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Abstract
A progressive reduction in β-cell mass occurs in the evolution of diabetes. Thus understanding the
mechanisms responsible for this reduction in β-cell mass is important for understanding the
pathogenesis of diabetes, and in developing novel approaches to prevention and treatment.
Pancreatic duodenal homeobox 1 (Pdx1) is a transcription factor that plays a central role in
pancreatic β-cell function and survival. Complete deficiency of Pdx1 is associated with pancreatic
agenesis and partial deficiency leads to severe β-cell dysfunction, and increases β-cell death and
diabetes both in rodent and human. Chronic hyperglycemia and dyslipidemia, which are major
features of type 2 diabetes, cause β-cell dysfunction via reduced Pdx1 expression. Inhibition of
insulin/insulin-like growth factor (Igf) signaling followed by reduced Pdx1 expression is a
common pathway induced by the majority of the mechanisms in apoptotic β-cells. Although the
report so far paid little attention about non-apoptotic β-cell death (autophagy and necrosis), we
expect these are also involved in the pathogenesis of diabetes. The potential role of Pdx1 in non-
apoptotic β-cell death should also be considered in future studies in diabetes, and in attempts to
develop novel agents that target this process for prevention and treatment of the disorder.
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Introduction
The endocrine pancreas is comprised of 4 cell types: β-cells produce insulin, α-cells produce
glucagon, δ-cells produce somatostatin, and PP-cells produce pancreatic polypeptide. The
pancreatic β-cells of the islets are solely responsible for the transcription, synthesis, and
release of insulin in response to ambient blood glucose level. Although β-cells comprise
70-80% of islet mass, islets themselves comprise only about 1% of total pancreatic mass [1].
The central role played by such a small mass of cells most likely contributes to our
susceptibility to β-cell function and to the development of diabetes. β-cell dysfunction and/
or reductions in β-cell mass are central abnormalities in both type 1 and type 2 diabetes [2].
Thus, elucidation of the molecular mechanisms responsible for regulating death of β-cells is
critical for our understanding of the pathogenesis of diabetes.

Pancreatic duodenal homeobox 1 (Pdx1) plays a central role in β-cell survival. Not only is
Pdx1 a key regulator of insulin gene expression, but it is also essential for normal
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development of the pancreas, most probably by determining maturation and differentiation
of common pancreatic precursor cells in the developing gut [1,3]. The gene encoding Pdx1
is a member of a mammalian Parahox gene cluster on mouse chromosome 5. This cluster is
so-named because it represents a group of developmentally important genes in mammals
that is found outside the classical Hox (homeobox) cluster of gene [4]. The Parahox cluster
is comprised of three genes, Gsh1, Pdx1, and Cdx2/3, all of which are expressed in specific
pancreatic cell type [5]. The importance of Pdx1 in the pancreas is underscored by the
development of pancreatic agenesis in Pdx1 null mice [3]. This dramatic phenotype also
occurs in humans with homozygous mutations of the human orthologue of the Pdx1 gene
[6], thereby underscoring the relevance of this factor to human pancreas development. Pdx1
also appears to be crucial for the function of the mature β-cell. Heterozygous missense and
frameshift mutations of the Pdx1 gene in humans (while not impairing pancreas formation)
result in defective insulin secretion, and the development of one form of maturity onset
diabetes of the young 4 (MODY4) in humans [7-10]. Similarly, animal models suggest that
down regulation of Pdx1 expression in the β-cell may underlie the pathogenesis of β-cell
failure and type 2 diabetes [11]. Thus Pdx1 plays both a broad role in pancreas development,
and a much more specific role in β-cell survival and function in the adult mammal. Although
the role of Pdx1 in the differentiation of specific cell types in the developing pancreas has
been clearly defined, how Pdx1 regulates β-cell survival and function in adult pancreatic
islet is less well understood. Therefore, this review describes how Pdx1 expression and
function are regulated to maintain normal glucose homeostasis and β-cell mass especially in
adult pancreatic islet.

Pancreas and islet development
In recent years there have been major advances in our understanding of pancreas
development, particularly in the mouse and these have been summarized in excellent
reviews. [12-14]. In Pdx1 knockout mice, the initial buds of the pancreas form but
subsequent branching and morphogenesis of these buds is arrested [3,15]. On the other hand,
Pdx1 haploinsufficiency (Pdx1+/-) does not appear physically or functionally impinge upon
pancreas development in Pdx1+/− mice. Shortly after birth, the endocrine pancreas
undergoes remodeling through a process that involves substantial apoptosis and β-cell
replication [16]. In the adult under normal conditions, the β-cell has a slow turnover rate
[17], whereby β-cell death is balanced by the replication of existing β-cells as demonstrated
by in vivo lineage tracing using an insulin promoter driven Cre recombinase [18], and
subsequently confirmed by using a DNA analogue based lineage tracing technique [19]. The
overall mass can, however, be modulated to compensate for the increased metabolic
demands.

Apoptosis in β-cell
There are three types of cell death, apoptosis, autophagy and necrosis [20]. It has generally
been assumed that apoptosis is the major cause of β-cell death in animal models of diabetes
and when islets or insulin secreting β-cells are exposed to various pathophysiologic states
[2]. The mechanisms responsible for β-cell apoptosis are complex. Reduced signaling
through the insulin/insulin-like growth factor (Igf) pathway appears to be an important
common mechanism leading to the decreased Pdx1 expression that is consistently present in
states of β-cell failure [21].

Insulin/Igf signaling
Insulin/Igf signaling is an important regulator of β-cell growth and proliferation acting
through Irs1/Irs2-PI3K-Akt pathway (Figure). A mouse with a specific deletion of the β-cell
insulin receptor (Ir) exhibits a progressively impaired glucose tolerance, reduced β-cell
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mass and islet number [22,23]. These data indicate that loss of functional receptors for
insulin in β-cell leads primarily to profound defects in postnatal β-cell growth. Mice in
which the Irs2 gene has been inactivated in β-cells develops β-cell failure due to decreased
proliferation and an increased rate of apoptosis [24,25]. β-cell specific Igf1 knockout mice
exhibited a delayed onset of type 2 diabetes induced by a high fat diet, accompanied by
enlarged pancreatic islets, increased insulin mRNA levels, and preserved sensitivity to
insulin [26]. Therefore, locally produced Igf1 within the pancreas plays a unique role and
inhibits islet cell growth and insulin secretion. Thus, lots of mouse models in which reduced
insulin/Igf signaling in the β-cell lead to impaired beta cell function and/or survival.

The survival function of Pdx1 in insulin/Igf signaling acts through the forkhead transcription
factor Foxo1 and glycogen synthase kinase-3β (Gsk-3β) (Figure). When diabetic Irs2−/−

mice were crossed with Foxo1+/− mice, the reduced levels of Foxo1 were able to partially
rescue the phenotype with a concomitant increase in Pdx1 expression levels, suggesting that
insulin and/or Igf regulate β-cell mass by relieving Foxo1 inhibition of Pdx1 expression
[27]. Insulin (or Igf1) inhibits the actions of Foxo1 through Akt-mediated phosphorylation
of Foxo1, which induces movement of the transcription factor Pdx1 from the nucleus to the
cytoplasm. Pdx1 also acts as a critical regulator of β-cell replication that occurs during the
compensatory response to insulin resistance [28]. This was demonstrated by crossing insulin
receptor deficient (Ir−/−) or Irs1 deficient (Irs1−/−) mice with Pdx1+/− mice. Evidence that
Foxo1 was also involved in this process was provided by using mice that harbored a mutant
Foxo1 transgene that is retained in the nucleus. Thus, in two models of insulin resistance,
i.e. Ir−/− mice, and mice in which the elastase promoter is used to achieve local expression
of Igf2, the presence of the mutant Foxo1 transgene that is retained in the nucleus (and thus
inhibits expression of Pdx1) blocked Igf-induced β-cell proliferation [29]. Recently, Tanabe
et al. reported the role of Gsk-3β in control of β-cell mass in insulin resistant diabetic
models. Loss of one allele of Gsk-3β in wild type mice promotes insulin sensitivity, and in
Ir+/− mice reduces insulin resistance and improves glucose tolerance by enhancing glucose
disposal. Severely insulin resistant Irs2−/− mice were found to have elevated islet Gsk-3
activity associated with severe reduction of β-cell proliferation and elevated apoptosis. Loss
of one allele of Gsk-3β in Irs2−/− mice reversed these findings, preserving β-cell mass and
preventing diabetes. Additionally, Pdx1 expression levels were depressed and levels of
p27Kip1, a cell cycle-dependent kinase inhibitor were increased in islets of Irs2−/− mice.
Loss of one allele of Gsk-3β also preserved β-cell mass and prevented diabetes. β-cell
specific deficiency of Gsk-3β reversed the diabetes of the Irs2−/− mice [30], indicating that
Gsk-3β also negatively regulates β-cells mass and function. Phosphorylation of Ser61 and
Ser66 of Pdx1 via Gsk-3β appears to target Pdx1 for proteosomal degradation, thereby
decreasing its half-life. This modification could partially explain diminished β-cell function
during endoplasmic reticulum stress and oxidative stress (both of which occur in the diabetic
state), where Gsk-3β activity is enhanced [31,32]. The decrease in insulin/Igf signaling
induces Foxo1 and Gsk-3β function. Thus, these results indicate that in insulin resistant
animals, Foxo1 and Gsk-3β impair replication and enhances β-cell death at transcription and
protein level respectively, ultimately leading to postnatal β-cell loss and diabetes.

Glucose and fatty acid
Glucose is the most extensively studied determinant of β-cell growth [33]. Among the islet
cell types, it is principally the β-cell population that undergoes accelerated growth in
response to hyperglycemia and insulin resistance. Pancreatic regeneration involves
activation of Akt in both islets and endocrine cell clusters. Glucose infusion also leads to
increased Akt activation in islet β-cells, as well as in insulin-positive and insulin-negative
cells in the common duct epithelium and endocrine clusters. This correlates with strong
Pdx1 expression in these same cells [34,35]. These results suggest that the mechanisms
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underlying the rapid increase in β-cell growth following a glucose infusion involve Akt-
regulated enhanced β-cell survival as well as neogenesis from epithelial precursors.

In contrast to the effects of mild transient increases in glucose to increase insulin secretion,
prolonged hyperglycemia induces glucotoxicity, resulting in β-cell dysfunction and
decreases β-cell mass [36]. The effects of chronic hyperglycemia in β-cells have been
assessed in animal models in vivo and using insulinoma cells and isolated islets in vitro. In
the setting of chronic exposure to hyperglycemia, rat islets exhibit basal insulin hyper-
secretion and defective glucose-stimulated insulin secretion [37]. Both in animal models and
humans, chronic hyperglycemia is associated with alterations in β-cell mass and function
[38]. The β-cell has an incredible ability to adapt and compensate for chronic
hyperglycemia, as seen in the Zucker diabetic fatty (ZDF) rat, but ultimately, obesity,
chronic hyperglycemia, and worsening insulin resistance lead to increased β-cell apoptosis
[39]. Similarly, postmortem studies in human type 2 diabetic patients reveal low frequency
of replication and reduced β-cell mass, mainly by increased apoptosis [40].

When β-cells are exposed to high glucose concentrations for increasingly prolonged periods
of time, glucose saturates the normal route of glycolysis and increasingly is shunted to
alternate pathways, such that reactive oxygen species (ROS) are generated from distinct
metabolic processes within and outside the mitochondria. Reports also indicate that
excessive levels of palmitate are associated with abnormal islet function (especially in the
presence of high glucose concentrations), which leads to excessive lipid esterification that,
in turn, can generate ceramide, thereby increasing oxidative stress. Treatment with a lipid
lowering drug did not protect the animals from worsening of islet function and diabetes,
whereas a glucose lowering drug was successful [41]. This suggested that lipotoxicity
requires concomitant hyperglycemia to damage islet function, whereas glucose toxicity can
exert harmful effects on the islet in the absence of elevated circulating triglyceride. One
molecular mechanism of action through which chronic hyperglycemia can cause worsening
β-cell function is via decreased protein expression of Pdx1 and MafA [42]. The possibility
that oxidative stress is responsible for the decreased levels of Pdx1 and MafA was
highlighted by studies showing that antioxidant treatment of β-cell lines and rodent models
of type 2 diabetes protected against deterioration of insulin gene expression induced by
exposure to high glucose concentrations [43-45]. N-acetylcysteine (NAC), a drug commonly
used in these studies, provides direct antioxidant actions. Treatment with NAC protected
against decreases in Pdx1 and MafA caused by high glucose concentrations in vitro, and also
protected against loss of insulin gene expression and insulin secretion.

Sterol regulatory element-binding protein (SREBP)-1c is a transcription factor that controls
hepatic fatty acid synthesis. Activation of SREBP-1c by over nutrition also inhibits Irs2
expression and induces insulin resistance in the liver. In mouse pancreatic islets, nuclear
SREBP-1c has a negative impact on both glucose- and potassium-stimulated insulin
secretions as determined in islets from β-cell specific SREBP-1c transgenic mice as well as
SREBP-1c knockout mice [46]. Activation of SREBP-2 in β-cells also causes severe
diabetes by loss of β-cell mass with accumulation of cholesterol [47]. Although the precise
mechanism of SREBPs on β-cell is unknown, repressed Irs2 and Pdx1 expressions and
increased pro-apoptotic genes seem to be common feature of increased SREBPs expression
[48].

Insulin
We have previously reported that exogenous insulin completely prevented apoptosis induced
by serum withdrawal when given at picomolar or low nanomolar concentrations, but not at
higher concentrations, indicating that physiological concentrations of insulin are anti-
apoptotic, and that insulin signaling is self-limiting in islets. Insulin treatment was
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associated with the nuclear localization of Pdx1 and the pro-survival effects of insulin were
largely absent in islets from Pdx1+/- mice, providing direct evidence that Pdx1 is a signaling
target of insulin [49]. Thus, insulin can also act as a regulator of islet survival by regulating
Pdx1. Since it is very difficult to differentiate the effects of glucose and insulin on β-cells in
vivo, it is still uncertain whether the major effects on β-cell survival and function are
mediated by glucose and/or insulin.

Glucagon-like peptide-1
Studies of Pdx1+/- mice demonstrated either relatively preserved [50] or modestly reduced
glucose-stimulated insulin secretion [51] and a paradoxically increased insulin secretory
response to glucagon-like peptide-1 (GLP-1) [51]. The reason that the insulin secretory
response to GLP-1 is preserved in Pdx1+/- mice is not clear but may be related to activation
of a K+

ATP channel independent stimulus secretion coupling mechanism in the β-cell that is
not dependent on Pdx-1. In contrast, glucose-stimulated insulin secretion was abnormal in β-
cell specific Pdx1 knockout mice, and isolated islets from these mice exhibited defects in
both glucose-stimulated insulin secretion and islet insulin content. In contrast to the
enhanced secretory response to GLP-1 in Pdx1+/- mice, the GLP-1 analogue exendin-4 or
forskolin, both of which increase cAMP in β-cells failed to stimulate insulin secretion in β-
cell specific Pdx1 knockout mice. This result was unexpected in view of the fact that GLP-1
also increases cAMP in β-cells. Nevertheless, β-cell specific Pdx1 knockout islets retain
responsiveness to sulfonylurea tolbutamide and potassium, indicating that the β-cell specific
Pdx1 knockout islets exhibit highly selective rather than generalized defects in insulin
secretion [52]. Thus, Pdx1 expression is essential for integrating GLP-1 receptor-dependent
signals for the growth, differentiated function, and survival of islet β-cells.

Pregnancy and intrauterine growth retardation
During pregnancy, maternal pancreatic islets grow to match dynamic physiological
demands. Menin, a protein previously characterized as an endocrine tumor suppressor and
transcriptional regulator, controls islet growth in pregnant mice. Pregnancy stimulated
proliferation of maternal pancreatic islet β-cells that was accompanied by reduced islet
levels of menin and its targets. Transgenic expression of menin in maternal β-cells prevented
islet expansion and led to hyperglycemia and impaired glucose tolerance, hallmark features
of gestational diabetes. Prolactin, whose levels are increased in pregnancy, repressed islet
menin levels and stimulated β-cell proliferation. mRNAs encoding insulin1, insulin2, Glut2,
and Pdx1 were unchanged [53]. Thus, it seems that menin does not regulate β-cell mass
through Pdx1 signaling.

Intrauterine growth retardation (IUGR) has been linked to the onset of diseases in adulthood,
including type 2 diabetes, and has been proposed to result from altered gene regulation
patterns due to epigenetic modifications of developmental genes. Rodent models of IUGR
that lead to lower levels of expression of Pdx1 in the islet develop diabetes in adulthood.
Expression of Pdx1 was permanently reduced in IUGR β-cells, and underwent epigenetic
modifications throughout development. The fetal IUGR state was characterized by loss of
USF-1 binding at the proximal promoter of Pdx1, recruitment of the histone deacetylase 1
(HDAC1) and the co-repressor Sin3A, and deacetylation of histones H3 and H4. Following
birth, histone 3 lysine 4 (H3K4) was demethylated and histone 3 lysine 9 (H3K9) was
methylated. After the onset of diabetes in adulthood, the CpG island in the proximal
promoter of Pdx1 was methylated, resulting in permanent silencing at this locus [54]. These
results indicate that chromatin remodeling induces silencing of Pdx1 gene in the
development of diabetes following IUGR.
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Autophagy and necrosis in β-cell
Autophagy is a ubiquitous process in eukaryotic cells that involves sequestration of
cytoplasmic material within a double-membrane autophagosome, and fusion of the
autophagosome with a lysosome (autolysosomes) that supplies acid hydrolases that break
down the inner membrane of the autolysosomes and degrade the contents. In some contexts
autophagy can be considered to be a catabolic, energy generating pathway that allows the
cell to adapt to environmental stress or developmental changes [55-57]. Conversely, it is
becoming increasing clear that autophagy may play a broader role in biology and in disease
pathogenesis. There is evidence that autophagy contributes to the development of cancer,
infectious and autoimmune diseases [55,56], and it has also been suggested that autophagy if
excessive may lead to cell death [58,59]. Substantial insights have been gained into the
genes and signaling pathways that regulate autophagy. Over thirty Atg genes have been
identified in this pathway. Critical roles in the regulation of autophagy have been defined for
the target of rapamycin gene, TOR and a class III PI3K [55,56].

A potential role for autophagy in the pathogenesis of diabetes has received little attention.
Marsh et al have suggested that the rate of autophagy within the insulin secretory granule
determines the rate of turnover of these granules and this is an important mechanism for
ensuring that the pool of insulin secretory granules is adequate to meet the demands of the
body for insulin [60]. β-cell specific knockout of Atg7 resulted in degradation of islets and
impaired glucose-stimulated insulin secretion because of abnormal turnover and function of
cellular organelles [61,62], indicating basal autophagy is indispensable for maintenance of
normal β-cell function and survival. β-cells in db/db and C57BL/6 mice that had been fed
high fat diet showed autophagosome formation, probably due to increased insulin resistance
caused by high calorie intake or obesity [61]. Autophagy has also been noted in high
glucose-induced ubiquitination of proteins into cytoplasmic aggregates in a diabetic model
[63]. Evidence of autophagy induced by high glucose was assessed by transfecting GFP-
LC3 in INS1 β-cells. Since transfected GFP-LC3 associates with protein aggregates and this
aggregation is thought to be independent of autophagy [64], at present it is not clear if high
glucose induces autophagy in β-cells in vivo. Pdx1+/- β-cell and Pdx1 reduced mouse
insulinoma MIN6 cells have increased autophagy and inhibition of autophagy delays the
onset of β-cell death induced by reduced Pdx1 (unpublished data), indicating that Pdx1 also
regulates β-cell survival by autophagy. Further studies are needed to determine how
autophagy regulates β-cell survival and function.

There are only a few reports concerning necrotic β-cell death, probably due to scarcity of
method to detect this process. Steer et al. reported that interleukin-1 induces necrosis in β-
cell lines and pancreatic islets as assessed by release of high mobility group box 1 (HMGB1)
protein from β-cells [65]. HMGB1 was originally reported as a biochemical marker of
necrosis that only released from necrotic but not from apoptotic cells. Recently, however,
HMGB1 was re-recognized as an innate danger signal (alarmin) adopted by the innate
immune system during evolution of adaptive immune responses. HMGB1 can be either
passively released from damaged pancreatic β-cells or released by islet infiltrated auto-
reactive immune cells, such as dendritic cells [66]. Thus, it is difficult to conclude at present
whether necrosis is associated in β-cell death.

Translocation of Pdx1
As a member of the homeodomain class of proteins, Pdx1 is believed to exert its actions
almost exclusively within the nucleus, as a result of regulating gene transcription. Although
some reports in the literature have described physiologic circumstances where the
distribution of Pdx1 might be cytoplasmic, it is believed that cytoplasmic sequestration more
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likely represents a mechanism to attenuate the nuclear action of Pdx1 under physiologic or
pathologic conditions, rather than to promote a specific cytoplasmic function. For example,
it has been suggested that the negative effects of fatty acids on β-cell function may be
related to their eventual sequestration of Pdx1 in the cytoplasm [67], whereas the positive
effects of glucose on insulin transcription may be a result of its enhancement of Pdx1
nuclear translocation [68]. Under oxidative stress in β-cell, nuclear retention of Foxo1
protects β-cell from oxidative stress-induced damage. Acetylated Foxo1 is retained in the
nucleus, where it engages Sirt1. Deacetylation of Foxo1 by Sirt1 promotes Foxo1-dependent
transcription and accelerates Foxo1 degradation. Because Foxo1 becomes rapidly degraded
when deacetylated, this mechanism has the potential to protect β-cell against acute metabolic
distress [69]. A basic amino acid sequence within the homeodomain of Pdx1, RRMKWKK,
is believed to function as the nuclear targeting sequence [70]. Teleologically, regulation of
Pdx1 protein at the level of compartmentation (i.e. nuclear-cytoplasmic shuttling) would
allow for acute alterations in target gene transcription, where control on the order of seconds
to minutes might be crucial.

Conclusion
Not surprisingly, given its importance in the development of the pancreas, the differentiation
of β-cells and in gene expression in the mature β-cell, Pdx1 turns out also to be a major
player in the maintenance of an adequate pool of healthy β-cells in adults. The
developmental role of Pdx1 persists into adulthood through the lifelong maintenance of islet
mass, architecture, and plasticity, processes that involve the interaction of β-cell neogenesis,
differentiation, and apoptosis. Although many diabetic animal models have decreased Pdx1
expression levels, and many reports attributed to decreased Pdx1 expression as a cause of
diabetes, little is known about how Pdx1 regulates β-cell survival and function. The potential
role of Pdx1 should be considered in future studies of pancreatic β-cell death in diabetes and
in attempts to develop novel agents that target this process for prevention and treatment of
the disorder.
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Figure. Insulin/Igf signaling in β-cell
Insulin and Igf bind to insulin receptor and Igf receptor, respectively followed by
phosphorylation of Irs1/Irs2. This promotes the activation of Akt in a PI3K-dependent
fashion, resulting in inactivation of Gsk-3β and Foxo1. Gsk-3β and Foxo1 decrease Pdx1
expression at protein and transcription level, respectively. Akt can also directly regulate
Pdx1 function. Ins; insulin, Igf; insulin-like growth factor, Ir; insulin receptor, Igfr; Igf
receptor; Irs; insulin receptor substrate, PI3K; phosphatidylinositol 3-kinase, Gsk-3β;
glycogen synthase kinase-3β, Foxo1; forkhead box o 1, Pdx1; pancreatic duodenal
homeobox 1.
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