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Abstract

Low-potency Poly(ADP-ribose) Polymerase Inhibitors (Ip-PARPi) Induce Insulin
Gene Expression through the Upregulation of MafA in INS-1 Pancreatic B-cells

By
Diana Zi Ye

Chronic hyperglycemia impairs pancreatic B-cell function, in part, through
changes in gene expression profile. It leads to decreased expression of B-cell specific
genes including insulin, and pancreatic duodenal homeobox factor (PDX-1).
Nicotinamide (NAM), a low-potency poly(ADP-ribose) polymerase inhibitor (Ip-PARPi),
increases insulin biosynthesis in human and porcine fetal islets. NAM and another lIp-
PARPi, 3-aminobenzamide (3-AB), attenuate diabetes in several diabetic animal models.
The mechanisms whereby these compounds regulate insulin biosyntheis were not well
understood. The aim of this thesis project was to investigate the mechanisms of lp-
PARPi in the regulation of insulin gene expression.

Exposure of INS-1 pancreatic B-cells to high glucose (16.7 mM) suppressed
insulin gene expression, in part, through the decreased insulin promoter activity. Lp-
PARPi-10 mM NAM, 10 mM 3-AB and 500 pM PD128673 (PD), stimulated insulin
promoter activity and mRNA level in INS-1 cells. Consistent with these findings, Ip-
PARPi also increased cellular insulin content, and partially reversed glucose-mediated
impairment of glucose-stimulated insulin secretion (GSIS). The present study identified
that lp-PARPi-induction of insulin promoter activity was through the increase of MafA
binding to C1 and AS5/core elements. The Ip-PARPi enhanced MafA binding to insulin
promoter was due to increase of MafA protein levels in INS-1 cells cultured with high

glucose. These data point at MafA as the target of Ip-PARPi in INS-1 cells. Measuring
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MafA mRNA indicated that Ip-PARPi increase MafA mRNA levels in cells cultured with
high glucose. Inhibition of protein translation by cycloheximide showed that lp-PARPi
did not affect MafA stability. Inhibition of RNA synthesis showed that lIp-PARPi did not
delay MafA mRNA degradation. These data indicate that Ip-PARPi upregulate MafA
protein level through the induction of MafA promoter activity.

In summary, this project provides evidence that lIp-PARPi modulate glucose-
mediated phenotypic changes of pancreatic p-cell. This project is the first to show that
MafA gene expression is downreguated by elevated glucose in INS-1 B-cells. Lp-
PARPi-induction of insulin promoter activity is through the increased MafA gene
expression in INS-1 cells cultured in high glucose. Consistent with increased insulin

gene expression, lp-PARPi also partially improve INS-1 cell function under high glucose.
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Chapter 1. Introduction

Diabetes mellitus has reached epidemic proportions, affecting more than 194
million people worldwide in the year of 2003. It has been estimated that there will be an
approximately 42% increase of the diabetic population by year 2025 with the greatest
increase in developing countries (Source: International Diabetes Federation
(http://www.eatlas.idf.org)). Diabetes is a metabolic disorder and it is associated with
relative or absolute insufficiency of insulin secretion. There are two types of diabetes:
type 1 (also called juvenile diabetes or insulin-dependent diabetes mellitus (IDDM)), and
type 2 (also called adult-onset diabetes or non-insulin-dependent diabetes mellitus
(NIDDM)). Type 1 diabetic patients have an absolute insulin insufficiency due to the
immunological destruction of pancreatic B-cells, which are responsible for the synthesis
and secretion of insulin. Type 2 diabetes is characterized by insulin resistance and a
relative insulin deficiency. About 85% to 95% of diabetic individuals have type 2
diabetes in developed countries, and it accounts for even higher percentage of diabetes in
developing countries (Source: International Diabetes Federation
(http://www eatlas.idf.org)). Type 2 diabetes is polygenic and alterations of several gene
products have been identified and most of them are normally involved in insulin secretion
or insulin sensitivity (reviewed in (1)). Decreased insulin secretion and insulin sensitivity
lead to hyperglycemia and hyperlipidemia in diabetic individuals. It is believed that
chronic hyperglycemia and hyperlipidemia induce B-cell damage and play essential roles
in the progression of type 2 diabetes.

The current therapeutic agents targeting pancreatic B-cell function include

sulfonylurea derivatives and meglitinides (2). Both of these agents act by binding to the
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sulphonylurea receptor 1, and enhance insulin secretion (2). Sulfonylurea derivatives and
meglitinides, however, do not increase insulin biosynthesis or B-cell differentiation.
Low-potency poly(ADP-ribose) polymerase inhibitors (Ip-PARPi) including
nicotinamide (NAM), 3-aminobenzamide (3-AB), and PD128763 (PD) are a group of
compounds known to have low affinity to poly(ADP-ribose) polymerase (PARP). The
effects of NAM and 3-AB have been evaluated in animal models of type 1 and type 2
diabetes, and even in human for type 1 diabetes (3-9). In type 1 diabetic animal models
and hyperglycemic animal models, NAM or 3-AB treatment decreases blood glucose
level, increases pancreatic insulin content, improves glucose tolerance and increases f-
cell regeneration (3, 5, 6). In type 2 diabetic Zucker diabetic fatty (ZDF) rats, which have
the mutation in the leptin receptor, NAM reduces plasma free fatty acid (FFA) levels,
prevents triglyceride accumulation in islets and improves glucose-stimulated insulin
secretion (GSIS) (4). NAM and 3-AB also stimulated insulin biosynthesis, B-cell
proliferation and differentiation, and improved GSIS in cultured porcine and human fetal
pancreas (10-15). Therefore, in comparing to sulfonylurea derivatives and meglitinides,
which only increase secretion from B-cells, lp-PARPi can improve B-cell function,
possibly through the increased insulin biosynthesis and enhanced B-cell differentiation.
The mechanisms whereby Ip-PARPi increase insulin biosynthesis and enhance B-cell
differentiation have not been well studied. The focus of this thesis project is on studying
the mechanisms whereby 1p-PARPi regulate insulin biosynthesis in INS-1 cells cultured

with elevated glucose for a prolonged period.
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Overall hypothesis:

Chronic hyperglycemia leads to reduced insulin gene expression, in part, through
the decreased insulin promoter activity (16-20). The human insulin promoter contains
several cis-elements, which mediate glucose regulation of insulin promoter activity.
Chronic hyperglycemia reduces pancreatic duodenal homeobox factor 1 (PDX-1) binding
to the A elements, and this is associated with downregulation of PDX-1 gene expression
(17-19, 21). Several lines of evidences, however, indicate that increased PDX-1
expression does not restore defective insulin gene expression (22-24), indicating that loss
of PDX-1 does not account for glucose-suppression of insulin promoter activity.
Glucose-suppression of insulin promoter activity is also mediated by reduced binding to
the C1 element (17, 20). The identity of the Cl-activator lost in B-cells exposed to
elevated glucose was unknown. Recently, MafA has been shown to bind to the C1
element and induce insulin promoter activity upon acute glucose stimulation (25-28). In
the first section of my thesis, I present a series of experiments investigating the
hypothesis that loss of MafA protein and binding to insulin promoter plays a major
role in defective insulin promoter activity in B-cells cultured in high glucose (Fig. 1).

Culturing of human and porcine fetal islets with lp-PARPi, NAM and 3-AB,
increased insulin biosynthesis, insulin content, and improved GSIS (10, 12, 13, 15). The
mechanisms whereby these compounds increase insulin biosynthesis were unknown. My
preliminary data showed that lp-PARPi markedly induced insulin promoter activity in
INS-1 cells cultured in high glucose. One of the possibilities is that 1p-PARPi restore

MafA gene expression. Therefore, I hypothesized that Ip-PARPi increased insulin
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promoter activity through the enhanced MafA gene expression and MafA binding to

insulin promoter in INS-1 cells exposed to elevated glucose (Fig. 1).

Specific Aims:

Specific aim 1: To determine the effects of chronic hyperglycemia on MafA gene
expression and binding to insulin promoter. (Chapter 4)

Specific aim 2: To determine whether Ip-PARPi increase insulin promoter activity
through the enhanced MafA gene expression and MafA binding to insulin promoter in
INS-1 cells cultured in high glucose. (Chapter 5)

Specific aim 3: To study the effects of Ip-PARPi on transcription factors, coactivators

and repressors action at insulin promoter. (Chapter 6)
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Chronic hyperglycemia
_I_ | Lp-PARPi

MafA gene expression

MafA binding to insulin promoter

L

Insulin promoter activity
Figure 1. Hypothesis of the thesis project. Chronic hyperglycemia reduces MafA
gene expression, leading to decreased MafA binding to insulin promoter and insulin
promoter activity. Lp-PARPi stimulate insulin promoter activity through the increased

MafA gene expression and binding to insulin promoter.



Chapter 2. Literature Review

L Insulin biosynthesis and secretion
1. Insulin biosynthesis

Insulin is synthesized in pancreatic B-cells, and plays an essential role in the
metabolism of carbohydrates, proteins and fatty acids. Insulin mRNA is translated to a
single chain precursor called preproinsulin, which contains the signal peptide, B-chain,
connecting peptide (C peptide), and A-chain (Fig. 2). The signal peptide is responsible
for the translocation of preproinsulin from cytoplasm across the rough endoplasmic
reticulum (RER) membrane. Once preproinsulin enters the RER, the signal peptide is
removed and proinsulin is generated. C peptide is important for the correct structural
alignment and disulfide linkage of the insulin A and B chains. Proinsulin has a structure
similar to insulin since the C peptide adds little secondary structure to the insulin
molecule. This probably can explain why proinsulin also has some biological activity as
insulin. There are two dibasic sites that flank the C peptide. These two sites are essential
for the proteolytic conversion of proinsulin to insulin. Within the RER, proinsulin
undergoes a folding process so that the disulfide bonds of A- and B- chains are correctly
aligned. In Golgi, the proinsulin enters immature granules and is converted to biological
active insulin. Two proinsulin-processing endopeptidases, PC2 and PC3, are responsible
for excising C peptide. Once the immature granules become mature granules, they are

ready to be secreted upon stimulation.
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Figure 2. Insulin biosynthesis. Preproinsulin mRNA is transferred to cytosol.
There, it is translated to preproinsulin. Preproinsulin is comprised of the signal peptide,
B-chain, C peptide and A-chain. Preproinsulin is transferred to rough ER and the signal
peptide is removed. Proinsulin is then generated and enters Golgi. In the Golgi,
proinsulin is cleaved by proinsulin-processing endopeptidase PC2 and PC3 to generate
mature insulin. Insulin is stored in mature granules and ready for release upon
stimulation. This figure is modified from Figure 34 in Diabetes Mellitus-A Fundamental

and Clinical Text (29).
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2. Glucose-stimulated insulin secretion (GSIS)

Insulin is the key hormone in regulating blood glucose level. Normoglycemia is
reached by the interplay of insulin secretion and its action on the peripheral tissues.
When blood glucose is elevated, glucose is taken up rapidly by the B-cell via the glucose
transporter 2 (GLUT2). Once inside the B-cell, glucose is phosphorylated by glucokinase
to glucose-6-phosphate, which is then further metabolized through glycolysis to pyruvate.
In the mitochondria, the tricarboxylic acid (TCA) cycle uses pyruvate to produce ATP.
ATP can also be produced through glycolysis and reduced nicotinamide dinucleotide
phosphate (NADH) shuttle. The increased ATP/ADP ratio results in the closure of Katp
channel. The B-cell membrane is then depolarized, leading to the opening of L-type
voltage-gated Ca®* channels. Influx of Ca®* triggers insulin release from the preformed
mature granules. Acute glucose stimulation can also stimulate insulin gene expression
and increase insulin biosynthesis (Fig. 3).

Glucose-stimulated insulin secretion (GSIS) is biphasic. In vitro, when the rat
islets are incubated in a stimulatory glucose concentration, the insulin secretion will
increase within 10 minutes. The insulin release will reach a peak rapidly and then
declines over the next 4 minutes. This is called the first phase of GSIS. After the first
phase, the insulin secretion increases steadily until it reaches plateau within the following

40 minutes. This is termed the second phase of GSIS (reviewed in (30)).
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Figure 3. Schematic representation of acute glucose-stimulated insulin
secretion. Acute increases of blood glucose leads to increased glucose uptake by the p-
cell via the glucose transporter 2 (GLUT2). Once inside the P-cell, glucose is
phosphorylated by glucokinase to glucose-6-phosphate, which is then further metabolized
through glycolysis to pyruvate. The tricarboxylic acid (TCA) cycle uses pyruvate in
mitochondria to produce ATP. The increased ATP/ADP ratio leads to the closure of
Katp channel. The B-cell membrane is then depolarized, causing the opening of voltage-
gated Ca?* channels. Influx of Ca®" triggers insulin release from preformed mature
granules. Acute glucose stimulation can also stimulate insulin gene expression and

increase insulin biosynthesis.
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IL Regulation of human insulin gene transcription by transcription factors and
coactivators

Insulin is specifically expressed in pancreatic B-cells. Rats and mice have two
non-allelic insulin genes, and human has one insulin gene. The human insulin gene is
located on chromosome 11p15.5 and contains two introns and three exons (31).
Preproinsulin mRNA is 446 bp in length. The insulin promoter consists of DNA
sequences immediately upstream of the site of transcription initiation. Transgenic
animals and transient transfection analyses have shown that the proximal 5’-flanking
region of insulin promoter (-360 bp to +1 bp) is sufficient for directing B-cell specific
insulin gene expression (32-34). Transcription of insulin gene is the rate-limiting step of
insulin biosynthesis, and is regulated through cis-elements located within the proximal
promoter. Figure 4 is the simplified version of human insulin promoter that shows the
cis-elements and the transcription factors bound to them. Removal or mutation of these
cis-elements results in altered promoter function and gene transcription. Important cis-
elements within human insulin promoter include the A elements (A1, A2, A3 and AS),
C1 element, E-box elements (E1, E2, and E3), cAMP responsive element (CRE), Z/NRE
element, and AS/core elements. Transcription factors and coactivators can form binding
complexes at the insulin promoter to control glucose-dependent insulin gene transcription
(Fig. 5). In addition, nuclear proteins that modify chromatin structure also play roles in
regulating insulin gene transcription. High glucose can acutely stimulate insulin
promoter activity, whereas chronic hyperglycemia leads to suppression of insulin
promoter activity. The review in this section will consider effects of acute glucose

stimulation on insulin promoter activity. The effects of chronic hyperglycemia on
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Figure 4. A simplified representation of human insulin promoter showing well

characterized cis-elements and binding factors. The insulin gene transcription is
regulated by the proximal 5’-flanking region of insulin promoter (-360 bp to +1 bp). The
insulin promoter consists of several cis-elements, which are important for insulin
promoter activity. Shown here are the A elements (A1 and A3), E-boxes (E1, E2, E3,
and E4), A2/C1 elements, CRE, Z/NRE element, and A5/core elements. PDX-1 is the
main transcription factor that binds to A elements. Basic helix-loop-helix proteins,
BETAZ2 and E2A, are transcription factors that bind to E-boxes. MafA is the
transcription factor that binds to both C1 and AS/core elements. CREB and CREM have

been shown to bind to CRE.
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insulin gene transcription will be discussed in the later section for glucotoxicity.

1. A elements and PDX-1

The A elements are adenosine/thymidine-rich sequences that contain a core
TAAT sequence. The A2 is the exception to the rule and contains a GGAAAT sequence.
There are four A elements on human insulin promoter: Al (-82 bp to —77 bp), A2 (-134
bp to —129 bp), A3 (-215 bp to —210 bp) and AS (-318 bp to —313 bp) (Fig. 4). Al and
A3 are both well conserved. The A3 element plays a major role in cell-specific and
glucose-responsive transcription (35-37). Mutation of the A3 element on insulin
promoter led to loss of the promoter activity in response to acute glucose stimulation in
islets and B-cell lines (35-37). The AS element and the adjacent highly conserved
enhancer core sequence are termed AS/core, which mediates glucose-stimulation of the
distal insulin promoter activity (38). The A2 element along with nearby C1 element
forms an insulin minienhancer region called rat insulin promoter element 3b (RIPE3b),
which mediates p-cell-specific and glucose-induced insulin gene transcription (39).

Homeodomain proteins bind to the A elements to regulate insulin gene
transcription. There are five major homeoproteins in human pancreatic p-cells including
islet factor-1 (Isl-1), LIM-homeodomain proteins-lmx1.1, Imx1.2, Imx2/lim1/lhx, and
PDX-1 (also called IPF1, STF1, IDX1, IUF1 and GSF). Among all these homeodomain
proteins, PDX-1 plays an essential role in insulin gene expression as well as pancreas
development (34, 36, 37, 40).

PDX-1 binds to the A elements on insulin promoter and activates insulin promoter

upon acute glucose stimulation (35, 37). The enhancer activity of PDX-1 depends on its
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interaction with transcription factors adjacent to it, namely BETA2 and E47, which bind
to the E-boxes (41) (Fig. 5). The cooperative DNA binding of PDX-1 and BETA2/E47
can stabilize the binding complex formation at the promoter (42). It was suggested that
the synergy between PDX-1 and BETA2/E47 was facilitated by the binding of high-
mobility-group protein I(Y) (HMG I(Y)) to the A3 element (42). HMG I(Y) is a
chromatin-associated protein and binds to the minor groove of AT-rich region of DNA.
HMGI(Y) has been shown to bind to the A3/4 elements on the rat 1 insulin promoter and
physically interact with PDX-1 through its homeodomain (42). Binding of HMG I(Y)
itself to A3/4 elements, however, does not induce the promoter activity, suggesting that
HMG I(Y) may facilitate binding complex formation by modifying chromatin structure
(42) (Fig. S).

The interaction of PDX-1 and BETA2/E47 recruits coactivators p300 and CBP to
enhance insulin promoter activity (43, 44) (Fig. 5). The recruitment of p300 to the
insulin promoter stabilizes PDX-1/BETA2/E47 complex formation at the promoter (44).
p300 acts as the histone acetyltransferase at the insulin promoter to cause
hyperacetylation of histone H4 and relaxation of chromatin structure, facilitating gene
transcription (43). Glucose modulates PDX-1 binding activity to the insulin promoter in
a phosphorylation-dependent manner (45, 46). Phosphorylated PDX-1 can be
translocated to the nuclei and interact with p300 (43, 47). In contrast, dephosphorylated
PDX-1 rapidly recruits histone deacetylases HDAC-1 and HDAC-2 to insulin promoter
when the B-cells are switched from high glucose to low glucose (48) (Fig. 5). HDAC-1
and -2 may deacetylate histone H4, causing decreased insulin promoter activity in cells

treated with low glucose (48). PDX-1 and coactivator p300 interaction also enhances the
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occupancy of RNA polymerase II (Pol II) at the insulin coding region, but not at the
transcription initiation site of the promoter, suggesting that PDX-1/p300 interaction

stimulates transcriptional elongation by Pol II (49).

2 C1 element and Maf proteins

The C1 (-124 bp to —116 bp) element is a cytosine-rich element. The C1 element
and adjacent A2 element synergize with the E1 element to activate the insulin promoter
(50, 51). In rat 2 insulin promoter, the C1 element mutation causes a dramatic loss of
insulin promoter activity (39, 52). Transcription factor MafA binds to the C1 element
and has been shown to increased insulin promoter activity when overexpressed (25-27).

MafA belongs to the Maf oncogene family, which was originally identified with
the isolation of a viral oncogene, v-maf gene, from the genome of acute transforming
retrovirus AS42 (53). MafA is a glucose-regulated and B-cell enriched transcription
factor that activates insulin promoter (25, 54). Acute high glucose stimulation can lead to
increase of MafA nuclear protein and mRNA levels (25, 55). MafA/C1 binding
complexes formation can be induced at acute glucose stimulation, leading to increased
insulin promoter activity (52, 56, 57).

MafA plays a crucial role on insulin gene expression by interacting with other
transcription factors of insulin promoter including PDX-1 and BETA2 (Fig. 5) (58-60).
Both in vivo and in vitro overexpression of MafA, PDX-1 and BETA2 together led to a
marked increase of insulin gene expression, and this induction was less profound without
the overexpression of MafA (58-60). In strepzotocin (STZ)-induced diabetic mice, triple

infection of MafA, PDX-1 and BETA2 adenovirus increased blood insulin level and
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improved glucose tolerance (60). Unlike PDX-1 and BETA2, which recruit p300 and
synergistically activate insulin promoter, MafA does not appear to activate insulin
promoter by direct contacting with p300 (59). Overexpression of MafA, PDX-1, BETA2,
and p300 together, however, significantly induced insulin promoter activity (59),
indicating that MafA may stabilize PDX-1/BETA2/p300 binding complex formation on

the insulin promoter.

3. E-box elements and the basic helix-loop-helix (hHLH) proteins

The E-box elements contain the core sequence CANNTG. They have been shown
to be strong regulatory elements, and mutation in E-box elements completely abolished
the insulin promoter activity (61). The E1 (-111 bp to —104 bp) element (also called
IEB1) is well conserved in all of the known mammalian insulin promoters, whereas the
E2 (-239 bp to —232 bp) element is poorly conserved. The human insulin promoter also
contains a more distal E3 (-273 bp to —257 bp) element located within the Z element (62).
An additional putative E element termed E4 (-300 bp to —294 bp) was recently identified
located between AS/core elements and Z element (63).

Basic helix-loop-helix class (bHLH) transcription factors bind to E-box elements
as dimers (64). There are two types of bHLH transcription factors, which are important
in insulin gene transcription, class A and B. Class A bHLH transcription factors are
found ubiquitously, and can bind to DNA as homodimers or heterodimers. Class A
bHLH proteins found in B-cells are E2A proteins (E47 and E12), and human E-protein
(HEB) (65-67). Class B bHLH proteins are tissue-specific and preferentially forming

heterodimers with class A factors. The class B bHLH protein found in pancreatic f-cells
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is BETA2 (also known as NeuroD1) (50). Heterodimers of E47/BETA2 have been
shown to regulate insulin promoter activity in B-cell lines (68).

BETA2/E47/12 regulate insulin promoter activity through their interactions with
other transcription factors and coactivators (Fig. 4). BETA2/E47/E12 synergistically
interact with MafA and PDX-1 to activate insulin promoter (41, 50, 51). Overexpression
of BETA2, E47/12 and PDX-1 simultaneously dramatically stimulated insulin gene
transcription when compared to each transcription factor alone (69). Coactivators p300
and CREB binding protein (CBP) interact with both BETA2 and E47 to enhance their
transactivation activities of insulin promoter, possibly through increased interaction of
transcription factors with RNA pol II of the basal transcription machinery (44, 70, 71).
Bridge-1 is another coactivator that can potentiate BETA2/E47 activity upon glucose
stimulation (72). Bridge-1 is a PDZ-domain protein that is expressed in a variety of
tissues. It interacts with E47 and E12, but not BETA2 (72). Expression of Bridge-1
antisense RNA decreased rat 1 insulin promoter by 45% in INS-1 cells (72).

BETA2 posttranscriptional modification also enhances its activation of insulin
promoter. p300-associated factor (PCAF) has been shown to associate and acetylate
BETA2 at the loop region of bHLH to potentiate its activation of insulin promoter (73).
Moreover, phosphorylation of E47/E12 by ERK1/2 facilitates their dimerization with

BETAZ2, leading to activation of insulin promoter (74).

4. cAMP response elements (CRE) and their binding factors

There are four functional CREs on the human insulin gene and each of these

CREs have sequences that differ from the consensus CRE motif (TGACGTCA) (75).
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Two of the CREs (CRE1: -221 bp to —195 bp, CRE2: —189 bp to —167 bp) are present on
insulin promoter region (75). The other two CREs are located outside of insulin
promoter region: one is located at the first exon, and the other one is located at the first
intron (75). Site-directed mutation of the CREs led to a remarkable reduction of insulin
gene transcription (75).

Several nuclear proteins have been shown to bind to CRE, including c-Jun, cAMP
response element binding protein (CREBP), cAMP response element modulator (CREM)
and MafA (28, 76). Increased levels of cCAMP can induce insulin gene transcription,
however, cAMP is only a modest activator of insulin gene transcription (76). Studies
have shown that CREB is not as strong of an activator of the insulin promoter compared
to CREM. CREM activates the insulin gene transcription by not only directly binding to
the CREs, but by also recruiting transcription factor IID (TFIID) to the insulin promoter
(76). Inada et al. have proposed that glucose stimulation might involve an intracellular
signal transduction to enhance phosphorylation of CREM, which would increase CREM
transactivation of insulin promoter (76). Another reason for the poor activity of CREB
could be due to the overlapping of other proteins such as NF-Y, which binds to CCAAT
element directly downstream of the CRE2 (77).

Another transcription factor that has been shown to bind to the CRE is c-Jun, a
transcription factor activated by stress signals (75). Overexpression of c-Jun was found
to repress cAMP-induced insulin gene transcription (75). c-Jun consensus element
(TGACTCA) is very similar to the CRE, and c-Jun can form heterodimer with CREBP

and bind to the CRE with high affinity. Glucose deprivation leads to induction of c-Jun
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mRNA level, indicating the possible role of c-Jun for suppression of insulin gene
transcription (75).

More recently, Matsuoka et al. have proposed that the CRE2 element on the
insulin promoter could be actually a MafA binding site (28). Direct binding of MafA to
the CRE2 element has been shown, but the binding affinity is much weaker than MafA

binding to the C1 element (28).

S. Negative regulatory element (NRE) and Z element

It has been shown by Docherty and associates that 5’ deletion of -292 bp to —243
bp of the human insulin gene promoter results in a large (25-fold) increase of insulin gene
transcription in HIT P-cells (78). This sequence has also been shown to inhibit
transcription when linked to a heterologous promoter transfected into either non-B-cell or
B-cell tumor lines (78). Therefore, this region was named negative regulatory element
(NRE), and it was proposed that NRE mediated glucose-suppression of insulin gene
transcription. The NRE, however, does not function as a repressor in INS-1 cells or
primary B-cells (38, 62). Indeed, the NRE functions as a glucose-dependent activation
element when it is placed upstream of a minimal insulin promoter (-85 bp to +30 bp) or a
heterologous promoter in both fetal and adult islets (62). Therefore, NRE appears to be
an activator in vivo, and was renamed the Z element by German et al. Several islet
protein complexes bind to the Z element, including Zal complex, which positively

correlates with glucose activation of insulin promoter (62).
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6. AS/core elements and MafA and PDX-1

Deletion analysis has demonstrated that —327 bp to —261 bp of 5’ insulin promoter
region mediated glucose-suppression of insulin promoter activity (38, 62). Within this
region, the AS5/core elements (-323 bp to —309 bp) has been shown to be responsible, in
part, for the glucose-suppression of the distal insulin promoter activity (63). Both MafA

and PDX-1 have been identified to bind to the A5/core elements (63).

7. A model of integrated regulation of insulin transcription by nuclear proteins

Acute glucose activation of insulin gene transcription is regulated by transcription
factors, chromatin modification proteins, and coactivators. Shown in figure 5 is a model
of integrated regulation of insulin gene transcription.

HMG I(Y) is a chromatin-associated protein, and binds to the minor groove of
AT-rich region such as A3/4 of insulin promoter. Under acute high glucose stimulation,
HMG I(Y) binding to DNA changes the chromatin conformation and facilitates the PDX-
1/ BEAT2/EA47 binding complexes formation. High glucose also causes posttranslational
modification of nuclear proteins, and these modifications include phosphorylation,
acetylation and methylation. Phosphorylation of PDX-1 by ERKI1/2 (74),
phosphatidylinositol 3-kinase (PI3K) and stress-activated protein kinase 2 (SAPK2) (74),
leads to PDX-1 translocation from cytosol to the nucleus where it binds to the promoter.
BETA2 can also be phosphorylated by ERK1/2 (43, 47, 74). Phosphorylated PDX-1 and
BETA2 lead to enhanced transactivation of insulin promoter. The interaction of PDX-1
with BETA2/E47 recruits p300/CBP, which can acetylate histone H4 (79) or H3 (80),

making the chromatin more accessible for transcription binding complexes. Meanwhile,
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Figure §. A model of integrated regulation of insulin gene transcription by
transcription factors, chromatin modification proteins, and coactivators. @ When
pancreatic B-cells are stimulated acutely with high glucose, PDX-1 and BETA2 are
phosphorylated and bind to insulin promoter. HMG I(Y) also binds to the minor groove
of AT-rich region of insulin promoter upon stimulation with high glucose. The binding
of HMG I(Y) to DNA changes the chromatin conformation and facilitates PDX-
1/E4A7/BEAT2 binding complexes formation. The interaction of PDX-1 with
BETA2/EA47 recruits p300 or CBP, which acetylates histone H4 or H3. Acetylation of
histone H4 and H3 makes the chromatin more accessible for transcription binding
complexes. p300/PDX-1/BEAT2/E47 interaction stimulates transcriptional elongation by
RNA polymerase II. Binding of MafA further enhances PDX-1/BETA2/E47 stimulatory
effects of insulin promoter. When cells are switched from high glucose to low glucose,
HDAC-1 and HDAC-2 are rapidly recruited to the promoter by dephosphorylated PDX-1.
HDAC-1 and HDAC-2 deacetylate histone H4 and decrease insulin gene transcription.
Histone H3 is hypermethylated at insulin promoter when cells are stimulated with high
glucose, facilitating gene transcription. PCAF is known to acetylate BETA2, which leads
to stimulation of insulin promoter. Bridge-1, another coactivator, has been shown to

enhance insulin promoter activity through its interaction with E47/12.
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p300/PDX-1/BETA2/E47 interaction stimulates transcriptional elongation by RNA
polymerase II. Binding of MafA further enhances PDX-1/BETA2/E47 stimulatory
effects of insulin promoter, but the potentiation effect of MafA is not further affected by
p300 (59, 60). When cells are switched from high glucose to low glucose, HDAC-1 and
HDAC-2 are rapidly recruited to the promoter by dephosphorylated PDX-1. HDAC-1
and HDAC-2 deacetylate histone H4 and decrease insulin gene transcription. Histone H3
is also hypermethylated at Lys-4 (K-4) in B-cells treated with high glucose (80).
Methylation of histone H3 modifies chromatin structure and facilitates gene transcription
upon stimulation by elevated glucose concentration. PCAF can also acetylate BETA2,
leading to stimulation of insulin promoter. Taken together, regulation of insulin promoter
activity is a complex process involving the interaction of transcription factors and

coactivators, chromatin modulation and posttranscriptional modification of transcription

factors.

IIX.  Type 2 diabetes mellitus

In a healthy individual, blood glucose is maintained at about 4.5 mM. The
maintenance of normal glucose level depends on three major events: 1) stimulation of
insulin secretion from pancreatic islets; 2) insulin-mediated suppression of hepatic
luconeogenesis; 3) insulin-mediated glucose uptake by peripheral tissues. High glucose
itself can also suppress hepatic glucose production and enhance glucose uptake by
Peripheral tissues. The high glucose effects, however, are modest compared to insulin

cf¥ects.
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Type 2 diabetes is associated with impaired insulin secretion and insulin
resistance at peripheral tissues. Impaired GSIS is related to the adverse effects of
hyperglycemia and hyperlipidemia. Both hyperglycemia and hyperlipidemia can lead to
oxidative stress in B-cells, reduced insulin production, and increased p-cell apoptosis (81-
88). Several mechanisms have been implicated in insulin resistance, and these include
cellular defects in postreceptor signaling, glucose transport, and/or enzymes involved in
glucose metabolism (1). In many obese people, insulin resistance induces a
compensatory increase of P-cell mass, which leads to maintenance of normal blood
glucose levels (89-91). Eventually, the B-cell compensatory mechanisms failed in some
people, and hyperglycemia becomes apparent and type 2 diabetes occurs (89-91).

Indeed, a net decrease of p-cell mass can be observed in most individuals with type 2

diabetes regardless they are obese or lean.

1. Five stages in the progression of type 2 diabetes
Weir et al have proposed that the progression of type 2 diabetes can be viewed of

hawving five stages characterized by changes in various metabolic parameters and p-cell

function (92).

Stage 1 is the compensatory stage, which is accompanied by increased insulin
Secrretion in the face of insulin resistance. At this stage, there are increased B-cell mass
and B-cell hypertrophy due to the increased demand of insulin production (89-91). The
bloogd glucose level is kept at the normal level because of the increased insulin

Production. GSIS is normal at this stage.
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Stage 2 is the stable adaptation stage, which is characterized with the loss of first
phase of GSIS but preserved second phase of GSIS (93). Insulin secretion in response to
non-glucose secretagogues such as arginine remains normal (94). In this stage, the
fasting blood glucose level rises to 5 to 7.3 mM. The phenotype of B-cells has changed
markedly with the downregulation of typically highly expressed genes including insulin,
PDX-1, BETA2, glucokinase, and GLUT2 (95, 96). In contrast, genes that are usually
suppressed are upregulated and these include genes important for lipid and glucose
metabolism, apoptosis and inflammation (95-98). These alterations in gene expression
profile are well correlated with the disrupted GSIS as demonstrated in animal models (96,
99). At this stage, chronic hyperglycemia and hyperlipidemia have been proposed to play
important roles in the development of B-cell failure and diabetic complications. The
adbverse effects caused by hyperglycemia and hyperlipidemia are termed glucotoxicity

and lipotoxicity, respectively.

Stage 3 is the early decompensation stage. Fasting blood glucose level rises
rapidly in this stage to approximately 16 to 20 mM. B-cell mass decreases to the critical
Point that insulin production becomes insufficient to compensate for the hyperglycemia.

Stage 4 is the stable decompensation stage. At this stage, fasting blood glucose is
as high as the stage 3. The patients are usually still able to produce enough insulin to
TSmain in this stage, and for most cases, this stage can last life-long. p-cell mass is
Teduced by 50% at this stage (89, 91).

Stage 5 is the severe decompensation stage, which is characterized by

ketoacidosis. The fasting blood glucose level rises above 22 mM at this stage. Patients
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have lost so much of B-cell mass that they become ketotic and have to depend on insulin

for survival.

2. Phenotypic changes of pancreatic B-cells in type 2 diabetes

Pancreatic B-cells undergo phenotypic changes in the progression of type 2
diabetes. Alteration of genes involved in lipid and carbohydrate metabolism has been
demonstrated in several type 2 diabetic animal models. The phenotypic changes of
pancreatic p-cells in type 2 diabetes are described below using the Zucker Diabetic Fatty
(ZDF) rats as a model.

The Zucker Diabetic Fatty (ZDF) rat is a rodent model of type 2 diabetes with a
predictable progression from prediabetic (1-6 weeks) to diabetic stage (7-10 weeks) (99,
100). ZDF rat has the mutation in the leptin receptor, which is required for the leptin-

mediated metabolic pathway for energy expenditure. In the prediabetic stage, the ZDF
rats are obese, insulin resistant and have impaired insulin secretion, but have normal
blood glucose levels (99). Alterations in gene expression are present in prediabetic ZDF
rat even before the onset of hyperglycemia (99). Reduced expression of genes involved
in insulin secretion includes glucokinase, voltage-dependent Ca?* channel, and Karp
Channel (99). Insulin gene expression is not changed in prediabetic ZDF rats (99). The
diabetic ZDF rats have disrupted islet structure (99). They have many features in
COmmon with human type 2 diabetes including obesity, insulin resistance, high plasma
fatty acid and triglyceride levels, hyperglycemia, and defects in insulin secretion (99).
The islets of diabetic ZDF rats have high triglyceride content (101, 102). ZDF rats have

decreased insulin gene expression after 6 to 7 weeks of age, which is associated with
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decreased PDX-1 gene expression and increased expression of c-Myc and C/EBPB
insulin promoter repressors (103). Genes important for insulin secretion are further
downregulated in diabetic ZDF rats. Lipogenic genes including ACC, FAS and sterol
regulatory element binding protein-1c (SREBP-1c¢) are induced in islets of diabetic ZDF
rats (101, 102). Increased triglyceride islet deposition is probably due to the increased
lipogenic gene expression and elevated circulating lipids. In summary, diabetic ZDF rats
show that the progression of diabetes is associated with elevated blood glucose and fatty

acid levels, decreased insulin biosynthesis, increased islet lipogenesis and loss of B-cell

function.

3. Glucotoxicity

The development of type 2 diabetes is associated with insulin resistance and f-
cell dysfunction. Initially, B-cells can compensate for insulin resistance by increasing
insulin secretion and B-cell mass. Once the B-cells compensation starts to decline,
hyperglycemia becomes apparent.  Chronic hyperglycemia causes the P-cell
deterioration, which includes reduced insulin gene expression and impaired GSIS. If
Cchronic hyperglycemia is left untreated, P-cell dysfunction and death will occur.
Therefore, the adverse effects of chronic hyperglycemia are termed glucotoxicity. In
Patients with hyperglycemia, lowering the blood glucose level can slow down the

Progression of type 2 diabetes, implicating the important role of hyperglycemia in the

transition of glucose intolerance to type 2 diabetes (104).
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3.1. Effects of chronic hyperglycemia on insulin gene transcription

Chronic hyperglycemia-mediated decrease of insulin secretion can be partially
due to reduced insulin gene transcription. In human islets and several cultured B-cell
lines, incubating cells in high glucose for a long period of time reduced insulin gene
transcription. The glucose-mediated reduction of insulin gene expression was associated
with decreased binding of PDX-1 (17, 18, 21) and MafA (17-20, 105) to insulin
promoter, and reduction in PDX-1 and MafA nuclear protein levels (16, 19, 21). In vivo
studies showed that PDX-1 protein levels were reduced in 90% pancreactomy-induced
diabetic animal models (103). Reduced BETA2 mRNA levels have also been shown in
90% pancreactomized diabetic rats (95). Decreased expression of these key transcription
factors may be one of the reasons for the decreased insulin gene expression in chronic
hyperglycemic condition.

Repressors are important in regulating gene transcription, and two known insulin

8ene transcriptional repressors C/EBPB (97, 103) and c-myc (106, 107) are increased in
Pancreatic B-cells during chronic hyperglycemia. Increased expression of C/EBPp and c-
myc causes decreased transcription of the insulin gene by disrupting BETA2/E47 binding
Complex formation (106).

Chronic hyperglycemia mediated suppression of insulin gene transcription can be
Partially reversed (21, 108). When the islets were switched backed to normal glucose
COncentration, most of changes observed with high glucose were reversed (21).
Lo\ven'ng of hyperglycemia in diabetic animal models by using glucose lowering drug,

phlorizin, preserved PDX-1 and insulin mRNA levels (108).

27



3.2. Effects of glucose-induced oxidative stress on insulin gene expression and p-
cell function
Chronic exposure of pancreatic B-cells to hyperglycemia can increase generation
of reactive oxygen species (ROS), which may be a primary cause of B-cell dysfunction
and apoptosis (Fig. 6) (109). ROS such as superoxide anion, hydrogen peroxide,
hydroxyl radicals, and the concomitant nitric oxide production have been suggested in the
development of both type 1 and type 2 diabetes (110). Pancreatic B-cells are vulnerable
to glucose-induced oxidative stress due to its special physiological characters. They have
high K, GLUT2 (25 mM) and glucokinase (8§ mM), and low amounts of antioxidant
enzymes such as catalase, superoxide dismutase, glutathione peroxidase and thioredoxin
(81, 111). These special features of B-cells make B-cells generate more ROS rapidly
upon glucose stimulation but cannot eliminate ROS as fast. Several sources of ROS
production exist, and these include nonenzymatic glycation reactions, hexosamine
Pathway, glyceraldehyde autoxidation and mitochondria electron transport chain (81).
Free radicals may directly damage proteins, lipids, and DNA, causing mitochondrial and

cell dysfunction. If the B-cell damage is severe, apoptosis can happen, leading to

decreased p-cell mass.

3.2.1. Antioxidants protection against hyperglycemia-mediated B-cell dysfunction

In vivo studies have shown that antioxidants were able, in part, to prevent the
h5’l>erglycernia-mediated suppression of insulin gene expression and improve glucose
intolerance. Treatment of ZDF prediabetic rats with N-acetyl-L-cysteine (NAC) or

AMminoguanidine (AG) partially prevented the development of hyperglycemia, glucose
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KFigure 6. Mechanisms of hyperglycemia induced GSIS impairment and B-cell

apoptosis. Several sources of ROS production exist, and these include nonenzymatic
8lycosylation reactions, hexosamine pathway, glyceraldehyde autoxidation and electron
transport chain in mitochondria. Increased ROS can cause oxidative stress in B-cells,
leading to reduced insulin gene expression, activation of stress response pathway (JNK)
and apoptotic pathways. Activation of JNK pathway causes reduced insulin geen
©Xpression and secretion. Activation of apoptotic pathway leads to decreased B-cell
Mass. Free radicals can directly damage proteins, lipids, and DNA, causing
Mmitochondrial and cell dysfunction. Increased cytokines, ER stress and intracellular

Calcium levels also contribute to apoptosis of B-cells. Reduction of B-cell mass will

ﬁ-ll"t.hq.er lead to attenuation of insulin secretion.
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intolerance, and impaired GSIS (112). Insulin gene expression and PDX-1 binding to
insulin promoter were preserved in ZDF prediabetic rats treated with NAC or AG (112).
The C57BL/KsJ-db/db mouse also has the mutation in the leptin receptor like ZDF rats
(113). The db/db mice develop hyperglycemia due to decreased insulin production
associated with B-cell failure (114). In diabetic db/db mice, NAC treatment leads to
decreased blood glucose level, preserved PDX-1 and insulin gene expression, and
improved GSIS compared to the controls (112, 114).

In HIT-T15 cells, chronic culturing in high glucose led to decreased insulin gene
expression (112, 115). This defect in insulin gene expression has been shown to be
associated with reduced PDX-1 and MafA gene expression and their bindings to insulin
promoter. NAC has been demonstrated to prevent the loss of PDX-1 and MafA gene
expression and bindings to insulin promoter (112, 115).

Since PB-cells are low in antioxidant enzymes, these enzymes have been
overexpressed to evaluate their effectiveness in protecting the B-cells against oxidative
Stress. Incubation of rat islets with high concentrations of ribose for a long-period of time
(72 hr) has been shown to increase peroxide production (116). Glutathione peroxidase
OWVverexpression in islets protected them against ribose-mediated decreases in insulin
MIRNA, content, and secretion (116). Overexpression of other antioxidant enzymes such
as superoxide dismutase and catalase have also been shown to provide protection against
OXxidative stress (117, 118). IL-1p has been shown to induce INS-1 cells death and

human islets destruction, and these adverse effects were associated with low level of
Superoxide dismutase and increased production of NO in B-cells (117, 118).

0‘A'erexpression of superoxide dismutase protected the cells against IL-B-induced
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cytotoxicity (117, 118). In catalase transgenic mice, increased catalase gene expression
protected the islets against H,O,-mediated decrease of insulin secretion (119). In STZ-
induced mice, catalase overexpression lowered the blood glucose level compared to the
controls (119).

Taken together, these studies indicate that antioxidants and increased levels of

antioxidant enzymes can protect the B-cells against the adverse effects of chronic

hyperglycemia.

3.2.2. Mechanisms of hyperglycemia-induced oxidative stress
ROS can be generated through four main processes, which include glycation
reactions, hexosamine pathway, mitochondrial electron transport chain, and
glyceraldehyde autoxidation (Fig. 6).
Under hyperglycemic conditions, reducing sugars such as glucose, glucose-6-
pPhosphate and fructose react with various proteins to generate advanced glycosylation
end products (AGE) and ROS. This reaction is called glycation reaction. Among all the
reducing sugar, D-ribose has the most potent glycation activity. HIT-T15 cells treated
with D-ribose led to reduction of PDX-1 binding to insulin promoter and suppression of
insulin 8ene expression, insulin secretion and cellular insulin content (120). Antioxidants
AG and NAC can preserve D-ribose-mediated loss of PDX-1 and thus insulin gene
€Xxpression in HIT cells (120).
Excess glucose can also be converted to fructose-6-phosphate, which can further
netabolized through glutamine:fructose-6-phosphate aminotransferase (GFAT) to

8enerate glycosamine-6-phosphate. Glycosamine-6-phosphate is converted to UDP-N-
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acetylglucosamine, which can interact with proteins and form O-linked glycoproteins.
This pathway is called hexosamine pathway. In isolated rat islets, overexpression of
GFAT led to increased H,O; level, impaired GSIS and reduced expression of insulin,
GLUT?2, and glucokinase (121). The binding activity of PDX-1 to insulin promoter was
also decreased. NAC can attenuate the adverse effects induced by overexpression of
GFAT (121).
The mitochondrial electron transport chain is an important pathway for the
£generation of ROS, which is often the by-product of ATP production. It was suggested
that chronic hyperglycemia led to increased ROS generation by mitochondria, and the

ROS could not be eliminated fast enough by B-cell antioxidant defense system. This

mismatch causes the toxic effects on B-cells. Another mitochondrial protein that has
been implicated in impaired insulin secretion in type 2 diabetes is UCP2 (122). UCP2
diwverts protons away from the ATP generation pathway, thus protons are used to produce
heat instead of ATP. In mitochondria of B-cells, UCP2 expression is upregulated in both
90% pancreatectomized rats and ob/ob leptin deficient diabetic mice (96, 122). UCP2-
deficient mice had higher islet ATP production, and increased GSIS (122). In vivo
Studies demonstrated that hyperglycemia-induced superoxide formation by the
mitochondrial electron transport chain led to UCP2 activation (123). UCP2 activation
leads to less ATP generation, and thus impaired GSIS (123).
Gilyceraldehyde autoxidation is another pathway that has recently been considered
in the hyperglycemia-induced ROS generation. D-glyceraldehyde is formed during
Blycolysis. Exposure of islets with D-glyceraldehyde for a short period of time (2 hr)

Stimulated insulin secretion, however, prolonged incubation of islets with D-
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glyceraldehyde led to decreased GSIS, decreased insulin islet content, and increased
intracellular peroxide levels (124). Pre-incubation islets with NAC attenuated the
adverse effects induced by D-glyceraldehyde and reduced ROS generation (124). D-
glyceraldehyde-induced oxidative stress in islets is through non-mitochondrial pathway
since mitochondrial inhibitors failed to prevent D-glyceraldehyde-induced ROS
generation (124). Glyceraldehyde-phosphate dehydrogenase (GAPDH) is the enzyme
that facilitates D-glyceraldehyde entering the glycolytic pathway instead of
glyceraldehyde autoxidation pathway. = GAPDH activities were shown to be
downregulated in islets exposed to high glucose concentration for a long period of time
(125).
Several signal transduction pathways including c-Jun N-terminal kinase (JNK),
P38 mitogen-activated protein kinase (p38 MAPK), and protein kinase C (PKC) are
activated in B-cells by oxidative stress (126). JNK pathway is the one that has been
shown to involve in the oxidative stress-induced downregulation of insulin gene
expression. Overexpression of dominant-negative JNK (DN-JNK) in STZ-induced
diabetic animals preserved the insulin gene expression and lowered blood glucose level
(126). Moreover, INK activation in islets reduced PDX-1 binding to insulin promoter
and insulin gene expression, and DN-JNK expression preserved PDX-1 nuclei
translocation (126).
Taken together, chronic hyperglycemia can lead to elevated ROS in pancreatic p-
cells, and ROS may play an important role in downregulation of insulin gene expression

and impairment of GSIS.
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3.3. Chronic hyperglycemia-induced pancreatic B-cell apoptosis

With the onset of diabetes, there is a progressive decrease of B-cell mass as
demonstrated in both human and rodent models (92). This B-cell loss results from
increased P-cell apoptosis, which outweighs B-cells replication and neogenesis (92).
Many mechanisms can trigger B-cell apoptosis under chronic hyperglycemia, including
endoplasmic reticulum (ER) stress, oxidative stress, increased intracellular calcium level,
and cytokine production.

ER is responsible for posttranslational modification, folding, and assembly of
mewly synthesized secretory and membrane proteins. Its proper function is very
Amportant for the survival of a cell. Chronic hyperglycemia can induce ER stress in f-

<ells due to increased flux of proteins through the rough ER. Normally, flux of proteins

is quite high in B-cells compared with other cell types, thus any further increase may tilt
the balance and lead to ER stress-induced apoptosis (127). C/EBP homologous protein
CCCHOP) is a transcription factor that can be activated by physiological and
P>»Ixaamacological stress. CHOP is a mediator of ER stress induced apoptosis (128).
P> z=amcreatic islets from CHOP knock out mice showed resistance to NO-induced apoptosis
C L —29). Araki et al proposed that hyperglycemia-induced increased NO production can
deprlete ER Ca?* stores, induce CHOP levels and P cell apoptosis (130). Akita mouse is a
SProOmntaneous diabetic model with a mutation in insulin 2 gene (130). The progressive
hyDerglycemia of Akita mouse is accompanied by increased CHOP gene expression and
B-cen apoptosis (129). In this model, misfolded insulin is linked to the induction of ER
Stress and B-cell apoptosis (129). The hypothesis that hyerglycemia can lead to increased

PTOtein flux to ER and ER stress needs to be further investigated.
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Chronic hyperglycemia causes long-term increase of [Ca®*};, which in turn could
be pro-apoptotic. Continuous inflow of Ca®* may activate Ca’*-dependent intracellular
proteases and stimulate apoptosis (131). Moreover, increased [Ca*); has been shown to
cause apoptosis by downregulation of insulin receptor substrate-2 (IRS-2), which has a
function in regulating p-cell mass (132).

Chronic hyperglycemia can also activate apoptotic pathway in B-cells through
increased cytokine synthesis. Production of IL-1p has been shown to be elevated in both
type 2 diabetic patients and in the gerbil psammomys obesus during the development of

diabetes (133). IL-1P inhibits B-cell function and induces Fas signaling pathway through
the activation of NF-kB, and thus induce the apoptosis (133). Other cytokines TNFa, IL-

S and IFN-y have also been shown to associate with hyperglycemia activation of

apoptotic pathway (111).

3_<8. Chronic hyperglycemia alters the expression of genes important for glucose
=a ma d lipid metabolism
Chronic hyperglycemia leads to changes in the expression of genes important for
21 wacose and lipid metabolism as demonstrated in the 90% partial pancreatized rats. The
S 24 partial pancreatized rat model is characterized by hyperglycemia, loss of B-cell
i f¥erentiation associated with impaired insulin secretion, and B-cell hypertrophy (108).
Im  thijs model, one week after partial pancreatectomy, the rats become mild to severe
hyperglycemic that will be stable for the next three weeks (108). During the stable
hyl)<=1'glycemic period, the plasma nonesterified fatty acid level, plasma triglyceride level

AnNA  jglet triglyceride content are not altered (96, 108). Therefore, 90% partial
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pancreatectomy rat model is considered as a chronic hyperglycemic model. Peroxisome
proliferator-activated receptor a (PPARa) and acyl-CoA oxidase (ACO), which are
involved in lipid catabolism are downregulated in the islets of 90% partial pancreatized

rat model (96). In contrast, genes important for lipogenesis such as PPARY, acetyl-CoA
carboxylase (ACC), and fatty acid synthase (FAS) are increased in islets. Camnitine
palmitoyl transferase-1 (CPT-1), an enzyme that transports fatty acids into mitochondria

for lipid oxidation, is upregulated in islets of 90% partial pancreatized rat model (96).
Expression of uncoupling protein 2 (UCP-2), an mitochondrial electron chain uncoupler,

s also induced in this model (96). Increased UCP-2 leads to increased proton leak and

thus reduced ATP synthesis. In contrast, other genes important for insulin secretion such

aas insulin, PDX-1, BETA2, glucokinase, Kotp channel and GLUT2 expression are
xrepressed in islets (95, 96). Expression of several enzymes involving gluconeogenesis,
aimcluding glucose-6-phosphatase, fructose-1, 6-bisphosphate, are upregulated, and this
xxaay lead to increased glucose<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>