pancreas requires complex interactions from the surrounding mesenchyme
(reviewed in21). Secreted factors like Follistatin regulate the proper balance between the
endocrine and exocrine compartments22 while growth factors control its proliferation. In the
absence of fibroblast growth factor (FGF) 10 for instance (secreted by the pancreatic
mesenchyme), the initial formation of the pancreas seems normal, but all growth and
differentiation quickly halt, leading to a drastic hypoplasia of the pancreatic anlages3.

From the multipotent progenitor stage some cells express Sox9 and then progress to a
bipotent trunk cell, which is capable of further differentiating into a ductal or endocrine
cell?4. During the earliest stages of pancreatic organogenesis, Notch signaling leads to the
activation of hairy and enhancer of split (Hes) 1 and promotes the acinar fate in most
uncommitted pancreatic cells, while only a few escape Notch activation and express
Neurogenin 3 (Neurog3) and then commit to the endocrine lineage2®. Neurog3 activation
results from a balance between a number of transcription factors outlined above (Pdx1,
SOX9, FOXA2, HNF1p, Gli-similar (GLIS) 3 and HNF6), and its Notch-promoted inhibitor
Hes1. Neurog3 knock out animals display no endocrine cells in the pancreas at birth26.
These endocrine progenitors then require transient Notch activation2” before being directed
by a coordinated cascade of transcription factor activation to further differentiate into single
hormone producing cell fates. Important transcription factors in the development of -cells
include Nkx 6.1, NeuroD1, regulatory factorx(Rfx) 6, islet (Isl)1, NKX2,2, and Pax4. Nkx
6.1 knockout mice are born with a severe and selective deficiency in p-cells?8, Mice with
knockout of Rfx6 have a decrease in all islet cells, with the exception of PP cells29. Knock
out of NeuroD1, Pax4, or Pax6 lead to decreased -cell number or absence of -cells at
birth39-32, The first hormone-producing cells are detectable on embryonic day E9.5 but
increase in number at E13.5, a period of pancreatic development known as the secondary
transition33:34. By E14.5 each known type of hormone producing islet cell is detectable. The
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number and proliferation of Pdx1 and Neurog3 progenitors has been shown to correlate with
B-cell mass at birth3536. p-cell proliferation and differentiation occur in the latter part of the
embryonic period, and the combination of these processes determines B-cell mass present at
birth with B-cell neogenesis still playing the predominant role during the embryonic period.

Due to the limited tissue available for studies and the difficulty in determining exact
embryonic dating fewer details are known about human embryonic pancreas development.
Studies of early human pancreatic development have been limited, but this knowledge has
recently been bolstered. In humans PDX1 expression is detected around embryonic day
E3037:38, Humans with homozygous mutations in the PDX1 gene are born with pancreatic
agenesis39. These individuals have permanent neonatal diabetes as well as exocrine pancreas
insufficiency. Interestingly, patients with heterozygous PDX1 mutations have increased
susceptibility to diabetes with diagnosis reported to occur as young as 2 years of age#041,
Around week 7 the expression NEUROGS3 is initially detected and then rises sharply at
weeks 8-1037. This rise in NEUROG3 expression corresponds with the detection of the first
hormone-positive cells in the developing pancreas. Humans with heterozygous mutations in
the NEUROG3 gene develop childhood onset diabetes while those with mutations in both
alleles develop permanent neonatal diabetes*2:43. Other key pancreatic transcription factors
like PAX6 and NEUROD1 have also been found to harbor mutations in patients with
syndromes of permanent neonatal diabetes?#45. The link between these transcription factor
mutations and severe diabetes with neonatal onset establishes their importance in human p-
cell development.

Genome wide association studies (GWAS) show that the majority of genes linked to T2D
play a role in B-cell function or mass. The most consistently associated genes include
transcription factors regulated by Wnt signaling (transcription factor 7-like 2 (TCF7L2),
hematopoetically expressed homeobox (HHEX)), peroxisome proliferator-activated receptor
(PPARY), cell cycle regulators (CDKS regulatory subunit-associated protein 1-like 1
(CDKALLY), cyclin-dependent kinase inhibitor (CDKN) 2A/B, cell division cycle protein
(CDC 123), the potassium channel KCNJ11, and the zinc transporter solute carrier family 30
(SLC30)A8 (reviewed in“6:47). Important pancreatic transcription factors have also been
identified in T2D GWAS. Variants in HNF1B, HNF1a, Notch2, and GLIS3 have been
associated to T2D*849, While no single gene variant was found to be the cause of T2D in
these studies, the combined effect of these and other -cell genes may lead to defective
compensatory B-cell responses to insulin resistance and obesity. Diabetes risk loci have also
been found in genes that are not known to be transcription factors important in -cell
development. It is possible that these loci have a more significant role in -cell function,
which also contributes to T2D risk. In addition, the majority of monogenic diabetes
(MODY) syndromes also result from mutations in key -cell transcription factors. Mutations
in one allele of HNF4a were found to be the cause of MODY 159, MODY?2 results from
glucokinase (GCK) mutation 31, Mutations in HNF 1a were found to cause MODY352, As
previously mentioned, MODY4 was found to be caused by mutations in PDX153, Mutations
in HNF1p have been found to cause MODY5°4. MODY?6 results from mutations in the
NEUROD1 gene %°. Finally, MODYX is defined as a Maturity Onset Diabetes of the Young
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without mutations in the known MODY-gene. In summary, these results underscore the
importance of B-cells in the pathogenesis of the disease. In addition, the discovery of genes
from GWAS together with those responsible for monogenic forms of diabetes has provided
critical information to understand different aspects of p-cell biology and pancreas
development.

Environmental factors regulating p-cell development and neonatal p-cell

mass

Humans

Human epidemiologic studies established a link between gestational or early life nutrient
stressors and a risk for metabolic disease in adulthood, and this concept was termed
developmental programming, Infants born to mothers exposed to famine during mid or late
pregnancy were found to have a higher glucose response to oral glucose challenge when
compared to controls®. Moreover, other studies showed that low birth weight was
associated with abnormal glucose homeostasis and a higher risk for metabolic
syndrome®’9, In these studies the propensity for impaired glucose tolerance was worsened
if the adults were obese. Based on the results of animal studies one may assume that infants
exposed to inadequate nutrition during gestation may be born with a decrease in -cell mass.
However the few human studies that exist have conflicting findings. A small autopsy study
of pancreata from small for gestational age (SGA) infants showed a decreased percentage of
endocrine tissue and number of B-cells per islet when compared to controls®0. A more recent
autopsy study, however, did not replicate this finding®1. These studies are challenging to
perform and limited in size, thus it is difficult to draw conclusions about alterations in $-cell
mass at birth and risk of T2D in children exposed to adverse nutrient conditions during fetal
life.

Less is known about the impact of overnutrition and obesity on the offspring risk for T2D.
Understanding the contribution of these factors is especially important given the prevalence
of obesity in women of reproductive age. Recent studies have explored the hypothesis that
states of overnutrition and obesity during pregnancy will induce permanent changes in
multiple tissues leading to the development of glucose intolerance and metabolic syndrome.
One large study of T2D in youth found an increased odds ratio of T2D in children whose
mothers were obeseb2, However, the impact on f-cell function in children born to obese
pregnant women is unknown. Recent studies performed in offspring of mothers who had
bariatric surgery showed that children born after their mothers had bariatric surgery had
improved markers of metabolic syndrome than their siblings born prior to surgery and these
changes were associated with methylation of genes that are thought to be related to insulin
levels®3. However, the impact of maternal overnutrition or obesity on offspring p-cell mass
or function is unknown. In addition to obesity, a link between exposure to gestational
diabetes and the eventual risk of T2D has been stablished®*. These studies demonstrate that
offspring born after exposure to gestational diabetes had a 3.7 odds ratio of developing T2D
as compared to their siblings®. These studies demonstrate that maternal obesity or
hyperglycemia also create an adverse nutrient exposure to the developing fetus that has long
term consequences for T2D risk.
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As discussed in the section on genetic factors in B-cell development, a critical component of
the B-cell mass at birth is the number of pancreatic progenitors present throughout
development. These progenitors are exquisitely sensitive to stressors during development. If
a stress is imposed within a critical window in p-cell development p-cell mass may be
negatively impacted. Evidence of the importance of progenitor number was provided by a
study in which pancreatic progenitors were ablated at different points during development,
and the neonatal -cell mass was unable to recover from the insult®®. Therefore loss of
pancreatic progenitors leads to a smaller pancreas overall and a decrease in -cell mass.

In order to gain an understanding of the molecular mechanisms that underlie developmental
programming of T2D, animal models of developmental stressors have been developed.
Nutritional status during embryonic development exerts a strong influence on the number of
pancreatic B-cells present at birth in animal models. The types of gestational stressors shown
in animal models to impact neonatal B-cell mass include global calorie restriction, protein
restriction, and decreased uterine blood flow. In the low-protein model animals are exposed
to chow with limited protein during the entire duration of gestation. When their pancreata
are later examined the animals exhibit decreased p-cell mass at birth and reduced insulin
secretion later in life86. This was found to be the result of decreased p-cell replication both
during development and at birth and increased rates of apoptosis during lactation®”. In the
calorie restriction model, a 50% reduction in food intake is imposed on dams during the
latter part of gestation. This results in a decrease in -cell mass at birth thought to be caused
by an impairment of -cell neogenesis, due to the normal rates of proliferation that were
observed®8. Indeed an embryonic study of rats fed a 50% calorie restricted diet from
conception showed a decrease in Pdx1 and Ngn3 progenitors at E1559, Impairment of
uterine blood flow is another model established to examine the effects of intrauterine growth
restriction on the endocrine pancreas. In this model there is no apparent alteration in p-cell
mass until the 15 weeks of age, at which point it is reduced by 50% compared to controls’®.
Thus an exposure limited to the late gestational period has an effect on the eventual adult p-
cell mass that is achieved. These experimental systems highlight the sensitivity of f-cell
development to nutrient stressors and demonstrate that abnormalities in the fetal nutrient
environment result in long-term consequences in p-cell mass.

More recently investigations into developmental programming of T2D have focused on the
effect of high fat diet during gestation on neonatal -cell mass. Administration of high fat
diet during gestation leads to compromised p-cell development and function, evident by
altered expression of key factors that maintain the 3-cell phenotype, and display a reduced f3-
cell mass in the adult’2:72. Another study examined the impact of diet-induced obesity
during gestation and lactation. They found that offspring had impaired glucose tolerance and
a decrease in pancreatic insulin content at 6 months’3. Interestingly in this and other models,
the impaired glucose tolerance is preceded by increased pancreatic insulin content in the
obesity-exposed offspring elevated over controls early in life. The long-term consequences
of fetal overnutrition on B-cell mass are less understood but the current data suggest that
fetal high fat administration during pregnancy induces adverse changes in p-cell

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alejandro et al.

Page 7

development and function in neonatal offspring and these changes ultimately result in g-cell
failure and eventual development of T2D.

Given the dramatic rise in diagnoses of T2D in recent decades and the lack of a significant
contribution found in GWAS studies the focus of molecular diabetes research turned to
exploring epigenetic mechanisms’4. These include changes in DNA methylation and histone
acetylation, impacting gene transcription as well as expression of non-coding microRNAs
(miR). Indeed, animal studies have shown that changes in -cell mass and function result
from epigenetic alterations induced by developmental stressors. Using an experimental
model of intrauterine growth restriction (IUGR) by placental artery ligation, the Pdx-1
promoter of adult offspring was found to have increased methylation of CpG islands as well
as an increase in the silencing histone mark H3K9me2 and a decrease in the activating mark
H3K4me37®, In addition, Hnf4a, P2 promoter is epigenetically silenced in islets of the
offspring of dams exposed to low protein during gestation’. The importance of miR species
in developmental programming of B-cell has been recently established”’-’8. Protein
restriction during pregnancy caused a -cell secretory defect in adult offspring by increase in
the expression of non-coding RNA miR199a-3p and miR-342. Interestingly, these miRNAs
were also shown to reduce mTOR levels in isolated B-cells from mice exposed to protein
restriction during fetal life””. In terms of developmental programming by high fat diet,
paternal high fat diet exposure prior to mating induces islet expression of 1113ra2, a protein
related to the Jak-Stat signaling pathway, and this change was accompanied by changes in
methylation in the transcription start site’®. Maternal high fat diet administration during
pregnancy led to hyperglycemia in the mother and subsequent decreased glucose
responsiveness of offspring islets in vitro which was associated with decreased Pdx1 and
glucokinase levels8. Thus periconceptional, intrauterine and early postnatal adverse nutrient
exposures are sufficient to induce epigenetic changes in the offspring and lead to permanent
alterations in B-cell mass or function.

Postnatal p-cell mass remodeling

Rodents

Another important influence on pancreatic -cell mass is the expansion that occurs
postnatally. At this point the animal is adapting to the postnatal nutrient environment and
continuing to undergo significant pancreatic development. In rodents there is a high level of
B-cell proliferation that has been reported to reach rates of 4% on day 2 of life8182, The
proliferation rate continues to be elevated throughout the lactation period, when compared to
adult animals, but declines steadily to a rate ranging from 0.5% to 3% in various
studies81:83.84_ There is also an increase in B-cell apoptosis that occurs postnatally (reviewed
in 89). In rats this rate is higher at birth than in adult animals but sharply increases to a rate
of over 3% from postnatal day 3 to 24 with a peak on days 13 and 17. Correspondingly, B-
cell mass does not increase until after day 20 when the rate of apoptosis begins to decline®l.
Thus the early postnatal rise in B-cell mass is less than would be estimated by the -cell
proliferation. This wave of apoptosis is considered to be part of a period of pancreas
remodeling. The importance of this period and the factors that stimulate this proliferation are
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not fully understood. Parasympathetic nervous system stimulation, thyroid hormones and
lactogens have been found to play a role86-88,

At the time of birth the pancreas has been estimated to contain 3-5% B-cells®® and the
current data provide support for a postnatal wave of -cell proliferation in the first year of
life. Studies of the postmortem pancreata of normal infants that died of causes unrelated to
the pancreas found a peak in B-cell replication in the early postnatal period of up to about
2-3%, which then fell to below 1% by age 6-12 months*99.91, These studies all determined
the number of proliferating B-cells using immunostaining for Ki67. Evidence in humans
suggests that the largest increases in -cell mass occur in the first 5 years of life and result
largely from B-cell replication®. Thus, in humans the process of B-cell mass accrual is largely
completed by age 5 years. In terms of B-cell apoptosis, one study found an increase in the
rate of apoptosis of up to 1.5% in the period from 32 weeks of gestation to 2 months
postnatally®L. A different study of developing human pancreata revealed a consistently
elevated apoptosis rate of up to 4% during embryonic life but no increase in this rate near
the time of term birth89, Other human autopsy studies have not been able to substantiate a
wave of postnatal apoptosis in humans*0. These studies have established the importance of
f3-cell replication during embryonic development as a major contributor to -cell mass
accrual in humans. These results should be interpreted with caution, however, as the clinical
condition of the patient, medications given prior to death, and the time to fixation of the
tissues could all have an impact on the morphologic appearance of the pancreata.

Environmental factors regulating postnatal B-cell remodeling

Rodents

Animal models have also demonstrated an influence of nutritional interventions limited to
the postnatal period on adult B-cell mass. High fat diet exposure during lactation only led to
an increase in body fat and glucose intolerance but no change in f-cell mass®2. Low protein
diet administered only during lactation resulted in a decrease in B-cell mass at postnatal day
2193, Thus the lactation period is also a critical period of B-cell sensitivity to nutritional
stressors. In another study low protein exposure from postnatal week 3-6 in rats also led to a
permanent impairment in insulin secretion. This illustrates that the critical period of B-cell
programming may extend throughout juvenile life in rodents®4.

A common feature of these abnormal nutrient exposures in both embryonic and early
postnatal life is an eventual failure of the p-cells and progression to impaired glucose
tolerance. It is likely that the failure of the offspring p-cells occur by similar mechanisms.
These B-cells may be more poorly equipped to tolerate stressors encountered in adult life
including oxidative and ER stress. Premature senescence via telomere shortening has also
been implicated®. Another major category of molecular modifications that have been found
to play a role in developmental programming is epigenetic alterations, as mentioned above.

It is important to understand that these gestational and early life stressors also have effects
on other organ systems important for glucose homeostasis. Nutritional stresses can impact
the liver, adipose tissue, and hypothalamic appetite control among others. While these
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effects are beyond the scope of this review they contribute to the overall risk of T2D in the
offspring. In addition, in cases of overnutrition there are multiple nutrients that may play a
causative role in B-cell damage. The individual contributions of maternal glucose and insulin
need to be understood using animal models.

After the first 5 years of life in humans, p-cell mass is maintained through a balance of a low
level (<1%) of proliferation and apoptosis. The contribution of proliferation to adult -cell
mass is clear in rodent models but may be limited in humans after the third decade of life®. It
is not yet clear whether other processes like transdifferentiation or neogenesis contribute to
the maintenance of normal adult -cell mass. Overall the adult complement of $-cell mass is
set early in life and processes occurring in prenatal life and the first several postnatal years
provide the most significant contribution to this process. The impact of nutritional stressors
confined to the lactation period has not been examined in detail in humans. The work of
Barker et al did show a correlation between a lower body weight at age 1 year and an
elevated 2 hour glucose on oral glucose tolerance testing in adult males®. Other studies that
have been conducted examine childhood obesity as an endpoint. Prospective studies are
essential for lactation research, and the length of follow-up needed to examine T2D risk
makes this type of study extremely difficult. There are interesting links between infants born
small for gestational age who have exuberant catch-up growth and obesity and insulin
resistance in childhood and adulthood 9798, The relationship between catch-up growth and
risk for T2D is not clear. In addition, the effect of these nutrient fluxes on the accrual of p-
cell mass is not known.

The studies outlined above establish the importance of early developmental time points in
the normal development of B-cell mass. They also highlight the sensitivity of the developing
pancreas to nutritional levels. At the end of this period of early growth and development the
small fraction of the pancreas that is comprised of -cells is the organism’s primary defense
against the development of T2D. When these B-cells are challenged as in the case of obesity
or pregnancy (as discussed below), it is possible that humans with a decreased p-cell mass
will not be able to compensate for this increased metabolic demand. Thus, a detailed
understanding of the critical periods and influences on the accrual of -cell mass will be key
to decreasing the risk of T2D.

B-cell adaptation to insulin resistance states

B-cell mass exhibits a slow turnover after the remodeling phase observed during the first
four weeks (rodents) and five years (humans) of life. However, p-cells can expand during
conditions of insulin resistance (pregnancy®9obesity,190 and genetic models of insulin
resistance191-103) and these responses determine the susceptibility to T2D. Proliferation of
[3-cells has been proposed as a major component for these adaptive responses in animal
models84104.105 However, p-cell hypertrophy (cell size) contributes to the expansion of
functional p-cell mass in different proportions in young and older animals196:197_|n rodents,
-cell mass increases throughout life in parallel with the increment in body weight, but the
contribution of B-cell hypertrophy and B-cell hyperplasia to changes in -cell mass is
different depending on the age of the animals. Both B-cell number and size increase in the
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initial months of life; in contrast, only p-cell size increases in old animals196.107 How B-
cells expand in response to insulin resistance is not entirely clear but extracellular signals
including growth factors, such as insulin, and nutrients, such as glucose and amino acids,
have been shown to play a role. The capacity of f-cells to expand in response to metabolic
stress decreases with age in both humans and micel08:109, During the next few sections we
will describe in more detail some of the mechanisms responsible for adaptation of -cells
during different stress conditions. Figure 2 attempts to provide an overview of the major
signaling pathways involved in regulation of B-cell mass expansion.

B-cell mass in response to pregnancy

Prolactin

During times of prolonged metabolic demand for insulin, including pregnancy, the
endocrine pancreas can respond via maternal B-cell hyperplasia and increased insulin
secretion to maintain normal blood glucose. Several experimental models in rodents have
shown that when B-cell expansion fails to compensate during pregnancy, diabetes occurs,
suggesting that defective maternal p-cell adaptation can lead to gestational diabetes
mellitus119-113_1n human gestational diabetes (GDM) markedly increases the risk of
developing T2D after deliveryl4. Pregnancy could thus be seen as a “stress-test” that
reveals a maternal predisposition to T2D. Although the risk of T2D after GDM varies
according to the population being studied and the length of follow-up, about 70% of GDM
developed T2D when examined at 28 years postpartum (reviewed in119).

The mechanisms that control the adaptive expansion of B-cell mass, focusing on the islet's
response to pregnancy, include an increase in -cell size and an alteration in the balance
between p-cell proliferation and apoptosis (reviewed in111). Whether B-cell neogenesis from
non-B-cell progenitors is one of the processes involved in the maternal B-cell expansion
during pregnancy has not yet been determined. A recent study showed that following a
labeling pulse before pregnancy, there is a decrease in the labeling index of B-cells during
gestation, suggesting that conversion of non-B-cell progenitors into f-cells might also
contribute to maternal p-cell expansion in pregnancy116.117,

Studies in genetic mouse models of GDM have provided insights into the molecular
mechanisms of -cell expansion during pregnancy. These experiments highlight the role of
prolactin during pregnancy. Elevation of prolactin is one of many physiological adaptations
during pregnancy. Increased prolactin (PRL) induces p-cell proliferation by activation of
PRL receptors and activation of Jak2/STATS signaling (Figure 2). Transgenic
overexpression of prolactin in B-cells resulted in an increase in proliferation and p-cell mass,
while global deletion of prolactin receptor reduced p-cell mass and led to impaired insulin
secretion118:119_|n addition to this mechanism, PRL induces MAPK/ERK, AKT/mTOR and
IRS1/2 signaling as well as inhibits p18 and p27120-122, Signaling pathways activated by
these kinases are important for regulation of B-cell proliferation and survival.
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In addition to prolactin, other receptors have also been implicated in the expansion of -cells
during pregnancy. One of these receptors is the c-Met receptor, which is stimulated by
hepatocyte growth factor (HGF, Figure 2). Expression of c-Met and HGF is upregulated in
the rat islet endothelium on gestational day 15 when B-cell proliferation and islet
vascularization is increased 123. Indeed, mice with conditional deletion of c-Met in the p-cell
exhibit impaired glucose tolerance and defective B-cell expansion by day 15 of pregnancy. c-
Met signals through production of phosphatidylinositol trisphosphate (PIP3) and activation
of PDK-1. PDK-1 then phosphorylates and activates PKCC, leading to inactivation of
GSK3p and increased phosphorylation and activation of mechanistic Target of Rapamycin
Complex 1 (mMTORCL, Figure 2).

Recent studies have demonstrated that lactogens can induce p-cell expansion during
pregnancy by regulation of serotonin receptor signaling. Prolactin and placental lactogen
induce expression of the enzymes required for serotonin (5-hydroxytryptamine) synthesis
(tryptophan hydroxylase 1 and tryptophan hydroxylase 2) in a phospho-Stat5-dependent
mannerl24.125 (Figure 2). The increase in Tph1 induces serotonin synthesis and secretion,
acting on 5Htr2b in an autocrine/paracrine manner to increase p-cell mass. Inhibition of this
pathway can cause insufficient p-cell mass expansion during pregnancy and gestational
diabetes.

Other maternal hormones

Steroids hormones have been to shown to inhibit the lactogen-induced p-cell proliferation,
survival, and function in vivol26:127 Experimental models of administration of
dexamethasone during pregnancy have shown that upregulation of steroid hormone levels
are responsible for the normalization of the $-cell mass at the end of the pregnancy
(decreased proliferation and increased p-cell death). Progesterone and estradiol could also
play a role affecting the proliferation during pregnancy, although the mechanisms of how f3-
cell mass is increased and regulated are still unclear128-130,

Transcriptional regulators

Regulation of transcription has been demonstrated to play an important role in $-cell
expansion during pregnancy. Experiments using genetic models demonstrate that the tumor
suppressor Menin expression is attenuated during pregnancy (Figure 2). Menin associates
with myeloid/lymphoid or mixed-lineage leukemia 2 (MLL2) to induce histone methylation
and expression of target genes such as p27Kip1 and p18INK4C112, Therefore, a decrease in
Menin expression regulates -cell cycle in pregnancy by decreasing expression of the cell
cycle inhibitor p27 and p18INKA4C.

Transcription factors such as FoxM1, HNF-4a and Forkhead box D3 (FoxD3) are required
for the expansion of B-cell mass and the proliferative response of the f-cells during
pregnancy in mice. FoxM1 is induced by both PrIR and c-Met mediated signaling.
Conditional FoxM1 deletion in the pancreas impairs 3-cell proliferation and expansion
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during pregnancy in part by alterations in the Menin/p27 pathway113:131.132 FoxM1 has also
been shown to activate the transcription of Birc5, an anti-apoptotic gene upregulated during
the peak of p-cell proliferation in pregnancyl32. Similar to FoxM1pregnant females with
conditional deletion of HNF-4a display a reduction in f-cell mass and proliferation,
suggesting that this transcription factor is required for pregnancy-induced hyperplasia, a
critical adaptation for maintaining glucose homeostasis during pregnancy34. FoxD3 is
another transcription factor suppressed during pregnancy in p-cells. FoxD3 deletion in the
pancreas induces glucose intolerance due to abnormal -cell mass expansion and
proliferation during pregnancy by regulation of Foxm1, Skp2, Ezh2, Akt2, and Cdkn1al3®.
Together, these data suggest that the ability of B-cells to compensate for increased insulin
resistance during pregnancy requires the simultaneous induction of both proliferative and
survival pathways.

In addition to increased B-cell mass, B-cells adapt to pregnancy by increasing insulin
synthesis, enhanced glucose metabolism%elevated levels of glucokinasel36 and glucose
transporters leading to increased glucose-stimulated insulin secretion. Importantly, a return
to normal B-cell homeostasis is achieved during the first week postpartum by means of a
decrease in f-cell proliferation and size, and increased p-cell death 99; 81; 111 |t has been
demonstrated that the normal low rates of apoptosis in B-cells are upregulated postpartum in
the mother and in the neonate81:137, In addition, steroid hormones are known inhibitors of
lactogen-induced B-cell proliferation, survival and function126:127, As such, some studies
have led to the hypothesis that upregulation of steroid hormone levels might be responsible
for the normalization of B-cell mass and insulin secretion in the early postpartum period 138,

B-cell mass in response to obesity

Obesity is a persistent state of hyperinsulinemia and is a known risk factor for T2D.
However, most obese individuals do not develop T2D because p-cells adapt to insulin
resistance by increasing p-cell mass and insulin secretion39. The current view is consistent
with the concept that genetic and environmental factors contribute to one’s susceptibility to
T2D. In rodents, B-cell mass increases throughout the post-weaning lifespan, closely
matching the increment in body weight. Clearly obesity is a major determinant of insulin
sensitivity, as studies in human and animal models indicate that weight loss and gain
correlate with increasing and decreasing insulin sensitivity respectively140-141 Wwith the
stipulation that data in humans are limited, it is currently accepted that in nondiabetic
subjects obesity is associated with a modest expansion of $-cell mass, possibly amounting to
10-30% for each 10 kg of weight increment142:143,

In the face of insulin resistance, the normal response of the pancreatic islet to an excessive
fuel load is to enhance insulin secretion by both increasing function and p-cell mass
expansion. This compensatory hyperinsulinemia maintains blood glucose levels within the
normal range until the p-cells can no longer produce sufficient insulin, resulting initially in
glucose intolerance and eventually T2D144, Moreover, the B-cell is also susceptible to
glucolipotoxic effects, as well as to the detrimental effects of proinflammatory cytokines
arising from visceral obesityl4° or derived from the islets themselves and from recruited
immune cells including macrophages#6-149. The combined actions of these metabolic
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stressors contribute to progressive p-cell dysfunction (discussed in the next section). In fact,
[3-cell failure has been described as the primary determinant of whether an insulin-resistant
individual will progress to diabetes!39. A comprehensive description of the mechanisms
responsible for B-cell mass in normal or diabetogenic conditions is beyond the scope of this
review but we will highlight some of the major concepts in this process.

A physiological adaptive expansion of -cell mass can occur via a net increase in the
generation of new pB-cells, a net decrease in B-cell death, or an increase in p-cell size.
Rodents receiving a high-fat diet for an extended period (3—6 months) have an increase in -
cell mass via increased B-cell proliferation104.150.151 Animal models of insulin resistance
have also demonstrated the plasticity of p-cell mass, providing results with significant
expansion of p-cell mass in vivol01:103.152 |t has long been appreciated that glucose can
stimulate p-cell proliferation in experimental models of glucose infusion 153154, This effect
could be due either to hyperglycemia-induced depolarization and Ca2* influx or secondary
insulin secretion in an autocrine/paracrine fashion. Glucose metabolism can ultimately
induce proliferation by regulation of the calcium-calmodulin calcineurin signaling or
induction of transcription factors'5%:156, Overall, recent results demonstrate a role for insulin
signaling in B-cell growth and suggest that the increased circulating insulin that normally
accompanies elevated glucose levels may be primarily responsible for the expansion of -
cell mass in response to hyperglycemial®/-160, However, it is clear that the combination of
glucose and insulin is a strong stimulus for B-cell growth in the setting of an increased
insulin demand.

In addition to insulin and glucose, other circulating factors can trigger 3-cell growth in
insulin resistant states. Factors from others organs such as leptin or hepatic growth factor
(adipose tissue), osteocalcin (bones), gastrin, GLP-1 and GIP (gut), growth hormone
(pituitary), among others, are potential regulators of the adaptive expansion of -cell mass
(reviewed in161). Several studies have demonstrated how these extrinsic factors can activate
certain molecular mechanisms in the p-cells (Figure 2). The major signaling events linking
these membrane processes to B-cell expansion are described in Figure 2. A discussion of the
molecular mechanisms and pathways responsible for B-cell expansion are beyond the scope
of this review, and we would like to direct attention to recent comprehensive reviews162:163,
There is ample evidence that the IGF1/PI3K/AKT/MTOR signaling cascade is involved in
f-cell compensation in animals with genetic or high-fat diet-induced insulin
resistancel64-166 (Figure 2). Cell cycle regulators such as CDK4, cyclin D2, p27, and p21
are implicated as potential mediators of the increased proliferation in states of insulin
resistancel®7-170, For example, in pregnancy, the pathways that are activated not only
increase neogenesis or proliferation, but such survival pathways also seem to be important to
maintain the increased p-cell mass. To this end, various animal models have substantiated
the critical role of maintaining or even enhancing p-cell survival in the setting of insulin
resistancel’1:172, In summary, our current knowledge suggests that p-cell expansion is a
complex process regulated by multiple signaling pathways that ultimately converge to
regulate proliferation, survival, cell size, and insulin secretion. The individual contribution
of these components during the adaptation of -cells to insulin resistance is complex, but
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proliferation and hypertrophy appear to be important during the phase of expansion of -
cells and apoptosis could play a role during the final stages of -cell failure and
hyperglycemia.

Evidence suggests that adult human B-cells proliferation in response to obesity is more
limited. In humans, a recent study showed a 50% increase in 3-cell mass induced by obesity
but with a wide variance not explained by obesity or agel’3. In this study and in agreement
with Rahier et all”*the investigators show the increment in pcell mass with obesity is due to
increased numbers of cells rather than an increase in cell size. An increased p-cell nuclear
diameter was also reported and associated with a prior report of increased-insulin secretion
in obesityl7>. Likewise, the same studies showed that this increase was without a detectable
increase in f-cell replication. These findings could reflect that the rate of replication is too
small to be detected or the p-cell formation is from different sources (neogenesis)*76.

As in pregnancy, the mass expansion increased by obesity could be reversible. Weight loss
is generally associated with an improvement in whole-body insulin sensitivity. It seems that
the modality of weight loss, the degree of caloric restriction and how the insulin secretion
falls in proportion to the rise in insulin sensitivity with weight loss may play a role of its
own in the coordinated changes in insulin sensitivity and f-cell function (reviewed in177).
Also, weight loss is followed by an increase in insulin sensitivity and an increase in -cell
functionl78 probably due to a decrease in the glucolipotoxicity effects’®. A reduction in
islet mass through increased p-cell death occurs in several physiological and pathological
situations, and these are also increased after glucose deprivation81:137,

In contrast to rodents, less is known about the mechanisms responsible for -cell mass
regulation in humans (reviewed in162:163) Our current knowledge indicates that there are
some differences between the contribution of proliferation and hypertrophy during the
adaptation of p-cells to insulin resistance in humans and rodents. However, it is important to
mention that limitations in organ preservation could impair some of the measurements used
for B-cell proliferation and thus this process could be an underappreciated contributor for
human B-cell expansion.

In summary, we have significant knowledge about how rodent -cells expand in conditions
of increased insulin demand. Published evidence suggests that $-cell mass expansion in
response to physiological (i.e. pregnancy) and pathological states of insulin resistance is a
complex process orchestrated by multiple pathways. It is possible that some of these
pathways such as lactogen signaling and serotonin signaling could be specific to pregnancy.
However, which are the most critical pathways and how they synergize to induce p-cell
expansion during specific conditions is not completely understood. It is likely that B-cell
mass expansion during insulin resistance states results from a synergistic effect of multiple
pathways and the importance of some of the pathways can be specific for a particular phase
of the adaptation of B-cells to insulin resistance. In addition, the signaling pathways that
govern the expansion of B-cells in early postnatal life could be different from those required
to respond to insulin resistance that occurs later in life. Future research is required to

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alejandro et al.

Page 15

identify how these pathways could be manipulated for therapeutic purposes and to discover
novel approaches for the treatment of diabetes.

B-cell Failure

The failure of B-cells to adapt to insulin resistance is necessary for the development of T2D.
Therefore, the molecular mechanisms responsible for 3-cell failure (loss of both function
and mass) have been the focus of study for multiple laboratories around the world in an
attempt to prevent or slow the progression of this disease. In addition to all the components
mentioned in previous sections, it is well accepted that multiple pathways acting
synergistically ultimately result in B-cell dysfunction. As discussed previously, an important
feature of T2D is the physiological response of the f-cells to adapt to stressors by enhancing
both function and mass. However, as the disease progresses, increased and incessant p-cell
workload in remaining p-cell results in T2D.

While physiological glucose stimulation is essential for the maintenance of the -cell
physiology, chronic hyperglycemia (glucotoxicity) plays a central role in B-cell failure by
inducing deleterious effects on both -cell mass and function and creates a vicious cycle that
contributes to the progressive loss of functional -cell mass (Figure 3). The presence of
chronic and elevated free fatty acids (FFA) and lipid intermediates (lipotoxicity) in the islet
microenvironment further overwhelms the existing population of p-cells working
assiduously to meet the metabolic demand imposed by insulin resistance in peripheral
tissues. The current evidence suggests that the deleterious effects of lipids are observed
predominantly in the presence of high glucose, thus, glucolipotoxicity is more appropriate to
describe deleterious effects of lipids amplified by glucose on B-cell mass and function. In
this section, we will discuss some of the major mechanisms for how the concomitant effects
of nutrients and the diabetic milieu negatively impact -cell survival and function. Based on
multiple observations it is believed that glucolipotoxicity (reviewed in€0) during latter
stages of the natural history of diabetes is a major factor in inducing [-cell failure.

During the pathogenesis of T2D, B-cells are continually exposed to an overabundant supply
of nutrients (glucose, free fatty acids, and amino acids). The metabolic abnormalities leading
to the early events that trigger 3-cell failure are not completely uncovered. Recent data
suggests that in addition to hyperlipidemia, plasma concentrations of amino acids
(particularly leucine, isoleucine, valine, proline, phenylalanine, tyrosine, and glutamine) and
related metabolites (byproducts of branched-chain amino acids (BCAA) catabolism) are
elevated in insulin resistant states 181, Thus, in addition to glucolipotoxic conditions, it is
possible that high concentrations of BCAA (reviewed in182) may play a pathogenic role in
f3-cell failure in obese individuals. Experiments in animal models support this concept by
showing that chronic exposure to elevated levels of leucine in mice may have detrimental
effects on both B-cell function and insulin sensitivity83. How the increase in BCAA could
impact p-cell adaptation or failure in conditions of insulin resistance is unclear, but it is
likely that nutrient-regulated pathways such as mTOR are involved. In skeletal muscle, the
presence of elevated BCAA and insulin resistance in obesity is associated with chronic
activation of mTOR, p70-S6kinase 1 (S6K-1), c-Jun N-terminal kinase (JNK), and
phosphorylation of insulin receptor substrate-1 (IRS1) at Ser307. These effects were
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reversed by Rapamycin, an mTORC1 inhibitor!8L, In addition, various models of obesity
such as wild-type mice on a high fat diet or genetically mutated mice, K/K A(y) and ob/ab,
show chronic S6K1 activity in fat cells'84. Moreover, S6K1-deficient mice are protected
from high fat diet induced-obesity by enhancing insulin sensitivity. Unlike wild type mice
on a high fat diet, S6K1-deficient mice show unaltered phosphorylation of IRS1 at Ser307,
suggesting that under conditions where there are high levels of nutrients, S6K1 negatively
regulates insulin signaling in peripheral tissues8°. These and other studies established the
concept that the nutrient-regulated mTOR/S6K-1 signaling pathway exerts negative
feedback on insulin signaling by acting on IRS proteins®5-188_|n vivo evidence supporting
the negative feedback on insulin signaling comes from studies in mice over-expressing S6K
in B-cells. These mice demonstrate impaired cell cycle and survival because of impaired
IRS/AKkt signaling 187. The biological and physiological effects of this feedback regulation
during adaptation to obesity and insulin resistance are not quite clear, but modulation of IRS
signaling by mTOR/S6K could contribute and partly explain some of the abnormalities that
ultimately result in B-cell failure and diabetes in conditions of nutrient overload. In contrast
to classic feedback loops, where a threshold is reached before inhibition occurs, nTORC1
seems to suppress growth factor signaling in a more gradual and continual fashion.
Therefore, it is conceivable that mMTORC1 activation could initially play a physiologic role
in the adaptation to nutrient excess and obesity, but chronic and persistent hyperactivation
could lead to reduced IRS signaling by a negative feedback loop. Thus, chronic elevated
levels of BCAA in insulin resistant state may promote mTOR/S6K signaling and play a
pathogenic role in the development of T2D in addition to hyperglycemia and dyslipidemia.
A key unresolved question in the field is to determine how an increase in BCAA synergizes
with hyperglycemia and hyperlipidemia to modulate 3-cell expansion and/or failure in
response to obesity and insulin resistance.

A strong body of evidence, both from in vitro and in vivo studies, supports the concept of
glucolipotoxicity in B-cell failure and has provided insights into the mechanisms that
contribute to failure under these conditions. Although the order of events have not been fully
mapped out and the exact mechanisms involved in -cell failure are not known, several
mechanisms including the generation of reactive oxygen species (ROS), activation of
endoplasmic reticulum (ER) stress, upregulation of chronic hexosamine signaling
pathway/O-GlcNAcylation, and induction of proinflammatory cytokines in islets are thought
to adversely affect p-cells by reducing their capacity to proliferate, impairing insulin
secretion, decreasing insulin gene expression, and ultimately promoting uncontrolled p-cell
death. This section of the review focuses on these mechanisms in the context of
glucolipotoxic and high BCAA conditions.

ER Stress

The ER is responsible for the biosynthesis and folding of newly synthesized insulin destined
for secretion in response to high metabolic demand (reviewed in189). A functional ER
requires several factors such as adequate levels of ATP and Ca,2* as well as an optimal
oxidizing environment to allow for disulfide-bond formation and proper protein folding9°.
Because of this specialized environment, the ER is highly sensitive to stresses that perturb
ATP and Ca?" levels, as well as the redox state of this organelle. Glucotoxic, lipotoxic, and
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inflammatory conditions reduce the protein folding capacity of the ER, resulting in the
accumulation and aggregation of unfolded proteins, a condition referred to as ER stress19L,
Myriad pathological factors in a diabetic milieu perturb ER function and cause ER stress!92,
Thus, p-cells have evolved to elicit a multi-faceted and complex signaling cascade to
mitigate stress. This cascade is collectively termed the unfolded protein response (UPR).

The concerted and complex signaling involved in the UPR is mediated through three ER
transmembrane receptors: pancreatic ER kinase (PKR)-like ER kinase (PERK), inositol-
requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6)193. Under normal
conditions, all three ER stress receptors are maintained in an inactive state through their
association with the ER chaperone, GRP78 (also known as BiP). However, under
accumulation of unfolded proteins, GRP78 dissociates from the three receptors, which leads
to their activation and triggers the UPR (Figure 3)194. Initially, the UPR is a pro-survival
response to reduce the accumulation of unfolded proteins and restore normal ER
function19, As long as the UPR can relieve stress, p-cells can produce the proper amount of
insulin and maintain ER homeostasis. However, if protein aggregation is persistent and the
UPR fails to maintain ER homeostasis, ER stress signaling switches from a pro-survival to a
pro-apoptotic signal. The exact molecular mechanisms that facilitate this switch are not fully
elucidated. However, it is known that the initiation phase involves the activation of the UPR.
As mentioned above, chronic UPR signaling leads to the commitment phase of ER stress-
induced apoptosis, where PERK, ATF6, and IRE1 can trigger pro-apoptotic signals through
C/EBP homologous protein (CHOP) or JNK. Subsequently, these signals activate the final
execution phase involving the Bcl-2 family members and ultimately lead to caspase-3
activation, which results in B-cell death19 (Figure 3).

In rodent models, increased ER stress markers have been demonstrated in mouse islets from
db/db micel¥7. Insulin-2 mutations in Akita mice induce accumulation of misfolded insulin
and progressive p-cell loss caused by ER stress, demonstrating the importance of this
pathway for p-cell survivall®8. Similarly, mutation of the wolfram syndrome 1 (wfs1)

gene 199200 \which has a protective function against ER stress?91, causes Wolfram
syndrome. This disease is characterized by insulin-dependent diabetes caused by
nonautoimmune loss of B-cell mass and impaired insulin secretion198:202.203 Another
genetic model of ER stress induced diabetes is observed in PERK deficient mice2%4. Similar
diabetes phenotype is observed in humans with PERK-null mutations also known as
Wolcott-Rallison syndrome205, While T2D is the focus of this review, it is interesting to
point out that ER stress is also emerging as a common factor in the etiology of both T1D and
T2D192, |slets from cadaveric donors with T1D and T2D exhibited positive staining for
activating transcription factor 3 (ATF3)2%6. A recent study showed enhanced
immunostaining for BiP, XBP-1, and CHOP in pancreatic sections from human donors with
T1D, suggesting that ER stress contributes to the pathogenesis of T1D207. Taken together,
these data suggest that ER stress is present in human p-cells and that this could be a common
mechanism for both insulin resistance and p-cell failure.

Current evidence suggests that ER stress is a critical contributor to -cell failure in T2D.
Because of the challenges involved in the assessment of ER stress in living individuals, the
use of primary human islets in vitro confirmed the central role of ER stress in diabetes
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pathophysiology. Elevated levels of circulating proinflammatory cytokines reduce ER Ca?*
storage and induce ER stress responses in human islets2%8. Prolonged culture of human islets
in standard conditions (10% FBS and 5mM Glucose) induces ER stress?%9. Evidence of ER
stress has also been detected in transplanted human islets?19, Lipotoxic conditions have
shown to induce ER stress in human islets?11. Multiple studies demonstrate ER stress in
human from cadaveric donors with T2D ex vivo. Huang et al tested whether B-cells in T2D
are characterized by ER stress. Indeed, perinuclear and nuclear CHOP staining were more
frequent in obese diabetic when compared to lean or obese nondiabetic individuals?12, Islets
from patients with T2D show higher expression of BiP and XBP-1 when exposed to high
glucose, suggesting a higher susceptibility to ER stress compared to non-diabetic
individuals?13, Enhanced staining for activating transcription factor 3 (ATF3) was observed
in T2D cadaveric donors29%, In line with these observations, ER density volume was
significantly increased in T2D p-cells13.

These previous data underscore the importance of ER stress as one of the mechanisms
responsible for alterations in insulin secretion and p-cell failure in later stages of the
pathogenesis of diabetes. How the insulin resistant state and hyperglycemia ultimately result
in ER stress is unclear, but it is likely that f-cell mass and function are negatively affected
by chronic ER stress that is caused by nutrient overload in the presence of chronic
hyperglycemia, and elevated levels FFA and BCAA. Because -cells are "fuel sensors", they
monitor and react to elevated nutrient load by increasing the production and release of
insulin. While glucose is the strongest insulin secretagogue, fatty acids also potentiate
glucose-stimulated insulin secretion acutely (GSIS) (reviewed in?14). However, chronic
exposure of islets to elevated concentrations of fatty acids causes impairment of GSIS. In
vitro experiments have demonstrated that islets exposed to high glucose and palmitate
exhibit increased ER stress markers and -cell apoptosis suggesting that this mechanism
could play a role in the p-cell loss observed in diabetes. However, the role of amino acids,
particularly BCAA, in modulating ER function is unclear. Perhaps a combination of glucose
and FFA with chronic elevations in BCAA may synergize and drives a state of chronic
hyperinsulinemial®2. Therefore, constant secretory pressure on the p-cell may ultimately
contribute to p-cell dysfunction by causing insulin protein misfolding in the ER. It is
possible that BCAA could modulate the effects of hyperglycemia and FFA on ER stress by
modulating nutrient sensing pathways such as mTOR. Indeed, recent data suggest that
inhibition of mTOR complex 1 by Rapamycin treatment ameliorates the effects of
glucolipotoxicity on ER stress and apoptosis?15216, Rapamycin treatment also improves
diabetes in Akita mice?l”, These studies suggest that mTORC1 is an important modulator of
ER stress and contributes to -cell failure in glucolipotoxic conditions.

Oxidative Stress

Chronic hyperglycemia causes increased glucose metabolism through oxidative
phosphorylation. This induces mitochondrial dysfunction and the production of reactive
oxygen species (ROS)218, p-cells are highly susceptible to oxidative stress due to the
overabundance of ROS in the islet microenvironment in response to high concentrations of
glucose and intrinsically low expression of anti-oxidant enzyme defense mechanisms. For
example, the principal antioxidant enzymes superoxide dismutase 1 and 2 (SOD1-2),
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glutathione peroxidase 1 (GPX1), and catalase (CAT) show lower expression in islets
compared to other tissues?1®. Moreover, islets have been shown to have poor DNA repair
capacity against oxidative damage220. Markers of oxidative stress are significantly higher in
the islets of patients with T2D compared to controls, and the levels of these markers
positively correlate with the degree of impairment in insulin secretion?21-223_ As such,
oxidative stress is an important mechanism responsible for $-cell dysfunction caused by
chronic hyperglycemia.

Several studies suggest that oxidative stress is critical for the induction of B-cell dysfunction.
Exposure of isolated human islets and pancreatic B-cell line HIT-T15 to high glucose
concentrations causes an increase in intracellular peroxide levels, which in turn decreases
insulin content and secretion?21, In contrast, increasing antioxidant intrinsic defense
mechanisms in B-cells in vitro or animal models of T2D by overexpression of antioxidant
proteins or treatment with exogenous antioxidants ameliorates p-cell damage caused by
prolonged exposure to supraphysiologic glucose concentrations222:223, For example,
improved B-cell function in db/db mice and ZDF rats were observed when treated with
antioxidant agents. A similar improvement in -cell function was observed in isolated islets
from diabetic individuals treated with antioxidant agents223, These results implicate that
ROS play an important role in the deleterious effects of chronic hyperglycemia and
hyperlipidemia on p-cells.

The mechanisms by which ROS decrease 3-cell mass and function are not completely
understood. Increased in oxidative stress leads to decreased transcription of the insulin gene
by decreasing Pdx1 and MafA binding activity to the insulin gene (reviewed in1€0),
Oxidative stress can further affect the localization of these transcription factors. For
example, MafA is translocated to the cytoplasm under oxidative stress conditions?24. ROS is
also known to activate stress-induced pathways, including nuclear factor kB (NF-xB), c-Jun
N-terminal kinase (JNK), and hexosamine pathway (see below). These pathways
individually or collectively affect insulin gene expression. Over-expression of a dominant-
negative mutant JNK preserved Pdx1 DNA binding to the insulin gene in islets exposed to
H202. Moreover, rat islets overexpressing this INK mutant maintained insulin gene
expression under STZ treatment?22, The activation of the JNK signaling pathway after
induction of oxidative stress may further inhibit IRS1 and IRS2, as demonstrated in various
metabolic cells (i.e. primary hepatocytes and 3T3-L1 adipocytes)?26-228  thereby obstructing
insulin signaling. Oxidative stress can further disrupt g-cell mass and function by inducing
ER stress298 and trigger the formation of the inflammasome complex (described below) that
initiates the production and secretion of pro-apoptotic concentrations of interleukin-1p in
islets (Figure 3)229,

It is important to note that physiological expression of ROS may be required for normal -
cell function. Low concentrations of H,O5 in INS-1 cells and mouse islets increase insulin
secretion in response to glucose?13. Thus ROS at low levels are required for p-cell function
but chronic elevation is harmful and may ultimately cause p-cell dysfunction?30,
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Islet Inflammation

Obesity and T2D are associated with chronic inflammation characterized by the presence of
cytokines and immune cell infiltration in tissues involved in energy homeostasis, including
fat, liver, muscle, and islets. Although inflammation can be triggered by metabolic signals,
how over-nutrition and obesity (high concentration of glucose, lipids, and BCAA) initiate
and sustain inflammation in metabolically active tissues including the p-cells is not fully
characterized. In response to a glucolipotoxic microenvironment, B-cells are most likely
affected by the contribution of pro-inflammatory factors derived from the islets themselves
and from recruited immune cells including macrophages'46-149_ p-cells are capable of
producing cytokines (i.e. interleukin 1 (IL1)-B) in response to high levels of glucose, FFA,
and islet-derived islet amyloid polypeptide (IAPP, Figure 3)149.231.232 |n the early stages of
T2D, islets respond to glucolipotoxicity by generating inflammatory factors such as IL1-
and 16,233 possibly as a pro-survival mechanism. Indeed, low concentrations of IL-1-8
promote f-cell survival and function 234, However, prolonged exposure and higher
concentrations of IL-1-f inhibit B-cell insulin secretion and promote Fas-dependent
apoptosis in part by activating nuclear factor (NF)-B233:235, The mechanisms of IL-1-p-
induced apoptosis are expansive. In both human and rodent islets, pro-apoptotic effects of
this cytokine require Ca2* influx and the activation of both the p38 extracellular signal-
regulated kinase (ERK)1/2 mitogen-activated protein kinases (MAPK)236-238 The effects of
IL-1B on blocking glucose oxidation and causing apoptosis are partly mediated by Nitric
oxide (NO). When exposed to IL-1p, p-cells express an inducible form of nitric oxide
synthase (iNOS)239:240 which catalyzes the conversion of L-arginine to citrulline and NO.
Overproduction of NO contributes to the IL-1p-induced apoptosis by activating JINK and
p38 MAPK and inhibiting Akt?41. Moreover, I1L-1p via NO can induce ER stress by down-
regulating sarcoendoplasmic reticulum pump Ca2* ATPase 2b (SERCA2b) and by depleting
ER Ca?* 242.243 The toxic effects of IL-1p in B-cells is further exacerbated by high glucose-
induced ROS formation, which at high levels can initiate the formation of the inflammasome
complex, consisting of NLRP3 (Nucleotide-binding oligomerization domain, Leucine-rich
Repeat and Pyrin domain containing 3), thioredoxin (TRX)-interacting protein (TXNIP),
and caspase-1 (Figure 3). Activation of the inflammasome complex stimulates the
production and secretion of 1L-122%, Because -cells are more prone to ROS production
(due to having enhanced mitochondrial activity and other factors mentioned above) they are
likely more susceptible to IL-1-p-induced apoptosis?33.

Other chronically elevated cytokines induced by obesity and T2D, such as IL-6, may also
play a role in islet failure (reviewed in244). Unlike IL-1-B, the role of I1L-6 in B-cells remains
controversial245-247_ |n support of the deleterious effects of IL-6, obese individuals and
patients with T2D show elevated levels of IL-6. Furthermore, high levels of IL-6 predict
T2D development?48. In a prediabetic animal model, circulating IL-1-8 and I1L-6 levels
cause ER stress and islet dysfunction,298 suggesting that inflammation is present early in the
development of T2D and can contribute to the initiation of ER stress-induced islet
dysfunction.

Reduced pancreatic B-cell mass in patients with T2D are known to be accompanied by
amyloid plaque deposits associated with inflammatory response?4°. Deposition of IAPP is a
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typical feature of islets in patients with T2D. Human IAPP forms aggregates and fibrils
resulting in amyloid plaque deposition. In contrast to human IAPP, rodent IAPP does not
aggregate. However, overexpression of human IAPP in rodents results in B-cell dysfunction
(reviewed in2%0). High concentrations of IAPP capable of aggregating are toxic to p-cells
through the induction of apoptosis via activation of caspase-32°1the INK
pathway2°2oxidative?>3 and ER stress2>as well as induction of Fas2%®. In addition to the
pro-apoptotic effect in B-cells, IAPP contributes to islet inflammation by recruiting and
activating macrophages?3L. For example, human IAPP aggregates activate NLRP3-
dependent inflammasome in bone-marrow derived dendritic cells causing IL-1-f3 processing
and production?31:232 B-cells are also induced by human IAPP to produce chemokines such
MCP1-1 to promote monocyte recruitment in p-cells?3L, IAPP aggregates therefore recruit
macrophages to the islet or act on resident islet macrophages to promote a pro-inflammatory
milieu in T2D. The role of the Toll-like receptors 2 and 4 and the NLRP3 inflammasome in
triggering islet inflammation by promoting macrophage-mediated -cell dysfunction is
reviewed by Westwell-Roper et al2%6. Finally, the concept that islet inflammation
contributes to B-cell failure in T2D is further supported with studies with anti-inflammatory
medications. For example, IL-1 receptor antagonist protects human islets from the
deleterious effects of glucotoxicity2>”. A clinical trial of IL-1 receptor antagonist showed
improved insulin secretion and a reduction in the proportion of proinsulin to insulin secreted
in patients with T2D compared to placebo-treated individuals2®8. These studies show that
modulation of the immune system can improve glucose homeostasis and perhaps prevent or
delay the development of T2D.

Hexosamine Biosynthetic Pathway and O-GIcNAcylation

Among the different mechanisms involved in the deleterious effects of glucose, less
attention has been given to the hexosamine biosynthetic pathway (HBP) and O-GlcNac
Glycosylation (O-GIcNAcylation). O-GIcNAcylation, a reversible post-translational protein
modification, consists of the attachment of N-acetylglucosamine (GIcNAc) N-
acetylglucosamine (GIcNAC) to the serine or threonine residues of cytosolic or nuclear
proteins. This process is controlled by two enzymes; O-GIcNAc transferase (OGT) and O-
linked B-N-acetylglucosaminidase (OGA), which catalyze the addition and removal of O-
GIcNAc, respectively. Approximately 2—3% of glucose entering the p-cell is shunted to the
HBP for the synthesis of uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc), the
substrate of OGT. Therefore, O-GIcNAcylation regulates protein functions according to
glucose availability. Not surprisingly, hyperglycemia enhances glucose flux through the
hexosamine pathway converting fructose-6-phosphate and glutamine into glucosamine-6-
phosphate and glutamate by the rate-limiting enzyme of the pathway, glutamine:fructose-6-
phosphate amidotransferase (GFAT). Then, glucosamine-6-phosphate is further metabolized
to UDP-GIcNAc. Known OGT target proteins include Pdx1, FoxO1, NeuroD1, Akt, and
IRS2. Enhanced O-GlcNac posttranslational modifications lead to alteration of protein
function and subsequently, important changes in gene expression that have been proposed to
contribute to B-cell glucotoxicity?>°. Prolonged activation of the HBP has been reported to
be deleterious for B-cells. Transgenic mice overexpressing GFAT show a -cell insulin
secretion dysfunction and glucose desensitization phenotype, which mimics glucose
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toxicity260, Studies from isolated rat islets and insulinoma cell lines (INS-1 or BTC-6)
indicate that the HBP can promote B-cell apoptosis?61:262. Moreover, GFAT overexpression
in rat islets or glucosamine treatment impaired GSIS in parallel to increased H202
production, reduced DNA binding activity of Pdx1, and reduced expression of insulin,
Glut2, and Glucokinase?61:263 O-GIcNAcylation of Pdx1 has been demonstrated in
hyperglycemic Goto-Kakizaki and in Streptozotocin-induced diabetes models in rats264:265,
Infusion of high levels of glucosamine in rats markedly impaired GSIS2%6 and increased f-
cell apoptosis264.266.267 Excessive activation of the hexosamine pathway has also been
proposed to play a role in high glucose-induced human B-cell apoptosis, and recent data
suggest that O-GIcNAcylation of FoxO1 in B-cells promotes Akt inhibition and apoptosis
under glucotoxic conditions268:269, While elevated O-GIcNAcylation is associated with
deterioration of GSIS and apoptosis in these models, they show an association but not a
causal effect.

Although excessive O-GlcNac modification of proteins in f-cells may be deleterious, the
hexosamine pathway also plays an important physiological role. Pharmacological inhibition
of GFAT by azaserine or OGT knockdown in MING cells reduced insulin secretion. Mice
overexpressing OGA demonstrated a defect in insulin secretion, suggesting that reduced O-
GlcNAcylation causes defects in insulin synthesis and secretion264.270, Furthermore, in vitro
knockdown of OGT using ShRNA impairs GSIS in MING cells264. These seemingly
opposite results highlight the need for knockout models in B-cells to directly assess the role
of GFAT, OGA, and OGT on -cell mass and function in vivo. What is clear is that these
data suggest that O-GIcNAcylation is important in -cells, but chronic overactivation of this
process can have deleterious effects.

B-cell dedifferentiation

B-cell dedifferentiation in an emerging concept that has been the focus of a number of recent
studies. In the past few years, new evidence accumulated to illustrate that the pancreas was
more “plastic” than we originally thought and that dedifferentiation and transdifferentiation
were taking place with increased physiological demand, or inflammation (reviewed
in271.272 The process and its implications was described in more details in different models
of over-stimulated B-cells in rodents2”3 or with insulin secretion defects2’4. The work of
Talchai et al. was based on the notion that pancreatic p-cells can be forced to display some
degree of plasticity under “genetically extreme conditions”. Expanding on this concept, the
authors used lineage-tracing to follow the fate of mature -cells in multipare mice, after -
cells have been forced to adapt to increased demands in Insulin, as well as with aging. In
both models, a number of B-cells progressively loose their B-cell characteristics. With
dedifferentiation, C-peptide, Pcskl, and Pcsk2, Glut2 and Gek decrease in expression as the
MRNAs encoding Pdx1, Nkx6.1, NeuroD1, MafA are progressively down-regulated. These
results were further reinforced when Gao et al. later demonstrated that dedifferentiation was
controlled by Pdx1 itself27>. In a recent publication, Zhiyu et al. demonstrated that the same
process could be observed in a model of insulin secretory deficiency, and that it was (to a
certain degree) reversible2’4. The potential for the treatment of Type 1 and Type 2 diabetes

could be quite significant but the process remains to be demonstrated in human (commented
in271
inc’).
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Signaling pathways activated by glucolipotoxic conditions but not limited to the induction of
ER and oxidative stress, cytokines pathways, and O-GlcNAcylation can also affect the
expression of genes required to maintain -cell function and fate. Indeed, failure of the
adaptive UPR and ER stress in islets can contributes to f-cell dedifferentiation and is linked
with abnormalities in the expression of key p-cell genes, such as Pdx1276. Similarly, chronic
ROS could contribute to dedifferentiation by down regulation of differentiated p-cell
markers such as Glut2, Pdx1, and MafA2"7. In support of this concept, Guo et al also
reported loss of MafA, NKX6.1, and Pdx1 in response to ROS in the setting of
hyperglycemia2’8. Nevertheless, the reduction of differentiation markers such as MafA and
NKX6.1 in db/db mice 278279 ypon the development of hyperglycemia and a decrease in
MafA, NKX6.1, and Pdx1 expression in human islets from T2D individuals underscore the
effects of the glucolipotoxic milieu in the differentiation identity of B-cells 278280, Finally, it
is important to mention that it remains unclear if $-cell dedifferentiation occurs in human
T2D patients. Interestingly, Guo et al reported that T2D islets present unaltered levels of
endocrine progenitor-like markers2’8, which might suggest that dedifferentiation may not
occur during the progression of T2D in humans.

Summary: Crosstalk among ER and oxidative stress, islet inflammation,

and the hexosamine pathway leads to p-cell exhaustion

f-cell failure is driven by B-cell “hyper-stimulation™ and subsequent “exhaustion” in the
presence of insulin resistance, glucolipotoxic and aminoacidotoxic conditions, and
insufficient functional B-cell mass. Crosstalk among different signaling systems and cellular
responses such as ER and oxidative stress and pathways activating pro-inflammatory
cascades sets a vicious feed-forward cycle that worsens B-cell dysfunction and possibly
promotes dedifferentiation. The complexity of the natural history of T2D poses many
challenges in terms of designing therapeutics or strategies for modulating this disease.
Therefore a multiple targeted intervention instead of single and uniform therapy must be
applied to ameliorate the course of T2D and improve glucose homeostasis. Limited data
from few clinical trials have indirectly explored the effects of antidiabetic medications on
preservation of B-cell function. A major drawback of these studies is the lack of direct
measurements of B-cell function as a major endpoint in the analysis. In addition, the effects
of antidiabettic agents can vary depending on the stage of the disease. To answer some of
these questions, the Restoring Insulin Secretion (RISE) Consortium will assess different
strategies to improve B-cell function, using glucose-lowering therapies such as metformin,
insulin, GLP-1 agonists or obesity-reducing therapies such as gastric banding surgery in
adult and pediatric populations28L.,

As we move forward, it is imperative to obtain a clearer picture of the mechanisms
responsible for B-cell failure and to understand the crosstalk between signaling systems and
different mediators and cell types that contributes to -cell dysfunction. It possible that a
subset of B-cells exposed to sustained stress, such as hyperglycemia, deconstruct their
mature state (i.e. dedifferentiate) instead of dying. If this scenario is correct and if it is a
common event, then this presents an opportunity to reverse this state and regain fully
functional B-cells. For the time being, critical questions remain unanswered. For example,

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alejandro et al.

Page 24

how critical is B-cell dedifferentiation to human T2D? What are the requirement conditions
(genetic and environmental factors) for this to occur? What is clear is that more studies are
needed to obtain a complete picture of the molecular biology of B-cell dysfunction and the

sequence of events of how the T2D develop and how we can prevent its progression
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Figure 1. Natural history of the adaptation of B-cells to obesity and diabetes
It is clear that the majority of obese individuals develop insulin resistance. The [-cells adapt

to insulin resistance by increasing mass and the function. The p-cells compensate
appropriately in the majority of obese individuals and hyperinsulinemia is a common finding
in obesity. However, in a fraction of obese subjects p-cells fail to compensate appropriately
with development of hyperglycemia and diabetes. After the development of hyperglycemia,
glucose acts synergistically with other factors to induce B-cell failure. The evolution of 8-
cells in this process can be divided in three major stages: 1. Individuals with high risk of
diabetes are born with increase susceptibility by genetic component, the fetal environment
and the nutrient environment during the first years of life. 2. As individuals gain weight
there is a phase of adaptation. 3. Finally, individuals with increase susceptibility develop B-
cell failure by the interaction of different process.
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Figure 2. Signaling pathways involved in Rodent B-cell proliferation
This diagram describes some of the major pathways responsible for rodent -cell

proliferation. This field is evolving and we have attempted to provide a summary of the
major pathways involve this process. The insulin/insulin-like growth factor I (IGF1)
receptor, hepatocyte growth factor and glucagon like peptide 1 (GLP1) signal through the
IRS/PI3 kinase pathway to regulate Akt by modulating PDK1. Complete activation of Akt
requires the phosphorylation of this kinase by mTORC?2. The serine threonine kinase has
been demonstrate to play a major role in regulation of g-cell proliferation, survival and cell
size by acting on multiple downstream targets including FoxO1, tuberous sclerosis complex
(TSC) 1 and 2, Glycogen synthase kinase (GSK) 3 and the cell cycle inhibitors p27cip and
p21 among others. Akt activity is negatively regulated directly and indirectly by TRB3 and
PTEN. Downstream of Akt, the TSC/mTORCL integrates signals from growth factors and
nutrients. Nutrients can modulate this pathway directly by acting on the protein Rheb or
indirectly by regulating the activity of the AMPK pathway, which is also regulated by
LKB1. mTORCI1 regulates protein translation and cell size by regulating S6K and 4E-BPs.
HGF binding to its tyrosine kinase receptor, c-Met, results PKCC activation which in turns
inactivates GSK3p and increases phosphorylation and activation of mTORC1. Activation of
the prolactin receptor induces Jak2/Stat5 signaling and/or Jak2/Bcl6/Menin to induce B-cell
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proliferation. Recent data shows that lactogens induce proliferation by activation of
tryptophan hydroxylases (Tph1/2 with generation of serotonin. Serotonin is secreted and act
in paracrine fashion to assumed to act via the HTR2b receptor to modulate intracellular
calcium and PKC or PI3K members. Glucose is transported by the glucose transporter Glut2
and metabolizes to increase the ATP ratio, which subsequently inhibits the Kir6.2 channel
resulting depolarization and calcium influx. Intracellular calcium signaling is a major driver
of p-cell proliferation by regulating multiple signaling pathways including Calmodulin
(Cam) Calcineurin (Cnal,2 and Cnb1,2) and NFAT transcription. In parallel, glucose
activates ChREBP and cMyc to induce cell cycle progression (not shown). Upon binding to
GLP-1 GLP-1 receptor results in elevation of CAMP, protein kinase A (PKA) activation and
this ultimately results in which can phosphorylation of p-catenin by MEK/ERK1/2 pathway.
Leptin acts via the JAK-STAT pathway induces Akt signaling by inhibiting PTEN. The
Wht/frizzled pathway acts by inhibiting GSK-3f and blocking phosphorylation of 3-catenin
modulate transcription of Lef/Tcf7L2 dependent genes such as cyclin D2 and potentially
cyclin D1 and cMyc and activates cell cycle progression. It is important to note that our
understanding of human B-cell proliferation is notably limited compared to that of rodents.
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Figure 3. Multifactorial signaling events in B-cell failure
Chronic glucolipotoxic conditions induce prolonged ER and oxidative stress, and islet

inflammation that cause p-cell death. Once B-cells are committed to death as a result of
unresolved ER stress under glucolipotoxic conditions (high levels of glucose, free fatty acids
(FFA), and OGlcNac) several well-characterized mechanisms that involve the PERK, ATF6,
and IRE1 branches of the UPR act to mediate p-cell apoptosis. These involve association of
Bax/Bad with IRE1 leading to the activation of INK and an ATF6 and PERK-mediated
increase in CHOP levels and activity. CHOP can then activate expression of proteins
involve in pro-apoptotic pathways. High concentrations of glucose promote the activation of
the inflammasome complex consisting of NLRP3, TXNIP, and Caspasel in both $-cells and
macrophages. FFA and islet-derived islet amyloid polypeptide (IAPP) also directly trigger
the NLRP3/TXNIP/Caspasel inflammasome complex. Subsequently, pro-1L-1p is processed
by the inflammasome complex and secreted in the microenvironment. In turn, IL-1f sustains
autocrine and paracrine activation of both p-cells and macrophages, exacerbating the chronic
inflammatory responses in the islets. Furthermore, FFA binds to their cognate receptors (i.e.,
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Toll-like receptor 2 and 4 (TLR2-4)), leading to NF-xB activation and the production of
various proinflammatory chemokines and cytokines, including the proform of I1L-1p.
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