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ABSTRACT

The impairing effect of a prolonged Free Fatty Acid elevation on
Glucose Stimulated Insulin Secretion

Anthony Naassan
Degree of Master of Science, 2004
Graduate Department of Physiology
University of Toronto

Reduced glucose-stimulated insulin secretion (GSIS) characterizes both type 1
and type 2 diabetes mellitus. An elevation in plasma free fatty acids (FFA) is
characteristic of both obesity and absolute or relative insulin deficiency. Previous work
by our laboratory has demonstrated that prolonged elevation of plasma FFA impairs
GSIS. We hypothesized that preexisting islet inflammation/oxidative stress modulates the
FFA effect on GSIS (Study#1) and that this is mediated by FFA-induced oxidative stress
(Study#2). Our results indicate that the FFA-induced defect in GSIS is accentuated in
pre-diabetic BB rats (model of type 1 diabetes) with insulitis (Study#1), suggesting that
islet inflammation modulates the effect of FFA. We also found that some antioxidants
prevent the impairing effect of a prolonged FFA elevation on GSIS, suggesting that
oxidative stress plays a role in mediating this effect (Study#2). Thus, antioxidants/anti-
inflammatory agents may have therapeutic potential in type 2 diabetes and in slow-onset

type 1 diabetes.
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1) INTRODUCTION




1.1) DIABETES MELLITUS

Diabetes mellitus is an important public health concern that is said to be “one of
the main threats to human health in the 21% century” (1). The increase in the prevalence
of diabetes has been referred to as an epidemic by many. A survey of the U.S. population
found that diabetes affects 7.8% of adults 20 years of age and older, with the greatest
prevalence in individuals older than the age of 60 (2). The prevalence of diabetes appears
to be similar in other Western industrialized nations, including Canada (3;4). It has been
predicted that over the next 25 years, the global prevalence of diabetes will increase by
35%, with the greatest increase being in the developing world (3).

Diabetes mellitus describes a heterogeneous group of metabolic disorders
characterized clinically and metabolically by elevated blood glucose levels
(hyperglycemia). These features result from the low effect of insulin, either because of
insulin deficiency alone (type 1 diabetes mellitus), or because of defective insulin
secretion in relation to a decrease in insulin sensitivity (type 2 diabetes mellitus).
Hyperglycemia arises from a defect in glucose homeostasis. Plasma glucose levels are
regulated by: 1) acute and sustained insulin secretion; ii) inhibitory effect of insulin on
hepatic glucose production and stimulatory effect of insulin on hepatic glucose utilization
(hepatic insulin sensitivity); iii) stimulatory effect of insulin on glucose uptake by muscle
and fat (peripheral insulin sensitivity) (5). Alterations in any of these factors will result in
abnormal glucose homeostasis. In diabetes, there are concomitant defects in both amino

acid and lipid metabolism that also result from the low effect of insulin.



Diabetes leads to premature morbidity and mortality. The overall age-adjusted
mortality rate in diabetic adults is approximately twice that in non-diabetic individuals
(6). Acidosis and coma are acute complications that are the result of uncontrolled
diabetes mellitus. Nowadays, the greatest morbidity and mortality in diabetic individuals
stems from chronic complications such as macrovascular, microvascular, and neuropathic
diseases. Aggressive treatment of diabetes has been shown shown to delay the onset of
these complications (7;8).

The most common forms of diabetes mellitus fall into two broad categories, each
characterized by a different etiology and pathology. The first, known as type 1 diabetes
mellitus, typically develops early in life and is characterized by a tendency to
ketoacidosis and a dependence on insulin for survival. The second form, type 2 diabetes,
is a much more prevalent form of diabetes and is characterized by the absence of an
absolute dependence on insulin for survival and a lesser likelihood of developing

ketoacidosis.



1.1.1) Tvype 1 Diabetes Mellitus

The classical form of type 1 diabetes mellitus, which accounts for approximately
10% of all cases of diabetes worldwide, is characterized by the autoimmune destruction
of the pancreatic B-cells (9), which leads to severe insulin deficiency. The lack of insulin
results in elevated plasma glucose levels, both because of hepatic overproduction of
glucose, and of decreased glucose uptake by muscles and adipocytes. Furthermore, in the
absence of circulating plasma insulin, there is an increase in fat breakdown and fatty acid
oxidation, resulting in the excessive production of ketones. If left untreated, these
metabolic disturbances lead progressively to central nervous system depression, coma,
and death. Therefore, this form of the disease requires life long treatment with exogenous
insulin for survival. The rate of B cell destruction varies, but tends to be more aggressive
in infants and young children (10). Type 1 diabetes usually presents during childhood or

adolescence, although it may develop much later in life.



1.1.1.1) Genetic and Environmental Factors

The susceptibility to type 1 diabetes is determined by both genetic and
environmental factors. It is widely accepted that this form of diabetes is strongly
genetically linked with the major histocompatibility complex (MHC) (11). These genetic
loci, known as human leukocyte antigen (HLA) complex in humans (H-2 complex in
mice and RT1 in rats), codes for proteins that control the immune response. There exist 3
known classes of MHC. The class II genes (HLA-DQ, HLA-DR, HLA-DP in humans, H-
2 IA, H-2 IE in mice, and RT1.B, RT1.D in rats) are of particular interest because they
are strongly associated both with protection from and predisposition to type 1 diabetes.
These genes code for dimeric polypeptides that are expressed on the surface of antigen
presenting cells (APCs) such as B lymphocytes, macrophages, and dendritic cells. The
APCs present a foreign antigen in association with the MHC class II molecule to CD4+ T
cells (T-helper cells). The majority of patients (90%) with type 1 diabetes express either
the DR3 or DR4 HLA allele, suggesting that these alleles confer susceptibility to this
form of diabetes. Certain DQ alleles have also been found to influence the development
of this disease. One explanation for the association between the HLA alleles and diabetes
susceptibility is that the different allelic variants show a great deal of variability in their
three dimensional structure, which may alter the way which the HLA molecule interacts
with both the diabetogenic antigen and the autoreactive T cell receptor (11). Furthermore,
type 1 diabetes has been associated to polymorphisms within the insulin gene region. The
primary association has been thought to be within the variable number of tandem repeats

(VNTR) region, which is upstream of the insulin gene translation start site (12). The



mechanism by which the insulin VNTR polymorphisms influence the risk of type 1
diabetes remain unclear. However, one possibility is that allelic variants result in varying
degrees of transcription of the insulin gene in the human thymus (13). This results in
differences in the deletion of autoreactive T cells specific for insulin, which therefore
affects immune tolerance to this key autoantigen in the pathogenesis of type 1 diabetes.
Despite the existence of a genetic link to type 1 diabetes mellitus, it has been
suggested that a genetic predisposition to the disease is insufficient to trigger the
development of the disease. This theory is supported by studies that demonstrate a
concordance rate of 55 % for type 1 diabetes in monozygotic twins (14). This lack of
concordance in genetically identical individuals indicates that this disease is not entirely
due to genetic causes. Multiple environmental factors may play a role in promoting the
development of type 1 diabetes. For example, infection with the rubella virus (15) and the
coxsackie B4 (16) virus have been associated with an increased risk of developing the
disease. Exposure to certain toxins, such as nitrosamines (17), have also been suggested
to contribute to the risk of developing type 1 diabetes mellitus. Finally, dietary factors,
such as the ingestion of cow’s milk protein has been suggested as a possible trigger for

the development of this disease (18).



1.1.1.2) Pathophysiology of Type 1 Diabetes Mellitus

The clinical manifestations of the disease (hyperglycemia and ketoacidosis) occur
late in the course the disease process, when at least 80 % of §§ cells have been destroyed
(19). Interestingly, only the insulin-secreting P cells appear to be targeted during the
progression of this disease (20). By contrast, glucagon (a cells), somatostatin (3 cells),
and pancreatic polypeptide (PP cells) secreting cells of the pancreatic islet are preserved.
The loss of B cell mass is preceded by an infiltration of lymphocytes into the Islets of
Langerhans, commonly referred to as insulitis. This inflammatory infiltrate consists of
CD8+ and CD4+ T-lymphocytes, B-lymphocytes, natural killer (NK) cells, and
macrophages. Insulitis is a hallmark of the development of autoimmune (type 1) diabetes
not only in humans (21;22) but also in animal models of the disease (23-30). Howeyver, it
should be noted that there do exist some forms of benign (“non-destructive”) insulitis that
do not lead to the complete destruction of the B cells and to overt insulin-dependent
diabetes (31).

Type 1 diabetes is often considered a disease that has an acute clinical onset
characterized by the sudden appearance of metabolic abnormalities in otherwise healthy
individuals. However, there exists evidence to indicate that a prolonged pre-diabetic
period underlies the development of the disease. During this period, the immune system
is actively targeting the pancreatic p cells. This is supported by findings that islet-cell
autoantibodies (ICA) (32), autoantibodies to insulin (IAA) (33), autoantibodies to
glutamic acid decarboxylase (GAD) (34), and autoantibodes to the tyrosine phosphatase

IA2 (35) are present in 85-90% of individuals at the onset of overt diabetes (36). Some



studies report that of these autoantibodies, both ICA and IAA may precede the
development of overt diabetes by more than a decade, suggesting that the autoimmune
process responsible for the destruction of the B cells is occurring years before the
appearance of any clinical or metabolic findings (37;38). The rate of B cell loss varies
between individuals. However, there exists a small but significant proportion of diabetic
patients in which this process occurs at a remarkably slow pace. These patients often
present to their physician during adulthood with symptoms resembling those of type 2
diabetes mellitus. However, 3 cell function is noted to be lost at a relatively rapid pace in
these patients (i.e. < 5 years), when compared to patients suffering from the classical
form of type 2 diabetes. This form of “adult-onset” autoimmune diabetes is referred to as
latent autoimmune diabetes in adults (LADA) or type 1.5 diabetes mellitus.

Throughout the development of type 1 diabetes, there is a progressive loss in
insulin secretion, eventually resulting in the complete dependence on exogenous insulin
administration for survival. Studies have found detectable impairments in B cell function
prior to the onset of overt type 1 diabetes. Long-term follow-up studies of initially
discordant monozygotic twins and triplets for type 1 diabetes mellitus, and of antibody-
positive first-degree relative of patients with the disease, have documented a slowly but
progressive loss of the early (first-phase) insulin response to intravenous glucose several
years before the onset of overt type 1 diabetes (39;40). As the disease progresses,
circulating plasma insulin levels fall, fasting plasma glucose levels begin to rise, and
glucose intolerance ensues. The progressive loss of circulating insulin levels is

accompanied by a corresponding increase in plasma glucose levels, resulting in a



decrease in insulin sensitivity (insulin resistance due to glucotoxicity). Insulin resistance
may be an important component for the development of type 1 diabetes (41).

It is clear that the B cell defect is a pathogenic feature of type 1 diabetes mellitus.
However, there exists evidence to indicate that insulin resistance, which is commonly
associated to type 2 diabetes mellitus, may also play a role in the development and/or
progression of type 1 diabetes. Several studies have demonstrated an association between
insulin resistance and impaired glucose tolerance in the presence of preexisting B cell
damage. In one study conducted in a group of normoglycemic ICA positive first-degree
relatives, 2 weeks of nicotinamide therapy induced insulin resistance and impaired
glucose tolerance (42). In otherwise normal individuals, the induction of insulin
resistance would stimulate a compensatory increase in insulin secretion to maintain

normal glucose tolerance.



1.1.1.3) Mediators of the autoimmune destruction of the 3 cell

Several different mechanisms may be involved in the immune-mediated
destruction of the pancreatic B cells. One potential mechanism is the release of granzyme
B and perforins from cytotoxic T lymphocytes, which are compounds known to induce
apoptosis in tumor and pathogen containing cells (43). Perforin permeabilizes the plasma
membrane and/or the endosomal membrane of the target cell. Alone, this alters the target
cell’s hydrostatic balance, resulting in osmotic cell death. The pores also allow granzyme
B to enter the cell. Once in the cell, granzyme B induces cell death through activation of

the caspase cascade, which triggers B cell apoptosis. The importance of the

granzyme/perforin pathway in mediating the autoimmune destruction of pancreatic B
cells has been the subject of numerous investigations. In one study, the expression of
perforin was detected in the pancreatic islets of NOD mice (animal model of type 1
diabetes mellitus) at 15, but not at 5 weeks of age (44). In another study in the same
animal model, the incidence of spontaneous diabetes over a one year period was reduced
from 77% in perforin +/+ mice to 16% in perforin deficient animals (45). Taken together,
these findings suggest that that the granzyme B/perforin pathway may play an important
role in the destruction of [ cells in this particular animal model.

Another mechanism that may also be involved in the autoimmune-mediated
destruction of the pancreatic B cell is the Fas/Fas ligand (FasL) pathway. FasL is
normally expressed on the surface of activated CD4+ and CD8+ lymphocytes. Apoptosis
is triggered when a Fas-expressing cell meets a T cell that has FasL on its surface.

Normally, pancreatic B cells do not express the Fas receptor on their cell surface, and

10



therefore, are not usually prone to FasL mediated apoptosis. However, insulitis has been
shown to promote the expression of the Fas receptor on the B cell in both humans with
type 1 diabetes and in animal models of the disease. In one study, it was suggested that
CD8+ cytotoxic T lymphocytes kill  cells in a Fas-dependent manner in NOD mice (46).
In the same animal model, the incidence of diabetes was significantly reduced in Fas -/-
animals (47). However, Thomas et al. found that only a limited number of B cells were
Fas-positive prior to the development of diabetes in the NOD mouse, raising doubts about
the significance of Fas-mediated cell death in this particular animal model (48). In
humans, a study that examined pancreatic biopsy specimens from patients recently
diagnosed with type 1 diabetes revealed that Fas was in fact expressed on islet cells in
specimens that showed signs of insulitis (49). This finding suggest that the autoimmune
destruction of B cells may occur through a Fas-dependent mechanism in humans.

The role of cytokines in mediating the autoimmune destruction of f cells in type 1
diabetes has been the topic of numerous investigations. The secretion of cytokines by
lymphocytes present in the insulitis lesion may play an important role in mediating the
destruction of pancreatic f cells. Studies suggest that the presence of both pro-
inflammatory cytokines (IL-1a/B, TNF-a, and IFN-o), as well as type 1 cytokines (IL-2,
[FN-y, TNF-B, and IL.-12) correlate with B cell destruction in both the NOD mouse, and
the diabetes prone BB rat, however no such correlation has been elucidated in humans
(50-54). There exists evidence to suggest that cytokines play a role in causing B cell
destruction in vitro both in animal and in human islets. Early studies that investigated the
effect of cytokines on cells of the pancreatic islet examined the effect of crude cytokine

preparations, rather than any one isolated cytokine. Exposure to these preparations

11



resulted in both destruction and dysfunction of the B cell (55). Further studies have
demonstrated that IL-1 (56) alone, or IL-1, TNF-a, and IFN-y in combination (57),
destroy P cells in both rodent and human pancreatic islets (58). The following paragraphs
will examine the mechanisms involved in mediating these effects.

Exposure of pancreatic islets to the cytokine IL-1 results in B cell destruction and
dysfunction. Cell surface IL-1 receptors have been identified on the surface of pancreatic
islet cells, including B cells (6;59-62). IL-1 has been found to activate several signaling
pathways (63;64). Binding of IL-1 to its receptor promotes the recruitment of the IL-1
receptor accessory protein (IL-1RAcP) (65;66). This triggers the recruitment of the
adapter protein MyD88, which associates with the IL-1 receptor through a TIR domain
(Tol/IL-1 Receptor) (67;68). Once recruited, the MyD88 interacts with the
serine/threonine kinase known as the IL-1 receptor associated kinase (IRAK) (69). IRAK
then stimulates the activation of a kinase cascade that ultimately leads to the activation of
NF«xB (70) and mitogen activated protein kinase (MAPK) subfamilies (5;71). NFxB is
constitutively bound to its inhibitor I kappa B in the cytosol (67;72). This interaction
prevents the transcription factor from translocating to the nucleus. The activation of the
NF«xB transcription factor occurs as a consequence of the phosphorylation, and
consequent degradation of its inhibitor I kappa B (73). In addition to activating NFkB,
IL-1 also activates several MAPK pathways such as ERK, JNK, and p38. However, the
most important MAPK pathway involved in IL-1 mediated cell destruction appears to be
JNK (74). The addition of cell permeable inhibitors of JNK signaling were shown to
prevent IL-1 induced AP-1 induction (downstream of JNK) and protect cell from

apoptosis in the insulin secreting BTC3 cell line (75). GTP-binding proteins have been
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found to play a role in IL-1 signaling in P cells. Exposure of freshly isolated rat islets to
agents that are known to interfere with GTP binding protein signaling mechanisms, such
as pertussis toxin and cholera toxin, protect the p cells from the cytotoxic effects induced
by IL-1 (76). Low molecular weight GTP binding proteins such as Cdc42, Rac-1, and
Ras, have been found to be involved in IL-1 signaling and are believed to be important
for IL-1 activation of the JNK, p38, and ERK MAPK (77-81). The mechanism by which
IL-1 activates GTP-binding proteins is not known. Another mechanism by which IL-1
binding to its receptor may activate the MAPK pathway involves the
sphingomyelin/ceramide pathway. Binding of ligand to the IL-1 receptor has been shown
to activate the sphingomyelinase enzyme, releasing ceramide from membrane
sphingomyelin in the RINmS5f insulin producing cell line (82). The mechanism by which
the IL-1 receptor stimulates the activation of the enzyme has yet to be determined.
Studies suggest that ceramides mimic the cytostatic and cytotoxic effects of IL-1 on B
cells (83). Exposure to cell-permeable ceramides induced the phosphorylation and
increased activity of the protein kinase JNK1 and the upregulation of the transcription
factor ATF2 and c-jun in the RINmS5f cell line (84). However, the importance of this
pathway has been brought into question by Major et al., who demonstrated that IL-1
failed to stimulate sphingomyelin metabolism in the BTC3 cell line (85).

TNF-o is a pro-inflammatory cytokine that acts through the TNF receptor 1
(TNFR1) on the surface of pancreatic B cells (86). TNF-a induces J cell death through a
variety of different mechanisms. The TNF receptor, like the Fas receptor, contains an
intracellular “death domain” (TRADD), which upon activation interacts with various

adapter proteins (87). One of these adapter proteins (FLICE) is associated with a pathway
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that activates the caspase signaling cascade, while another (TRAF2) is involved in a
pathway that activates NFxB (88). Malinin et al. suggest that a MAP3K related kinase
known as NIK is recruited to the TRAF2 adapter protein where it is activated (89). NIK
is a kinase that activates a kinase cascade, which eventually leads to the phosphorylation
of the I kappa B protein, thereby activating the NFxB transcription factor.

IFN-y is also a pro-inflammatory cytokine that has been found to mediate the
destruction of pancreatic B cells. This cytokine upregulates MHC class I, intracellular
adhesion molecule-1, and iNOS. Binding of IFN-y to the IFN-y cell surface receptors
activates the JAK/STAT pathway (90-92). Activated JAK kinase phosphorylates tyrosine
residues on the intracellular domains of the receptor, which acts as a docking site for the
STAT]1 transcription factor. Recruited STAT1 are activated by phosphorylation and then
dimerize and translocate to the nucleus where they bind to transcription elements within
the promoters of IFN-y responsive genes. In addition, IFN-y binding to its receptor
induces the expression and de novo synthesis of interferon regulatory factor-1 (IRF-1),
which is also thought to be important in gene regulation (93). Both the STATI
transcription factor and the IRF-1 binding protein may be involved in the upregulation of
the iNOS gene (21;93;94).

The transcription factor NFxB appears to play a central role in regulating immune
and inflammatory responses. A variety of different genes are regulated by NF«xB
including those coding for cytokines, chemokines, adhesion molecules, colony
stimulating factors, immunoreceptors, and inflammatory enzymes (95). Several of the
genes regulated by NF«kB are involved in mediating apoptosis. As previously described,

NF kappa B is usually stored in the cytosol in its inactive form bound to the inhibitory
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unit I kappa B. Phosphorylation of the inhibitor promotes its subsequent degradation.
NF«B translocates to the nucleus once it has been released by I kappa B. Several studies
have demonstrated that NFxB has primarily pro-apoptotic functions in B cells. There
exists evidence to suggest that this transcription factor may be involved in mediating the
development of type 1 diabetes mellitus. This is suggested by the fact that studies have
shown that the transgenic overexpression of the I kappa B inhibitor protects the B cells
from cytokine mediated destruction in isolated pancreatic islets from both animals (96)
and humans (97).

Cytokines also induce oxidative stress in the B cell. The insulin secreting f cells
are especially vulnerable to injury by free radicals due to their low antioxidant capacity
(98). Cytokines have been found to induce the formation of nitric oxide in islets.
Exposure to the proinflammatory cytokines, IL-1, IFN-y, and TNF-a, alone or in
combination has been found to stimulate the production of nitric oxide in rodent (99;100)
and human (92;101;102) islets, through a mechanism that involves an increase in the
expression of inducible nitric oxide synthase (iNOS). It has been suggested that cytokines
upregulate the expression of this enzyme through the activation of the transcription factor
NF«B (101;103). The iNOS enzyme primarily synthesizes nitric oxide, however it also
has been found to synthesize detectable amounts of the superoxide radical (104). The
nitric oxide molecule may react with superoxide to form the peroxynitrite radical, which
has been suggested to mediate the cytokine induced destruction of the pancreatic § cell
(105).

It is interesting to note that not all of the cytokines secreted in the inflamed islets

contribute to B cell dysfunction and destruction. Some cytokines have been shown to
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protect the B cell by regulating the autoimmune and/or inflammatory processes that

would otherwise result in the loss of these insulin-producing cells. This is supported by
the fact that the expression of certain type 2 cytokines (such as IL-4 and IL-10)
dominates over the expression of type 1 cytokines in the islets of animal models of

autoimmune diabetes with benign (“non-destructive”) insulitis (51).
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1.1.1.4) Animal Models of Type 1 Diabetes

Two animal models are commonly used to study type 1 diabetes: the non obese
diabetic (NOD) mouse, and the diabetes prone BioBreeding (dpBB) rat. Both animal
models develop autoimmune type 1 diabetes spontaneously during their lifetime. The
diabetes prone BioBreeding rat will be discussed further as it is relevant to Study #1

described in this thesis.

1.1.1.4.a) The BioBreeding Rat

The diabetes prone BioBreeding (dpBB) is a recognized animal model of
autoimmune diabetes. This model was first recognized in 1974 by Drs. Reginald and
Clifford Chappel at the BioBreeding Laboratories in Ottawa, Canada. The syndrome first
appeared in a commercial outbred colony of Wistar-derived albino rats. However, since
then, the colony remained closed, and recent genotyping indicates the animals are ~80%
identical at the DNA level (106). The diabetes resistant BioBreeding (drBB) rats are a
subline derived from dpBB rats that were found to be resistant to the development of
autoimmune diabetes.

The onset of diabetes in the dpBB rats is spontaneous, occurring in both sexes
between 60 and 120 days of age, and is preceded by a period of insulitis that is followed
by the selective destruction of the B cells (107). The onset of the disease is characterized
by the abrupt development of hyperglycemia, ketosis, hypoinsulinemia, and weight loss.

In addition, severe T-cell lymphopenia, which is essential for the development of the
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diabetic phenotype, is present since birth in the dpBB rats (108;109). The lymphopenia is
characterized by a reduction in CD4+ peripheral T-cells, a severe reduction in CD8+
peripheral T-cells (110), and an almost total absence of RT6+ T-cells (111). Interestingly,
RT6+ T-cell depletion of the non-lymphopenic and non-diabetic diabetes-resistant
(drBB) rat induces diabetes in 50% of the animals (112), whereas transfusion of CD4+ T-
cells from drBB rats to young dpBB rats reduces the incidence of diabetes in a manner
dependent on the number of RT6+ T-cells transferred (113).

Two susceptibility loci have been identified in the dpBB rat. The first locus,
referred to as iddmli/lyp, which was mapped to rat chromosome 4, is linked to the
lymphopenic phenotype and is essential for the development of diabetes in this particular
animal model. It has been shown that this locus codes for Ian5, a member of the immune-
associated nucleotide (IAN) gene family, a new and largely uncharacterized family of
GTP-binding proteins (114). Members of this gene family were found to be primarily
expressed in B and T lymphocytes (115). Findings from a recent in vivo study
demonstrate that the Ian5 protein has an antiapoptotic effect, protecting cells against a
broad range of apoptogens (Fas, TNF-a, staurosporine, and etoposide), suggesting that
this protein plays an important role in determining cell viability (116). In the dpBB rats, a
frameshift mutation in the gene coding for Ian5 results in the synthesis of a truncated
form of the protein. It may therefore be hypothesized that the accompanying reduction /
loss of protein function may reduce T-cell viability, resulting in lymphopenia.

The second susceptibility locus, known as iddm2 has been mapped to the u
haplotype of the RT.1 gene in the rat (analogous to MHC class II in the human). As in

human type 1 diabetes, the locus that codes for proteins responsible for antigen
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presentation is also involved in conferring susceptibility to autoimmune disease in this
animal model.

Despite the observed similarities between autoimmune diabetes in humans and the
dpBB rat, there exist certain important differences. The most notable difference is that the
disease is accompanied by severe lymphopenia in the dpBB rat, whereas this is not the
case in humans. This obvious difference in the disease phenotype clearly implies that
there exists a limit to the degree of analogy that can be ascribed to the two disease states.

Furthermore, when interpreting data from the dpBB rat it is important to keep in
mind that there is genetic variability among the various colonies around the world. There
exists evidence to suggest that colonies of dpBB rats in Ottawa, Worcester, Edinburgh
etc. are not all genetically identical (117). Therefore, it is important to exercise caution
when generalizing observations that may have been made in animals from only a single

location.
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1.1.2) Type 2 Diabetes Mellitus

Type 2 diabetes mellitus is the most common form of diabetes, accounting for
approximately 90% of all cases of this disease. This form of the disease affects between 5
and 20 % of the population in Western industrialized countries (118). Type 2 diabetes is
characterized by defects both in insulin sensitivity and in insulin secretion. Unfortunately,

the exact cause and pathogenesis of type 2 diabetes is not well understood.
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1.1.2.1) Genetic and Environmental factors

The development of type 2 diabetes has been linked both to genetic and
environmental factors. Studies conducted in monozygotic twins demonstrate a
concordance rate of nearly 100%, suggesting a strong genetic background for this disease
(14). Type 2 diabetes is known to be a polygenic disease with complex inheritance
patterns. Despite longstanding investigations, the precise genes that lead to the
development of the disease have yet to be identified.

Available epidemiological evidence suggests a strong relationship between type 2
diabetes and obesity. It has been estimated that 85% of type 2 diabetic individuals are
also obese (119). In particular, upper body (central) obesity is closely linked to insulin

resistance and type 2 diabetes mellitus (120).
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1.1.2.2) Type 2 Diabetes, Obesity and Insulin Resistance

Insulin mediates its cellular effects through a series of well-defined steps.
Stimulation of insulin action requires that the hormone must first bind to specific
receptors present on the cell surface of all insulin-target tissues. The insulin receptor is a
heterotetrameric receptor tyrosine kinase. Upon binding insulin, the receptor undergoes
autophosphorylation on specific tyrosine residues located on the intracellular subunit,
which activates the kinase activity of the receptor. Once activated, the insulin receptor
phosphorylates the tyrosine moiety on a number of intracellular substrates, including
members of the insulin receptor substrate family (IRS-1/2/3/4), the Shc adaptor protein,
Gab-1, and Cbl.

It has been well established that obesity is associated with insulin resistance.
Several hypotheses have been introduced in an attempt to explain this association. One
mechanism that was proposed to explain this phenomenon is that fatty acids, which are
often elevated in obesity, induce intracellular alterations that impair insulin sensitivity. In
the 1960’s, Randle and his colleagues proposed that an increase in free fatty acids (FFA)
induce a state of insulin resistance in cardiac and skeletal muscle cells by causing a
decrease in glucose metabolism via a fatty acid/glucose inhibitory cycle, by inhibiting
glycolytic usage of glucose, with subsequent derangements of glucose transport and
glycogen synthesis. More recently, fatty acids have been suggested to impair insulin
action by activating intracellular protein kinase C (PKC) enzymes (121;122), which
phosphorylate serine residues on the insulin receptor and IRS-1, thereby inhibiting their

tyrosine phosphorylation. These changes in phosphorylation disrupt the insulin signaling
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cascade. Furthermore, it has been suggested that FFA may impair insulin sensitivity by
stimulating the production of intracellular ceramides and also of free radicals (123;124).
However, findings from a recent study suggest that a predisposition to develop type 2
diabetes mellitus, such as a strong family history, may be important in determining
whether FFA alter insulin sensitivity (125).

In addition to being an energy storehouse, adipose tissue has been shown to be
secretory organ. Among other things, adipocytes secrete the cytokine TNFa. The levels
of this particular cytokine correlate with the adipose tissue mass. Interestingly, TNFa has
been found to reduce insulin sensitivity (126), and therefore this cytokine may serve as a
mediator of obesity induced insulin resistance. It has been suggested that TNF-o induces
insulin resistance by promoting serine phosphorylation of the insulin receptor and IRS-1,
which inhibits the tyrosine phosphorylation (and therefore activation) of these key
molecules in the insulin signalling cascade (127). One possibility is that TNF-a induces
serine phosphorylation of IRS-1 through the activation of the inhibitor kappa B kinase
(IKK) complex (128). Another cytokine secreted by adipocytes, interleukin-6 (IL-6), has
also been associated with obesity induced insulin resistance (129). A recent in vivo study
conducted in mice demonstrated that chronic (5 day) IL-6 treatment selectively impaired
hepatic insulin signaling through a mechanism that may involve the induction of
suppressor of cytokine signalling-3 (SOCS-3) (130). Several other factors secreted by
adipocytes have also been found to impair insulin sensitivity. A peptide secreted by
adipocytes known as resistin has also been suggested to play a role in linking obesity,
insulin resistance, and diabetes. In a study published in 2001, resistin was shown to

induce insulin resistance both in vivo in mice, and in vitro in 3T3-L1 adipocytes (131).
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The exact mechanisms by which resistin induces insulin resistance have yet to be
determined.

In addition to secreting molecules that impair insulin sensitivity, adipose tissue
has also been shown to synthesize and secrete molecules that enhance insulin action. The
fat-derived hormones leptin (132) and adiponectin (133) are known to enhance insulin
sensitivity. Leptin has been shown to enhance insulin sensitivity by depleting the
intracellular triglyceride stores, which are known to impair insulin action (134), by
activating AMP-activated kinase (135). Adiponectin is thought to act by increasing both
the phosphorylation of AMP-activated kinase (136) and the activity of peroxisome
proliferator-activated receptor o (PPARa) (137). Activation of these pathways results in

increased glucose uptake and fatty acid oxidation in muscle, and decreased hepatic

glucose production.
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1.1.2.3) Pathophysiology of Type 2 Diabetes Mellitus

As previously described, the pathophysiology of type 2 diabetes is multi-factorial,
featuring insulin resistance (both peripheral and hepatic), and impaired B cell function.
Prospective studies, which follow patients from normal glucose tolerance, through
impaired glucose tolerance (IGT), to the onset of type 2 diabetes mellitus, have shown
that insulin resistance may be the earliest defect associated with the disease. However,
IGT already features P cell dysfunction. Insulin secretion is increased in an attempt to
maintain normal glucose homeostasis. Typically in a normal individual, insulin secretion
increases to perfectly compensate for a defect in insulin sensitivity. However, in
individuals predisposed to develop type 2 diabetes, insulin secretion fails to compensate

for insulin resistance, leading to impaired glucose tolerance and hyperglycemia.
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1.1.2.4) Latent Autoimmune Diabetes in Adults

Interestingly, between 5-10% of patients who are initially diagnosed with type 2
diabetes display some immunological and clinical features typically associated with type
1 diabetes mellitus (138). Individuals with this form of diabetes often present during
adulthood with symptoms of type 2 diabetes accompanied by circulating autoantibodies
to either ICA (139) or GAD (140). These immunological findings suggest the presence of
an autoimmune process targeted to the pancreatic f cell, similar to that which occurs in
type 1 diabetes. This slowly progressive form of type 1 diabetes is commonly referred to
as Latent Autoimmune Diabetes in Adults (LADA) or type 1.5 diabetes. Individuals
diagnosed with this disease have been found to require insulin much sooner than
individuals with typical type 2 diabetes (141). Patients with LADA share insulin
resistance with type 2 diabetic patients, which presumably develops secondarily to
impaired glucose tolerance, but display a more severe defect in insulin secretory function

than patients with type 2 diabetes (142).
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1.2) THE EFFECT OF FREE FATTY ACIDS ON INSULIN SECRETION

1.2.1) Insulin Secretion

Insulin is normally secreted by the pancreatic f§ cell in response to a variety of
different secretagogues. Plasma glucose is the major regulator of insulin secretion.
Glucose enters the § cell via a glucose transporter (GLUT2), which is present in large
numbers in the plasma membrane, and does not require insulin for activation. Once inside
the cell, glucose is metabolized to glucose-6-phosphate by the rate-limiting enzyme
glucokinase (GK). In the B cell, glucose-6-phosphate is further metabolized through
glycolysis and the tricarboxylic acid (TCA) cycle. Glucose metabolism is also coupled to
mitochondrial oxidative phosphorylation. The end result of this process is a net increase
in intracellular ATP concentration. An increase in the ATP/ADP ratio stimulates the
closure of the ATP sensitive K+ channels (K+atp channels), resulting in a depolarization
of the cell. Voltage gated Ca®* channels (Ca®* channels) open in response to the change
in membrane potential, resulting in an influx of calcium into the cell. The increase in
intracellular calcium triggers the exocytosis of the insulin containing granules. Some oral
hypoglycemic agents, such as sulfonylurea derivatives and nataglinide, increase insulin
release by closing the K srp channels (direct effect) in the B cells.

Glucose has also been found to induce insulin secretion through a mechanism that
does not depend on the closure of K" atp channels. This K omp independent mechanism
does not require changes in intracellular Ca2+ and is likely accounted for by direct effects

on exocytosis of the increase in the ATP/ADP ratio and/or putative ‘coupling factors’
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derived from glucose or increased by glucose such as long-chain acyl CoA (LC-CoA)
(143). Glucose is metabolized through the glycolytic pathway to pyruvate, which is then
be converted into citrate in the mitochondria. In addition to being oxidized by the TCA
cycle, some citrate may also be exported into the cytoplasm where it can be converted to
malonyl-CoA via the sequential action of ATP-citrate lyase (CL) and acetyl-CoA
' carboxylase (ACC). Malonyl-CoA is a potent allosteric inhibitor of the mitochondrial
membrane enzyme, carnitine palmitoyltransferase-1 (CPT-1), which controls the
transport of LC-CoA into the mitochondria to be oxidized. Thus, malonyl-CoA acts to
switch B cell metabolism from fatty acid oxidation to glucose oxidation. An important
consequence of this switch is an increase in cytosolic LC-CoA, which is proposed to act
as an effector molecule in the B cell. It has been demonstrated that LC-CoA can directly
stimulate the insulin exocytotic machinery, independently of known modulators of this
process (144). This direct effect may result from the fact that LC-CoA facilitates the
fusion of secretory granules with the B cell plasma membrane, promoting insulin release.
It has been suggested that this effect is mediated by protein acylation (145). In addition to
the direct effects of LC-CoAs on insulin secretion, signaling molecules have also been
shown to affect intracellular signaling pathways. It has been suggested that LC-CoAs
could directly modulate the activity of enzymes such as PKC. LC-CoA have been shown
to mainly stimulate the activity of PKC isoforms in B cells (146). Activation of PKC

stimulates glucose-induced insulin secretion in these insulin producing cells (147). It has

been suggested that the acute stimulatory effect of LC-CoA on insulin secretion is the
result of the direct activation of PKC isoforms in the pancreatic B cell. Finally, LC-CoA

have been found to modulate the activity of certain ion channels. There exists evidence to
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indicate that LC-CoA can also inhibit insulin secretion by preventing closure of the K. a1p
channels (148), thereby preventing the membrane depolarization required to trigger
insulin exocytosis.

In addition to glucose, FFAs are also insulin secretagogues. FFAs increase insulin
secretion by promoting islet ATP generation, however, it is now accepted that most of the
FFA induced insulin secretion is mediated through LC-CoA. As previously described,
LC-CoA play an important role in modulating insulin secretion.

In both humans and animals, insulin secretion normally occurs in a biphasic
pattern. The first phase insulin response (early insulin response), characterized by a spike
in circulating plasma insulin levels, is followed by the more sustained release of insulin
during the second-phase insulin secretory response. It is believed that the initial response
is due to release of insulin stores, whereas the sustained release of insulin is due to the
release of newly synthesized insulin. Another interesting characteristic of insulin
secretion is that it occurs in an oscillatory manner. It is thought that oscillations in
glucose metabolism, which lead to oscillations intracellular calcium levels, are at least in
part responsible for this phenomenon. However, the physiological benefit of such a

secretion pattern has yet to be determined.
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1.2.2) Free Fatty Acids and Diabetes

The association between obesity and diabetes mellitus has been well established.
More than 85 % of individuals diagnosed with type 2 diabetes are obese (119). Plasma
free fatty acids (FFA), which are often elevated in obesity, play an important role in the
development of diabetes. Plasma free fatty acids (FFA) are derived from lipolysis of
adipose tissue triglyceride (TG) stores. In general, obesity results in higher circulating
plasma FFA levels. This is primarily due to the fact that FFA turnover (lipolysis) is
directly proportional to body fat mass (149). However, studies have suggested that not all
obese states are equivalent. Body adipose mass distribution plays an important role in
determining the circulating plasma FFA levels. Higher circulating plasma FFA
concentrations have been associated with upper body obesity (also known as abdominal
or central obesity), rather than lower body obesity (also known as peripheral obesity)
(150). Upper body obesity, which is associated with higher circulating FFA levels, is
more closely associated to the development of diabetes (120), strengthening the
hypothesis that FFA play an important role in the development of this disease.
Experimental studies have also found that artificially elevated plasma FFA levels lead to
defects that are characteristic of impaired glucose tolerance and type 2 diabetes, such as
insulin resistance and impaired insulin secretion.

As discussed above, several different mechanisms have been suggested to mediate
the impairing effects of FFA on insulin sensitivity. These mechanisms include the Randle
cycle, activation of PKC isoforms, and oxidative stress. However, in subjects with a

family history of diabetes, the effect of FFA to impair insulin sensitivity appears to be
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reduced (125), whereas these subjects appeared to be particularly susceptible to an FFA-

induced impairment in  cell function (151).
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1.2.3) Free Fatty Acids and the B cell

FFAs have been shown to have a time-dependent effect on B cells. Early studies
conducted by Crespin et al. showed that acute exposure to elevated plasma FFA levels
enhanced insulin secretion, in fasted animals (152). In addition to directly stimulating
insulin secretion, acute exposure to FFA was found to potentiate both glucose and non-
glucose stimulated insulin secretion in fasted animals (153). On the other hand, prolonged
exposure to elevated FFA levels has been shown to have a different effect on B cell
function.

Prolonged (> 24-h) exposure to FFA increases insulin secretion at basal and
moderately elevated glucose levels in rat islets (154;155), but not human (156) or mouse
(157) islets. However, prolonged (> 24 h) exposure to FFA has been shown to desensitize
the B cell secretory response to high physiological and pathophysiological concentrations
of glucose. Both in vitro and in situ studies in isolated islets (154;157), perfused rat
pancreas (155), and in B cell lines (158;159) have shown that long-term fatty acid
exposure impairs GSIS.

The effects of a prolonged elevation of FFA on GSIS in vivo are more
controversial than those found in vitro. Magnan et al infused rats with Intralipid and
heparin for 48 h and GSIS was measured in vivo in the fed state and in vitro in isolated
islets (160). In this study, the authors found that a prolonged lipid infusion suppressed
insulin secretion in the isolated islets, however, the 48 h fatty acid elevation appeared to
enhance GSIS in vivo. In another study conducted by Boden et al in healthy humans, a 48

h Intralipid and heparin infusion increased GSIS in vivo, under conditions of a 48 h
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hyperglycemic clamp (161). These authors found that elevated FFA levels coupled with
hyperglycemia caused insulin hypersecretion throughout the infusion period. In contrast,
other studies have shown that a prolonged FFA elevation impairs GSIS in vivo. In a study
conducted by Mason et al, a 48 h elevation of plasma FFAs levels was shown to impair
GSIS in fasted rats (162). In this study, the impairing effect of a prolonged infusion of
Intralipid and Heparin (triglyceride emulsion containing mostly polyunsaturated fatty
acids) on GSIS was less than that of oleate (monounsaturated fatty acid). Two
independent studies demonstrated that FFAs chronically desensitize the insulin secretory
response to glucose in humans. In a study conducted by Paolisso et al in humans, the
acute insulin response to a standard glucose load was decreased after 24 h of Intralipid
and Heparin infusion, and this decrease was reversed 24 h after cessation of the lipid
infusion (163). In a separate study, Carpentier et al found that a 48-h infusion of
Intralipid and Heparin did not affect the absolute insulin secretory response to a glucose
challenge. However, when corrected for the fatty acid induced defect in insulin action, a
prolonged FFA infusion was shown to actually impair B cell function (164).

Several reasons may account for the discordant results discussed above. First,
differences in experimental protocols (i.e. glucose levels, fasting vs. fed) may influence
the results presented in the various studies. Second, the effect of FFA on insulin
sensitivity was not considered in every study discussed. In contrast to isolated islets,
GSIS in vivo depends not only on glucose levels, but also on insulin sensitivity.
Therefore, for an accurate assessment of in vivo GSIS, the results must be interpreted in
the context of insulin sensitivity, since in vivo the normal B cell increases its secretion to

compensate for reduced insulin sensitivity. Both Bergman et al (165), and Kahn et al
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(166) have introduced the concept that the relationship between insulin sensitivity and 3
cell function is hyperbolic so that the disposition index (DI), which is the product of
insulin sensitivity and B cell function, is constant. That is, when insulin sensitivity is low
(insulin resistance), p cell function is high and vice versa in normal subjects. Since it is
well established that FFA induce insulin resistance, which would be expected to result in
increased P cell function, even an unchanged absolute GSIS may indicate B cell
dysfunction.

There exists evidence to indicate that in addition to affecting P cell function, FFA
can also affect B cell mass. In several studies, prolonged exposure to elevated FFA levels
was found to induce P cell apoptosis in vitro (167-170). Furthermore, there exists
evidence that long term FFA exposure also affects  cell proliferation (see following
paragraphs) (170;171). The mechanisms responsible for the observed changes in both

cell function and mass will be discussed in the following paragraphs.
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1.2.4) Chronic effects of FFA on GSIS

The mechanisms that mediate the impairing effect of a prolonged FFA elevation
on insulin secretion have been the focus of intense research. It has been suggested that the
observed lipid induced defects in insulin secretion may be the consequence of an
impairment in islet glucose metabolism. Studies have demonstrated that the FFA-induced
impairment in insulin secretion is associated with an exaggerated rate of fatty acid
oxidation (158;172). This observed increase in fatty acid metabolism has been accounted
for by alterations in the expression of key metabolic enzymes. The levels of the
messenger RNA (mRNA) for acetyl-coenzyme A (CoA) carboxylase (ACC), which
catalyzes the formation of malonyl-CoA, decreases in response to prolonged exposure to
fatty acids (158). Simultaneously, the transcription of the gene encoding carnitine
palmitoyltransferase I (CPT-I), the rate-limiting enzyme for B-oxidation of FFAs, is
upregulated by fatty acids (159). It has been suggested that an enhanced rate of fatty acid
oxidation might reduce glucose metabolism, and consequently glucose-induced insulin
secretion, if Randle’s cycle (also known as the glucose-fatty acid cycle) were operative in
B cells exposed to fat. This relationship between fatty acid oxidation and glucose
metabolism has been well documented in tissues such as heart muscle and liver (173).
According to this concept, increased fatty acid oxidation enhances the generation of both
NADH and acetyl-CoA, which inhibit pyruvate dehydrogenase (PDH), and thus glucose
oxidation. Furthermore, the Randle cycle also predicts an elevation in the in the
intracellular concentration of citrate. This metabolite is known to negatively regulate the

key rate limiting enzymes involved in glucose metabolism known as
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phosphofruktokinase (PFK), resulting in a lower glucose utilization rate. There is some in
vitro evidence suggesting that this cycle may in fact be established in pancreatic islets
exposed to fat. Results from an in vitro study demonstrate that inhibiting fatty acid
oxidation with etomoxir (an inhibitor of CPT-1) prevents the FFA-induced defect in
glucose-induced insulin secretion (154). Furthermore, prolonged exposure to the fatty
acid palmitate has been shown to reduce the activity of the PDH enzyme in isolated
rodent islets, also indicating that the glucose-fatty acid cycle may be operative in B cells
after fat exposure (174). In other studies fatty acids did not affect the B cell glucose
utilization rate (175), or the glucose-6-phosphate and citrate levels (172), suggesting that
a reduction in glucose metabolism, as predicted by the glucose-fatty acid cycle, is not the
major cause of blunted insulin release in response to glucose stimulation.

As alluded to in the previous paragraph, exposure long-term exposure to free fatty
acids has been found to alter gene expression. Exposure of isolated rat pancreatic islets to
fatty acids induced a significant decrease in mRNA and protein expression of IDX-1
(176), a transcription factor expressed in the pancreatic B cells. This resulted in an
expected decrease in the expression of genes transactivated by IDX-1 such as those for
GLUT2 and glucokinase (176). Both GLUT2 and glucokinase play an important role in
the B cell’s glucose sensing mechanism, and thus alterations in the expression of these
genes would predictably alter the glucose-induced insulin secretory response.

It has been suggested that the FFA-induced defect in GSIS may be mediated by a
decrease in insulin production. Several studies have reported that long-term fatty acid
exposure reduced islet insulin content (154;156;177). This may be the result of a fatty

acid induced decrease in the transcription of the preproinsulin gene (62;176;178), through
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a mechanism that may involve the transcription factor IDX-1 (176), perhaps through
ceramide synthesis (62). Furthermore, prolonged exposure to fatty acids may impair
insulin production by inhibiting proinsulin biosynthesis (154;177). Finally, there exists
evidence to suggest that FFAs may also delay processing of proinsulin in B cells. A study
conducted in the MIN6 pancreatic 8 cell line found that long-term fatty acid exposure
impaired the function of the prohormone convertase enzymes (PC2 and PC3), which
catalyze the conversion of proinsulin into insulin (179).

It is well established that the production of ATP by the mitochondria is essential
for GSIS. Therefore, any dissociation of phosphorylation from oxidation (uncoupling),
which will decrease the efficiency of ATP synthesis, will impair glucose-induced insulin
secretion. Proteins of the uncoupling protein (UCP) family are located in the inner
mitochondrial membrane and uncouple the electrochemical gradient produced by the
respiratory chain from ATP synthesis. Exposure to FFA has been shown to increase the
expression of UCP2 (180), the only member of the UCP family located in the pancreatic
islet. The findings obtained from overexpression (181) and knockout (182) studies are
consistent with the hypothesis that alterations in the protein levels of UCP2 modulate
GSIS.

Oxidative stress may also play a role in the FFA-induced impairment in insulin
secretion. The term oxidative stress is used to describe an environment where there is an
excess concentration of free radicals, such as reactive oxygen species (ROS). ROS and
other free radicals damage cellular proteins, lipids, and DNA. It has been shown that
exposure to FFAs enhance ROS production in islets (183). The pancreatic B cells, which

have a low antioxidant capacity, are especially vulnerable to oxidative stress (98). This
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sensitivity has been found to affect both B cell function and viability. Exposure to a
source of ROS (i.e. hydrogen peroxide) (184) or to lipid peroxidixation products (i.e.
aldehydes such as 4-hydroxy-2-noneal) (185) results in a marked impairment in GSIS.
Taken together, these findings suggest that FFA may impair GSIS by enhancing
oxidative stress in the islets.

The precise mechanism by which oxidative stress impairs B cell function remains
to be elucidated. However, several possible mechanisms have been proposed. One
possibility is that oxidative stress impairs insulin secretion by reducing ATP production.
As previously described, an increase in the ATP/ADP ratio is essential for normal insulin
secretory function. Therefore, any alteration in ATP synthesis will undoubtedly affect
insulin secretion. In addition to being an important source of ROS, the mitochondrion is
paradoxically very sensitive to oxidative stress. Treatment with hydrogen peroxide, a free
radical donor, was found to reduce the generation of ATP through a mechanism involving
a change in mitochondrial membrane permeability and mitochondrial membrane
potential. Furthermore, studies have shown that mitochondrial enzymes, such as
aconitase (186), and mitochondrial DNA (187) are susceptible to oxidative modification.
Oxidative stress inhibits glucose metabolism in the f cell. Miwa et al have shown that
both glucose utilization and glucose oxidation are significantly reduced in isolated islets
exposed to lipid peroxidation products, which are the end product of a reaction between
free radicals and membrane lipids (185). Oxidative stress may also reduce the
mitochondrial ATP production by inducing the expression of a mitochondrial uncoupling
protein (UCP-2) in the pancreatic 3 cell (188). Finally, oxidative stress may also affect

insulin gene expression. In a study conducted in a model of glucotoxicity, which is also
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associated to oxidative stress, antioxidants were shown to prevent the ROS-mediated

decrease in insulin gene expression and insulin gene promoter activity (189).
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1.2.5) Chronic effect of FFA on 3 cell mass

In addition to impairing the glucose stimulated insulin secretory response, a
prolonged FFA elevation has been shown to affect B cell mass dynamics. Fatty acids
affect proliferation and apoptosis of the insulin producing cells of the pancreatic islet.
The effect of FFA on proliferation remains controversial. There exists evidence to
suggest that prolonged exposure to fatty acids can both enhance and impair 3 cell
proliferation. Prolonged exposure to FFAs has been shown to stimulate B cell
proliferation both in vitro (171) and in vivo (190). The signaling mechanisms that may be
involved in increasing P cell proliferation have yet to be completely elucidated. However,
there exists evidence to indicate that fatty acids upregulate the expression of the c-fos and
nur-77 transcription factors (191), which are known to induce the expression of other
genes encoding for proteins necessary for cells to progress through the cell cycle. In
contrast, prolonged exposure to FFAs has also been shown to inhibit B cell proliferation.
In a study by Cousin et al, a prolonged exposure to elevated plasma FFA levels was
shown to inhibit both glucose and insulin-like growth factor I (IGF-1) induced B cell
proliferation, through a mechanism that may involve the inhibition of protein kinase B
(PKB) activity and / or activation of an atypical PKC isoform (PKC &) (192).

Long-term FFA exposure has also been found to promote P cell apoptosis
(167;169). Several mechanisms have been proposed to explain this finding. Studies have
found that fatty acid-induced P cell apoptosis depends in part on the generation of
ceramides. These lipid second messengers are involved in the apoptotic response induced

by a variety of different triggers including cytokines, ionizing radiation, and heat shock
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(193). Studies have noted that ceramide levels are elevated in fat rich islets (167;194),
presumably due to the abundance of substrate for de novo ceramide synthesis. Treatment
with ceramide synthase inhibitors prevented the FFA-induced B cell apoptosis in both
rodent (167) and human (169) islets. Ceramides, which are known to enhance the
generation of free radicals, may trigger apoptosis by promoting oxidative stress.
Ceramides have been shown to increase the production of ROS in the mitochondrion
(195), and they have also been found to upregulate the expression of the iNOS gene
(196). However, fatty acids have also been shown to enhance the production of ROS,
independent of ceramides (197). Free radicals have been implicated as important
regulators of the apoptotic pathway (198). Therefore, it is not surprising that there exists
evidence indicating that FFA-induced B cell apoptosis is ROS-dependent. Studies have
found that prolonged exposure to FFA stimulates the generation of ROS in B cells
(183;199). Treatment with either antioxidants or inhibitors of inducible nitric oxide
synthase (iNOS) has been found to prevent FFA-induced P cell apoptosis (167,168;199).
This suggests that fatty acids depend on oxidative stress to induce B cell apoptosis.
Finally, activation of PKC-8 has been implicated in the fatty acid induced loss of B cell
mass through a mechanism that may involve inhibition of glucose/IGF-I mediated

mitogenesis (200).
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2) GENERAL HYPOTHESIS
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The general hypothesis of this thesis is that prolonged exposure to FFA impairs
glucose stimulated insulin secretion via mechanisms that involve inflammation and
oxidative stress. This thesis consists of two studies. The first study investigated the
effects of a prolonged elevation of plasma FFA on glucose stimulated insulin secretion in
vivo in diabetes prone BioBreeding rats, an established model of autoimmune diabetes.
The second study investigated the effects of prolonged exposure to FFA, alone and in
combination with antioxidants, on glucose stimulated insulin secretion, in the whole

animal and also in isolated islets.
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3) SPECIFIC OBJECTIVES
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Study # 1

To examine whether islet inflammation during autoimmune insulitis sensitizes glucose
stimulated insulin secretion to the impairing effect of a prolonged (48-h) free fatty acid
elevation. Previous work by our laboratory has shown that a prolonged infusion of
Intralipid impaired glucose stimulated insulin secretion to a lesser extent than an infusion
of oleate (160). Since the objective of this study was to determine whether the FFA-
induced impairment in glucose stimulated insulin secretion is accentuated in pre-diabetic
model of autoimmune diabetes, we decided to use an infusion of Intralipid to elevate

plasma FFA levels.

Study # 2

To examine whether antioxidants can prevent the effects of prolonged exposure to FFA
on glucose stimulated insulin secretion. Previous work by our laboratory has shown that a
prolonged infusion of oleate impaired GSIS to a greater extent than an infusion of
Intralipid and heparin (162). Since the objective of this study was to examine whether
antioxidants can prevent the FFA-induced impairment in glucose stimulated insulin

secretion, we decided to use an oleate infusion to elevate plasma FFA levels.
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4) MATERIALS AND METHODS
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4.1) PROCEDURES

Cannulation. Rats were anesthetized with ketamine:xylazine:acepromazine (100:0.1:0.5
mg/ml, 1ul/g body wt), and under sterile conditions, indwelling catheters were inserted
into the right internal jugular vein and the left carotid artery. Polyethylene catheters (PE-
50; Cay Adams, Boston, MA), each extended with a segment of silastic tubing (length of
3 cm, internal diameter of 0.02 inches; Dow Corning, Midland, MI) were used for
vascular catherization. The venous catheter was extended to the level of the aortic arch.
Both catheters were tunneled subcutaneously, fed through a subcutaneous interscapular
implant, and exteriorized. Catheters were filled with a mixture of 60%
polyvinylpyrrolidone and heparin (1,000 U/ml) to maintain patency and were closed at
the end with a metal pin. Cathethers were flushed with saline every 2-3 days. The rats

were allowed a minimum 3- 4 days period of post-surgery recovery before experiments.

Chronic Infusions. At least 2-3 days after surgery, PE-50 infusion tubing was connected
to each of the catheters. The infusion lines ran inside a tether that was fitted to the
subcutaneous implant. Each rat was placed in a circular cage, and the infusion lines were
run through a swivel, which was suspended on top of the cage. This procedure protected
the infusion tubing and allowed the rat complete freedom of movement. Rats were
allowed a 30-min adaptation period during which slow saline infusions (5ul/min) kept the
lines patent. Thereafter, a basal nonfasting (random) sample was taken for FFAs, glucose,
and insulin. A slow infusion of heparinized saline (4U/ml) was started at Sul/min to

maintain the arterial line patent between samples in all rats. The saline/fat (Intralipid or
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oleate) infusions were given through the jugular catheter. Throughout the infusion period,
rats had free access to water and to their standard pelleted food. = Samples for FFAs,
glucose, and insulin were taken at 18, 24, and 46 hours after the onset of the Saline or fat
infusion, i.e. -30, -24, and -2 h before the onset of the hyperglycemic clamp (time = 0).

Food was removed at 1900 the day before the two-step hyperglycemic clamp.

Two-step hyperglycemic clamp. Glucose stimulated insulin secretion was determined
by measuring insulin and C-peptide responses to a two-step (~13 and 22 mmol/L)
hyperglycemic clamp. The two-step hyperglycemic clamp was performed in conscious
rats fasted overnight. At —20 min, the continuous arterial infusion of heparinized saline
was stopped in all rats, since the same total amount of heparinized saline was used to
dilute the erythrocytes that were reinfused into the rats after plasma separation from
blood samples. The venous infusion saline/treatment was continued throughout the
experiment. Two basal samples were taken at —20 and 0 min, after which an infusion of
37.5% glucose was started (time = 0 min) in order to approximately double the plasma
glucose levels (first step of hyperglycemic clamp). The glucose infusion was given
through the jugular catheter. Both the glucose and the saline/treatment infusion lines were
connected to the jugular line through a Y shaped connector. The target plasma glucose
level of ~13 mmol/L was achieved and maintained by adjusting the rate of the glucose
infusion according to frequent (every 5-10 min) plasma glucose determinations. At 120
min, the glucose infusion was again raised to achieve and maintain plasma glucose levels
of ~22 mmol/L. (the second step of the hyperglycemic clamp) until the end of the

experiment (time = 240 min). Samples for insulin, C-peptide, and FFAs were taken at
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regular intervals. The sample volume was minimized to avoid anemia. A total of 2.5ml of
blood was withdrawn from the rats. After removal of plasma from centrifuged whole
blood samples, erythrocytes were suspended in heprinized saline (4U/ml) and reinfused

into the rats.

Pancreatic Islet Isolation. Pancreatic islets were isolated in overnight fasted rats, after
the 48-h infusion period. Rats were anesthetized in a similar manner as described above.
The visceral contents were exposed and rats were exanguinated through an incision in the
abdominal aorta. The common bile duct was quickly isolated and a collagenase solution
was infused into the pancreas (~15 ml). The pancreas was then carefully removed and
placed in a sterile 50 ml Falcon tube. The pancreas was then incubated in a water bath
(370C). Following the incubation, the contents of the falcon tube were subjected to
vigorous shaking. The mixture was then centrifuged, and the pellet resuspended and
passed through a 300um filter. Again the mixture was centrifuged. The pellet was

resuspended and the islets were isolated by a Histopaque 1077 density gradient.

All procedures were in accordance with the Canadian Council of Animal Care

Standards and were approved by the Animal Care Committee of the University of

Toronto.
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4.2) LABORATORY METHODS

Plasma Glucose. Plasma glucose concentrations were measured by the glucose oxidase
method using a Beckman Glucose Analyzer II (Beckman, Fullerton, CA). A 10 ul sample
of plasma containing D-glucose is pipetted into a solution containing oxygen and glucose
oxidase. The glucose reacts with oxygen in the following reaction catalyzed by glucose

oxidase:
D-Glucose + O, + H,0 ™ Gluconic Acid + H,O,

In the reaction, oxygen is used at the same rate as glucose to form gluconic acid.
A polarographic oxygen sensor is used to detect oxygen consumption, which is directly
proportional to the glucose concentration in fhe sample. Results are obtainable within 30
sec following sample addition. Plasma samples were reanalyzed until repeated
measurements were within a difference of 3 mg/dL. The analyzer was calibrated before
use and frequently during the experiment with the 150/50 glucose/urea nitrogen standard

(Beckman Instruments Inc., Naguabo, Puerto Rico, USA) that accompanied each kit.

Plasma FFA Assay. Plasma FFA were analyzed using a colorimetric kit under enzymatic
reaction from Wako Industries (Osaka, Japan). The method relies upon the acylation of
coenzyme A by the fatty acids in the presence of added acyl-CoA synthetase (ACS). The
acyl-CoA produced is then oxidized by adding acyl-CoA oxidase (ACOD), which

generates H,0,. H,O; in the presence of peroxidase (POD) permits the oxidative
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condensation of 3-methyl-N-ethyl-N-(B-hydroxyethl)-aniline (MEHA) with 4-
aminophenazone to form the final reaction product, which is a purple coloured adduct.
This can be measured colorimetrically at 550 nm. The results are corrected to within

1.1%. The reactions of this assay is shown below:

ACS

FFA+ ATP + CoA = Acyl-CoA + AMP + PPi

ACOD
Acyl-CoA + 02 —} 2,3-trans-Enoyl-CoA + H,0,

POD
2 H,0, + 4-aminophenazone + MEHA —} Final reaction Product +4 H,O

Plasma Insulin Assay. Radioimmunoassay (RIA) kit, double antibody RIA, specific for
rat insulin from Linco Research Inc. (St. Charles, MO, USA) were used to determine
plasma insulin concentrations. Insulin in the plasma sample competes with a fixed
amount of 125 I-labelled insulin for the binding sites on the specific antibodies. A
standard curve was determined using insulin standards at 0, 3, 10, 30, 100, 240 uU/ml in
duplicate. An addition of a second antibody immunoadsorbent followed by centrifugation
and aspiration of the supernatant separated the bound and free insulin. The radioactivity
of the pellet was then measured and was inversely proportional to the quantity of insulin
in the sample. 125 I-insulin (50ul to all tubes) and rat insulin antibody (50ul to all tubes)

were mixed with plasma sample (100ul to all tubes). The tubes were then vortexed and
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incubated overnight at 4 degrees. 1000ul of precipitating reagent was added to all tubes
followed by vortexing and incubating for 20 minutes at 4 degrees. The tubes then spinned
at 1500g for 40 min. The supernatant was aspirated and the radioactivity in the pellet was
counted for 4 min in a gamma counter (Beckman Instruments, Fullerton CA, USA). The
counts (B) for each of the standards and unknowns were expressed as a percentage of the

mean counts of the “0 = standard” (Bo):

% activity bound = B (Standard or sample) / Bo x 100 %

The % activity bound for each standard was plotted against the known
concentration in order to construct the standard curve. The unknown sample was
determined by the interpolation of the standard curve. The coefficient of interassay

variation determined on reference plasma was less than 7 %.

Plasma C-Peptide assay. Linco’s Rat C-peptide RIA kit was used to determine the
plasma C-peptide levels. The kit uses an antibody specific for rat C-peptide (Linco
Research, Inc, St. Charles, MO USA). The principle is the same as insulin RIA as
described above. The procedures are the same as insulin RIA with the exception of one
extra day. On the first day, only rat C-peptide antibody was added followed by an
overnight incubation at 4 degrees Celsius. On the second day, '*’I-rat C-peptide was
added followed by vortexing and overnight incubation at 4 degrees. On the last day, 1000
ul of precipitating reagent was added to all tubes followed by vortexing and incubation

for 20 min at 4 degrees. Then, the tubes were centrifuged at 1500 g for 40 min. The
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supernatant was the aspirated, and the radioactivity in the pellet was counted for 4 min in
a gamma counter. The % activity bound was calculated the same as insulin RIA kit. The
% activity bound for each standard was plotted against the known concentration to obtain
standard curve. The concentration of the unknown samples were determined by
interpolation with a coefficient of interassay variation determined on reference plasma

less than 10.5% .
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4.3) CALCULATIONS

Insulin clearance. The C-Peptide/Insulin ratio was used as an index of insulin clearance.
The C-peptide level was divided by the insulin level at each time point in the last 40

minutes of each step for the two-step hyperglycemic clamp.

Insulin sensitivity index. The insulin sensitivity index (SI) was calculated at individual
time points during the last 40 minutes of each step of the two step hyperglycemic clamp

according to the following formula:

GINF(period)

SI(period)
(IIlSlllill (Period) — Insulin (Basal) ) X Glucose(period)

Where GINF (Period) is the rate of glucose infusion, Insulin (Period) is the insulin
concentration, and Glucose (Period) is the plasma glucose level at individual time points
during the last 40 minutes of each step of the hyperglycemic clamp. Insulin (Basal) is the
mean insulin level during the baseline period. This equation assumes that the change in
glucose uptake and production induced by a change in insulin concentration is
proportional to the ambient glucose and insulin concentration. SI is reported in units of
deciliter per kilogram per minute per microunit per milliliter. No correction was made for
the urine glucose loss, which was assumed to be equal between studies for the same

individual because plasma glucose levels were similar. Unfortunately, there are
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limitiations to using this method to assess insulin sensitivity at elevated insulin and
glucose levels. It has been reported that the association between circulating insulin levels
and insulin action is not linear at insulin concentrations higher than 180uU/ml (68) and at

high glucose levels.

Disposition Index. The disposition index (DI), which was used as an index of insulin
secretion corrected for the ambient degree of insulin resistance, was calculated for each
experimental period as an index of correction of the insulin secretory rate (ISR) for the
ambient degree of insulin sensitivity as the product of SI and ISR. The C-peptide
response was taken as a measure of absolute insulin secretion, as the ISR cannot be
calculated in rats because C-peptide kinetic parameters have yet to be determined (this is

due to the fact that rat C-peptide (species specific) is not available for injection.)

Sperioay X C Peptideperiosy = Dl(period)
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4.4) STATISTICAL ANALYSIS

All data are presented as means + SE. First, one-way Analysis Of Variance
(ANOVA) for repeated measurements was used to examine the difference between
treatments within each experimental group. Then, ANOVA for repeated measurements
was used to compare differences between experimental groups and treatments, and to
examine interactions between the two. The statistical calculations were performed using
SAS software (SAS Institute, Cary, NC). Significance was accepted at P<0.05. Please

refer to each study for further details.
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S) STUDY # 1: The effect of a prolonged
infusion of Free Fatty Acids on Glucose
Stimulated Insulin Secretion is accentuated
in the diabetes prone BioBreeding rat.
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5.1) ABSTRACT (Study #1)

The impairing effect of prolonged elevation of plasma free fatty acids (FFA) on
both B cell function and turnover (B cell lipotoxicity) has been suggested to play an
important role in the development of type 2 diabetes. However, no study to date has
examined the effect of prolonged FFA elevation in the context of autoimmune diabetes.
Reports of enhanced cytokine toxicity in fat-laden islets are consistent with the
hypothesis that lipid and cytokine toxicity may be synergistic. Thus, B cell lipotoxicity
could be enhanced in models of autoimmune diabetes. To determine this, we examined
the effects of prolonged FFA elevation on glucose stimulated insulin secretion (GSIS) in
the prediabetic diabetes-prone BioBreeding rat (dpBB), an established model of
autoimmune diabetes, and its diabetes-resistant control (drBB). DpBB and drBB rats
were treated with a 48 h intravenous infusion of either saline (SAL: n=9 dpBB; n=8
drBB), or Intralipid + Heparin (IH: n=10 dp-BB; n=7 dr-BB). At the end of the 48h
infusion, after an overnight fast, GSIS was evaluated with a two-step hyperglycemic
clamp (13 and 22 mM glucose). I[H elevated FFA levels to the same extent in both the
dpBB and the drBB rats (~2 fold). At 13mM, IH increased absolute insulin secretion, as
determined by plasma C-peptide levels in the drBB rats (p<0.001), but not in the dpBB
rats. At 22 mM, IH increased plasma C-peptide levels from 4.24 + 0.74 to 8.31 + 0.91
nM in the drBB rats (p<0.001), but decreased C-peptide levels from 3.40 £ 0.67 to 2.34 +
0.54 nM in the dpBB rats (p<0.001). In this study, the disposition index (DI) was used as
a measure of relative insulin secretion. Treatment with JH induced a decrease in DI in the

dpBB rats (p < 0.01) but not in the drBB rats throughout the hyperglycemic clamp.
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Therefore, prolonged FFA elevation impaired GSIS in prediabetic dpBB rats, but actually
increased GSIS in the drBB rats, suggesting that lipotoxicity in the BB rat may require
the presence of a preexisting B cell impairment and/or the synergistic effect of cytokine

toxicity in islets.
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5.2) INTRODUCTION (Study #1)

Type 1 diabetes mellitus is characterized by the specific autoimmune-mediated
destruction of the pancreatic -cells, which results in hypoinsulinemia. The autoimmune
nature of the disease is corroborated by histological studies that confirm that at the time
of diagnosis, islets from patients with type 1 diabetes are infiltrated with a variety of
immune cells in a process known as insulitis (201).

The diabetes-prone BioBreeding rat is a recognized animal model of autoimmune
type 1 diabetes. The onset of diabetes in these rats is spontaneous, occurring in both sexes
between 60 and 120 days of age (107). Similar to human type 1 diabetes, the
development of diabetes in the diabetes-prone BioBreeding rat is preceded by the
appearance of auto-antibodies (202) and a brief period of insulitis (25;203) followed by
the selective destruction of the pancreatic B cells. This results in hypoinsulinemia, which
leads to hyperglycemia, ketosis, and weight loss. In contrast to the human form of the
disease, diabetes in this animal model is associated with severe T-cell lymphopenia (204).
The diabetes resistant BioBreeding rats are a subline derived from diabetes prone rats that
were found to be resistant to the development of autoimmune diabetes.

The presence of proinflammatory (IL-1, TNFo, and IFNa), as well as type 1 (IL-
12, TNFpB, IFNy, and IL-2) cytokines correlate with B cell destruction in the diabetes-
prone BioBreeding rat. These molecules have been hypothesized to play an important
role also in the pathogenesis of type 1 diabetes. The results of in vitro studies conducted
in isolated islets suggest that cytokines such as IL-1p alone, or IL-13, TNFa, and IFNa,

in combination, impair insulin secretion and trigger B cell death through a mechanism
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that may depend on the induction of oxidative stress (92;205). In particular, the enzyme
that synthesizes the free radical nitric oxide (NO), known as inducible nitric oxide
synthase (iNOS), is expressed in the insulitis lesion of adult diabetes prone BioBreeding
rats (206). Both inhibitors of iNOS (207) and antioxidants (208) were found to
significantly reduce the incidence of autoimmune diabetes in diabetes prone BioBreeding
rat.

Similar to cytokines, Free Fatty Acids (FFAs) induce alterations in both B cell
function and mass. Acutely, FFA stimulate glucose stimulated insulin secretion (GSIS).
In contrast, numerous studies have shown that prolonged (i.e. > 24-h) exposure to FFA
leads to a reversible impairment in GSIS in vitro (154-156;209) and also in vivo (162),
when insulin secretion is corrected for insulin sensitivity (164). Furthermore, long term
fatty acids exposure also causes an irreversible reduction in p cell mass via apoptosis.
The term “lipotoxicity” was first coined by Unger to characterize both the reversible and
irreversible alterations in P cell function and mass induced by prolonged exposure to fatty
acids (210). Similarly to cytokines, prolonged exposure to FFA induces oxidative stress
both by increasing the generation of NO and other reactive oxygen species (ROS), such
as hydrogen peroxide and the hydroxyl radical (183;199).

Lipotoxicity is most often associated with type 2 diabetes mellitus. However,
there is some evidence that fat may also contribute to the pathogenesis of autoimmune
type 1 diabetes. For example, a dietary intervention study conducted in the non obese
diabetic (NOD) mouse found that fat restriction reduced the incidence of diabetes in this
animal model of autoimmune type 1 diabetes (211). In addition, troglitazone, which has

both lipopenic and antioxidant properties, reduced the incidence of diabetes in this animal
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model (212). Thus, lipotoxicity may be accentuated in autoimmune type 1 diabetes. This
may be particularly relevant in patients with slow onset type 1 diabetes (LADA), because
fat may play a role in accelerating the development of the disease. The accentuation of
lipotoxicity in autoimmune diabetes may be due to a synergy between the effects of
cytokines and lipids on the B cell. Shimabukuro and his colleagues conducted an in vitro
study that demonstrated that the toxicity of cytokines, namely interleukin-1 (IL-1P),
which plays a role in the autoimmune destruction of the [ cells in autoimmune diabetes,
is enhanced in triglyceride rich islets, and reduced in triglyceride-depleted islets (213).
This finding suggests that fat may sensitize the B cell to the cytotoxic effect of cytokines
involved in the autoimmune destruction of the pancreatic B cells, perhaps by providing
more substrate for cytokine induced ROS production (i.e. lipid peroxidation).

The aim of this study is to determine whether the converse is true. That is,
whether the presence of autoimmune insulitis, such as that found in the islets of
prediabetic diabetes-prone BioBreeding rats, sensitizes the B cell to the lipotoxic effect of
fat. In order to achieve this, we evaluated the insulin secretory response to glucose by
means of a two-step hyperglycemic clamp after prolonged (i.e. 48-h) intravenous infusion
of a synthetic triglyceride emulsion (Intralipid) together with heparin (which stimulates
the breakdown of Intralipid to fatty acids by the enzyme lipoprotein lipase) in both

prediabetic diabetes-prone and diabetes-resistant BioBreeding rats.
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5.3) MATERIALS AND METHODS (Study #1)

Animal Models. Nine week old Diabetes-Prone (dpBB) and Diabetes-Resistant (drBB)
female BioBreeding rats were obtained from the Animal Resources Division of Health
Canada (Ottawa). The mean incidence of diabetes in dpBB rats from this colony fed a
standard cereal-based diet has remained constant over the past 5 years at 65.3 + 14.9%
(mean £ S.D.) (106). This colony is directly descended from the original diabetic rats
discovered at BioBreeding laboratories near Ottawa in 1974 and transferred to Health
Canada in 1977. The colony is not completely inbred but has remained a closed colony
for the past 25 years, and recent genotyping for selected markers indicates the animals are
~ 80% identical at the DNA level (106;106). These animals carry the same mutation at
the Iddm1/lyp locus as BB/W rats that is attributable to a frameshift deletion in a novel
member of the immune-associated nucleotide-related gene family, Ian5 (114). The drBB
rats are derived from an early subline of animals from the original BB rat colony that
does not spontaneously develop diabetes. The rats were housed in the University of
Toronto’s Department of Comparitive Medicine. They were exposed to a 12 h light/dark
cycle and were fed rat chow (Purina 5001, 4.5% fat; Ralston Purina, St. Louis, MO) and
water ad libitum. To evaluate the onset of diabetes, random plasma glucose (RPG) levels
were tested at least twice a weak using handheld Glucometer (Bayer, Toronto, Ontario).
Only rats eleven week old rats with random plasma glucose (RPG) values below 11
mmol/L were used in this study. This excluded the rats that had already developed

diabetes (~ 50%).
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Surgical procedures. See General Materials and Methods section.

Preclamp (48 hour infusion) period. Both dpBB and drBB rats were randomized to one
of the following protocols: Saline (SAL; dpBB=9 , drBB=8) or Intralipid plus heparin
(IH; dpBB n= 10,drBB n= 7). At least 2-3 days after surgery, PE-50 infusion tubing was
connected to each of the catheters. The infusion lines ran inside a tether that was fitted to
the subcutaneous implant. Each rat was placed in a circular cage, and the infusion lines
were run through a swivel, which was suspended on top of the cage. This procedure
protected the infusion tubing and allowed the rat complete freedom of movement. Rats
were allowed a 30-min adaptation period during which slow saline infusions (5ul/min)
kept the lines patent. Thereafter, a basal nonfasting (random) sample was taken for FFAs,
glucose, and insulin. A slow infusion of heparinized saline (4U/ml) was started at Sul/min
to maintain the arterial line patent between samples in all rats. The saline/intralipid
infusions were given through the jugular catheter; 20% Intralipid was infused at
2.5ul/min in the dpBB rat and 3ul/min in the drBB rats to maintain the plasma FFA
levels. Heparin had been added to the Intralipid to reach a final concentration of 20 U
heparin/ml of infusate. Intralipid consists of a fat emulsion made of sybean oil and an
emulsifier from egg phospholipids. According to the manufacturer it typically contains
13% palmitic acid, 4.5% stearic acid, 22% oleic acid, 52% linoleic acid, 8% linolenic
acid, and 1% other fatty acids. The composition may vary somewhat with different
batches. Throughout the infusion period, rats had free access to water and to their

standard pelleted food.
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Samples for FFAs, glucose, and insulin were taken at 18, 24, and 46 hours after
the onset of the Saline or Intralipid infusion, i.e. =30, -24, and -2 h before the onset of the
hyperglycemic clamp (time = 0). Food was removed at 1900 the day before the two-step

hyperglycemic clamp.

Two-step hyperglycemic clamp. Glucose stimulated insulin secretion was determined
by measuring insulin and C-peptide responses to a two-step (~13 and 22 mmol/L)
hyperglycemic clamp. The two-step hyperglycemic clamp was performed in conscious
rats fasted overnight. At —20 min, the continuous arterial infusion of heparinized saline
was stopped in all rats, since the same total amount of heparinized saline was used to
dilute the erythrocytes that were reinfused into the rats after plasma separation from
blood samples. The venous infusion Saline/Intralipid was continued throughout the
experiment. Intralipid was given at the same rate, however, without added heparin, since
the same total amount of heparin (0.1 U/min) that was infused during the preclamp period
was used to flush the arterial catheter when sampling during the experiment. Two basal
samples were taken at —20 and 0 min, after which an infusion of 37.5% glucose was
started (time = 0 min) in order to approximately double the plasma glucose levels (first
step of hyperglycemic clamp). The glucose infusion was given through the jugular
catheter. Both the glucose and the Saline/Intralipid infusion lines were connected to the
jugular line through a Y shaped connector. The target plasma glucose level of 13 mmol/L
was achieved and maintained by adjusting the rate of the glucose infusion according to
frequent (every 5-10 min) plasma glucose determinations. At 120 min, the glucose

infusion was again raised to achieve and maintain plasma glucose levels of ~22 mmol/L
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(the second step of the hyperglycemic clamp) until the end of the experiment (time = 240
min). Samples for insulin, C-peptide, and FFAs were taken at regular intervals. The
sample volume was minimized to avoid anemia. A total of 2.5ml of blood was withdrawn
from the rats. After removal of plasma from centrifuged whole blood samples,
erythrocytes were suspended in heparinized saline (4U/ml) and reinfused into the rats. At
the end of the two step hyperglyemic clamp, the rats were anesthetized and the whole
pancreas was rapidly removed. The collected pancreas samples were then fixed overnight
in Bock’s solution (formalin + acetic acid) and then stored in 70% ethanol. The samples

were processed and embedded in paraffin wax within 5 days of tissue collection.

Laboratory methods. See General Materials and Methods section.

Calculations.

Insulin clearance, Insulin sensitivity index and Disposition Index. See General Materials
and Methods section.

Statistical analysis. All data are presented as means £ SE. First, a one-way Analysis Of
Variance (ANOVA) for repeated measurements was used to examine the difference
between treatments (SAL vs. ILH) within each experimental group (i.e. dpBB and drBB
rats). Then, a two-way ANOVA for repeated measurements was used to examine the
effect of experimental groups and treatments, and to examine interactions between the
two. The statistical calculations were performed using SAS software (SAS Institute,

Cary, NC). Significance was accepted at P<0.05.
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5.4) RESULTS (Study #1)

Preclamp (48 hour infusion) period. Table 1 presents the fed preinfusion plasma FFA,
glucose, and insulin levels. Fed plasma FFA and glucose levels were significantly
elevated (p < 0.05 for both FFA and glucose) in the dpBB rats (vs. drBB rats) at baseline
before starting the infusions, a finding consistent with abnormalities in glucose tolerance
in this group. Insulin levels were not significantly different between dpBB and drBB rats.

Figures 1, 2 and 3 present the plasma FFA, glucose and insulin levels during the
pre clamp period. Intralipid treatment rapidly elevated plasma FFAs, to the same extent
in both dpBB and drBB rats, to levels that were approximately twofold higher than those
seen in saline treated rats of the same group (IH vs. SAL dpBB, p< 0.001 ; drBB, p<
0.001 ) (Figure 1). During the pre clamp infusion period, plasma glucose (Figure 2) and
plasma insulin (Figure 3) levels were similar in both dpBB and drBB rats. Intralipid

treatment did not significantly affect either glucose or insulin levels in either group of rat.

Two-step hyperglycemic clamp. During the basal period (-20 min to 0 min), plasma
FFA levels were elevated to the same extent (~ 2 fold) with a prolonged Intralipid
infusion at different rates for the dpBB (2.5 ul/min) and drBB (3 ul/min) rats. FFA levels
declined throughout the two step hyperglycemic clamp as a result of the progressive
hyperglycemia and hyperinsulinemia. However, FFAs remained higher in all Intralipid-
treated rats throughout the experiment.

During the basal period, plasma glucose levels (fasting) where elevated in dpBB

rats treated with Intralipid (p<0.01). During the first step of the two-step hyperglycemic
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clamp, plasma glucose levels gradually rose to the target value of 13 mmol/L, which was
maintained until 120 min. During the second step of the hyperglycemic clamp, plasma
glucose levels gradually rose to the target level of 22 mmol/L, which was maintained
until 240 min. During both steps of the hyperglycemic clamp, the glucose levels were
superimposable in all groups (Figure 5).

During both steps of the hyperglycemic clamp, the glucose infusion (GINF) rate
was lower in the dpBB rats than in the drBB rats (p<0.05) (Figure 6). Furthermore,
Intralipid treatment induced a significantly lower GINF rate in dpBB (p<0.01) rats
throughout the clamp (Figure 6A). In contrast, Intralipid treatment increased the GINF
rate in the drBB rats (p<0.01) during both steps of the clamp (Figure 6B).

Plasma insulin levels during the basal period were similar in both dpBB and
drBB rats. When compared to saline-treated dpBB rats, Intralipid-treated dpBB rats had
higher basal plasma insulin levels (p<0.05) (Figure 7A)(not evident due to the scale of
the graphs). This effect was not observed in the drBB rats. As expected, plasma insulin
concentrations rose in response to increasing glucose levels throughout the two steps of
the hyperglycemic clamp. Circulating insulin levels were lower in the dpBB rat than in
the drBB rat (p<0.01) throughout both the first and second step of the hyperglycemic
clamp. In the dpBB rat, plasma insulin levels were similar in both Intralipid-treated and
saline-treated rats, during both the first and second step of the hyperglycemic clamp
(Figure 7A). In the drBB rat, plasma insulin levels were higher in Intralipid-treated rats
than in saline-treated rats, during both the first (p<0.05) and second step (p<0.01) of the

hyperglycemic clamp (Figure 7B).
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Fasting C-peptide levels measured during the basal period were similar in both
dpBB and drBB rats. Intralipid-treated dpBB rats had higher basal plasma C-peptide
levels (p<0.05) than saline-treated controls (Figure 8A) (not evident due to the scale of
the graphs). This effect was not observed in the drBB rats. Throughout both the first and
second step of the hyperglycemic clamp, plasma C-peptide levels were lower in the dpBB
rat than in the drBB rat (p<0.01) (Figure 8). In the dpBB rat, plasma C-peptide levels
were lower in Intralipid-treated than in saline-treated rats during both the first and second
step of the hyperglycemic clamp (Figure 8A), however this was only significant during
the second step (p<0.01). In contrast, in the drBB rat, plasma C-peptide levels were
significantly higher in the Intralipid-treated rats than in saline-treated animals during both
steps of the hyperglycemic clamp (p<0.01 for both seps of the clamp) (Figure 8B).

The C-Peptide/Insulin ratio was taken as an index of insulin clearance. The basal
C-Peptide/Insulin ratio was higher in the dpBB rats than in the drBB rats (p<0.05), but
appeared unaffected by Intralipid treatment. Similarly, this index was higher in the dpBB
rats during both steps of the clamp (p<0.01 for both steps). However, during the
hyperglycemic clamp, treatment with Intralipid tended to decrease the C-Peptide/Insulin
ratio in both dpBB (Figure 9A) and drBB (Figure 9B) rats but this was significant only
during the second step of the hyperglycemic clamp (p<0.05 for both groups of rats).

The sensitivity index (SI), which is a measure of insulin sensitivity, was
calculated as previously described in the Methods section. The SI was significantly
higher in the dpBB (Figure 10A) rats than in the drBB (Figure 10B) rats (p<0.05).

Intralipid appeared to induce a decrease in the SI in both dpBB and drBB rats during both
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steps of the clamp, however this effect was only significant in the drBB rats during the
first step of the clamp (p<0.05).

The disposition index (DI), which is an established measure of relative insulin
secretion, was calculated as previously described in the Methods section. Treatment with
Intralipid induced a decrease in DI in dpBB rats (Figure 11A) throughout the two-step
hyperglycemic clamp (p<0.01 for both steps of the clamp). In contrast, Intralipid
treatment did not induce any change in the DI in the drBB rats during either step of the
clamp (Figure 11B).

The examination of pancreas specimens collected at the end of each experiment
revealed a lymphocytic infiltration of the islets of Langerhans (i.e. insulitis) in sections of
pancreas retrieved from all the dpBB rats (Figure 12A). As expected, insulitis was

notably absent in sections of pancreas collected from drBB rats (Figure 12B).
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Table 1: FFA. glucose and insulin levels at setup (time = ). The rats were in the fed
state when these results were obtained.

dpBB drBB
FFA (nmol/L)
SAL 0.53+0.07a 0.42+0.06
IH 0.58+0.06a 0.41+0.06
Glucose (mmol/L)
SAL 83+1 a 6.6+03
IH 74+£03a 6.6+0.3

Insulin (nmol/L)
SAL 0.34+0.05 0.48 £ 0.06
IH 0.39+0.04 0.37 + 0.05

Data are means + SE.
a. dpBB vs. drBB, p<0.05 for both FFA and Glucose levels
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Figure 12. Photograph of islets of both dpBB (A) and drBB (B) rats (magnification
200x). Islets of dpBB and drBB rats stained for insulin (red) and counterstained with
hematoxylin. The islet of the dpBB (A) rat appears to be infiltrated with non-islet cells
and appears to have lost a significant proportion of its insulin producing B cells. In
contrast the islet of the drBB rat (B) does not appear to be any cellular infiltration and
there does not appear to be any loss of insulin secretory tissue (B cell).
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5.5) DISCUSSION (Study #1)

The aim of the present study was to determine whether the presence of
autoimmune insulitis, such as that found in the islets of prediabetic diabetes-prone
BioBreeding rats, sensitizes the B cell to the lipotoxic effect of fat. The examination of
pancreas specimens collected at the end of each experiment revealed a lymphocytic
infiltration of the islets of Langerhans (i.e. insulitis) in sections of pancreas retrieved
from the dpBB rats (Figure 12A). As expected, insulitis was notably absent in sections of
pancreas collected from drBB rats (Figure 12B). As reported above, the C-peptide
response (at 13 and 22 mmol/L glucose) and the insulin response (at 22 mmol/L glucose)
were both lower in the dpBB rat after a 48-h Intralipid infusion. In contrast, both the C-
peptide and the insulin response were markedly enhanced in Intralipid-treated drBB rats.
These findings suggest that a prolonged FFA elevation impairs the insulin secretory
response to glucose in the dpBB rat, and enhances insulin secretion in the drBB rat.
However, in order to properly interpret the results from this in vivo study, it is important
to realize that the circulating insulin levels are not only determined by insulin secretion,
but also by insulin sensitivity and insulin clearance.

In the results from the dpBB rats, the insulin responses were not as affected as
the C-peptide responses by a prolonged Intralipid infusion. Because insulin levels are
determined not only by insulin secretion but also by insulin clearance, this finding
suggests that Intralipid impairs insulin clearance in accordance with our previous findings
(214). This impairment in insulin clearance has been postulated to be a compensatory

response to the FFA-induced defect in insulin sensitivity. In this study, the C-
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peptide/Insulin ratio was used as an estimate of insulin clearance. Based on this index,
Intralipid was found to impair insulin clearance in both the dpBB and drBB rats.

The prolonged elevation of plasma FFA levels produced the expected decrease in
insulin sensitivity index (SI) (119), in all rats. It is clear however, that during the second
step of the two step hyperglycemic clamp, the SI was markedly reduced, and the effect of
the prolonged Intralipid infusion on SI was also less. This estimate of insulin sensitivity
depends on a linear relationship between GINF and both insulin and glucose levels.
However, this relationship is not linear at elevated insulin levels (> 1000 pM), such as
those observed during the second step of the hyperglycemic clamp (68).

The relationship between insulin sensitivity (SI) and B cell function is hyperbolic,
so that the disposition index (DI), which is a product of insulin sensitivity and B cell
function, remains constant in subjects with normal glucose tolerance (165;166). That is,
in individuals with normal B cell function, a decline in insulin sensitivity should be
followed by a compensatory increase in insulin secretion, thus maintaining the ability of
the body to dispose of glucose. Despite the decrease in insulin sensitivity, the insulin and
the C-peptide response during a two step hyperglycemic clamp was significantly
impaired by a prolonged elevation of plasma FFA in the dpBB rat. In contrast, in the
drBB rat, insulin secretion increased to compensate for the loss in insulin sensitivity.
Accordingly, the DI (an index of B cell function) was significantly lower in the Intralipid-
treated dpBB rats, but was unchanged in the drBB rats. This suggests that the B cells in
the dpBB rats, but not in the drBB rats, are susceptible to the lipotoxic effects of a

prolonged elevation of plasma FFA levels on B cell function. The results from the drBB

rats are surprising, as they imply an absence of B cell lipotoxicity in this model, despite
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previously published results by our laboratory that show that a prolonged FFA elevation
impairs GSIS in vivo in normal Wistar rats (162). It should be noted that the different
effect of prolonged FFA infusion on GSIS observed in drBB rats and in normal Wistar
rats may be due to their difference in weight (drBB rats weigh less than normal Wistar
rats) or in rat strain (dpBB rats are derived from Wistar-Furth rats)

It can also be postulated that the mechanisms that protect the B cell from
autoimmune diabetes (for example antioxidants and protective cytokines) may also
protect the drBB rats from the FFA-mediated impairment in B cell function. In addition,
the enhanced ability of the drBB rat (compared to dpBB and Wistar-Furth rats) to mount
a protective response to cellular stress (i.e. heat shock) may also help protect the drBB rat
from both autoimmune diabetes and lipotoxicity (215).

As previously alluded to, insulitis was present in all the dpBB rats used in this
study. The results of this study suggest that pre-existing inflammation/oxidative stress
present in the insulitis lesion may be permissive for p cell lipotoxicity. It is possible that
cytokines sensitize the P cell to the toxic effect of fat. Work by Shimabukuro and Aarnes
demonstrate that the converse holds true (i.e. the toxicity of cytokines is enhanced in fat
rich islets (213)). Similarly, it has been demonstrated that exposure to FFA enhance the
toxicity of cytokines in f cells in vitro (81). As previously described, both cytokines (99)
and fat (199) enhance oxidative stress. It has been well established that the B cells are
especially vulnerable to oxidative stress due to their low antioxidant capacity (98).
Oxidative stress has been clearly shown to impair  cell function, namely glucose-
induced insulin secretion, and to trigger apoptotic B cell death. Therefore, at first glance,

the interaction between fat and cytokines on the f cell may be explained by the fact that
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both share a common signaling pathway, namely oxidative stress. However, it is
important to note that shared/common signaling pathways would be predicted to cause a
less than additive effect, rather than the synergistic effect observed in this study.
Therefore, other mechanisms may be suggested to account for the synergistic nature of
the relationship between fat and cytokines on B cells. One possibility may be that fat is a
substrate for cytokine-induced free radical production. It is also possible that cytokines
upregulate inflammatory pathways in a manner to magnify the cytotoxic effect of fat.
Finally, fat or fat derived free radicals may upregulate the expression of cytokines or
cytokine receptor expression. That is, prolonged exposure of B cells to fat may activate
the inflammatory process (release of cytokines and upregulation of receptors) in a manner
similar to that observed in P cell glucotoxicy, where prolonged exposure to elevated
glucose levels has been linked to higher levels of IL-1 (216) and Fas (217) expression in
pancreatic f} cells. However, we can not exclude that the effects observed may be due to
mild hyperglycemia or to pre-existing B cell impairment.

In summary, the results of the present study suggest that a prolonged elevation of
plasma FFAs impairs glucose-induced insulin secretion in the diabetes prone, but not in
the diabetes resistant BioBreeding rat. This suggests that the presence of insulitis is
permissive for B cell lipotoxicity in the BioBreeding rat model. Further studies are

required to determine the mechanisms that facilitate the FFA-mediated impairment in

GSIS in the diabetes prone BioBreeding rat.
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6) STUDY #2: The antioxidant Taurine
prevents the impairing effect of a prolonged
FFA infusion on Glucose Stimulated Insulin
Secretion.
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6.1) ABSTRACT (Study #2)

Prolonged exposure of pancreatic islets to free fatty acids (FFA) impairs {3 cell
function both in vitro and in vivo. FFA exposure induces oxidative stress in islets, and
oxidative stress has been implicated in the impairment in B cell function induced by
glucotoxicity. To investigate whether oxidative stress plays a role in the impairment in
cell function induced by FFA, we first examined glucose stimulated insulin secretion
(GSIS) in vivo with a two-step hyperglycemic clamp (13 and 22 mM) in rats treated with
a 48h intravenous infusion of saline (SAL) or oleate (OLE), with or without co-infusion
of the antioxidants N-acetylcysteine (NAC; 0.35 mg/kg/min) (a dose that reversed FFA
induced insulin resistance in our previous studies). Treatment with OLE, alone and in
combination with NAC, elevated plasma FFA levels approximately two-fold. The C
peptide secretory responses to both 13 and 22 mM glucose was diminished in all rats
treated with NAC. Treatment with OLE, in rats that did not receive NAC, impaired the C
peptide response to 13 mM glucose from 2.28 £ 0.17 to 1.4 + 0.20 nM (p<0.01) and also
at 22 mM glucose from 6.5 = 0.55 to 3.83 + 0.54 (p<0.01). Treatment with OLE, in rats
that also received NAC, did not affect the C peptide secretory response to either glucose
concentration. Calculation of the disposition index (a measure of relative insulin
secretion) revealed that a prolonged oleate infusion impaired insulin secretion to a lesser
extent in the presence of the antioxidant NAC. To further investigate the effects of
antioxidants on f cell function, we examined insulin secretion in freshly isolated islets
from rats that received a 48h infusion of SAL and OLE, alone or in combination with the

antioxidants NAC (0.35 mg/kg/min) or Taurine (TAU; 0.35 mg/kg/ml). Plasma FFA
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levels were raised to a similar extent (~ 2 fold) in rats treated with OLE alone and in
combination with antioxidants. GSIS was similar in islets from rats treated with SAL,
NAC, and TAU, suggesting that antioxidants alone do not affect insulin secretion in this
in vivo model. GSIS in islets from OLE treated rats was lower than that in islets from
SAL treated rats at both 13 (OLE vs SAL: 0.194 + 0.031 vs. 0.294 + 0.038 pmol/islet/h,
p<0.01) and 22 (0.254 £ 0.026 vs. 0.341 £ 0.061 pmol/islet/h, p<0.01) mM glucose. The
impairing effect of OLE on GSIS was prevented by NAC at 13 but not 22 (OLE+NAC
vs. NAC: 0.309 + 0.041 vs. 0.402 £ 0.040 pmol/islet/h, p<0.01) mM glucose. The
impairing effect of OLE on GSIS was prevented by TAU at both 13 and 22 mM glucose.
The results from this study i) confirm that a prolonged FFA elevation impairs GSIS, and
ii) suggest a role for antioxidants in preventing the impairing effects of a prolonged FFA

elevation on GSIS.
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6.2) INTRODUCTION (Study #2)

More than 85 % of type 2 diabetic individuals are obese. Free fatty acids (FFAs),
which are often elevated in obese individuals, have been found to induce defects in both
insulin secretion and action, similar to those observed in individuals with type 2 diabetes.
Elevation of plasma FFA levels can induce peripheral and hepatic insulin resistance
(119). Prolonged exposure (>24-h) to FFAs has also been shown to impair glucose
stimulated insulin secretion (GSIS) in vitro (154;156;174;175;210;218) and in vivo (162)
when insulin secretion is corrected for FFA induced impairment in insulin sensitivity
(164). The mechanisms involved in the impairing effect of a prolonged FFA elevation on
GSIS are still unclear.

One possibility is that the impairing effect of FFAs on GSIS is mediated by
oxidative stress. The term oxidative stress is used to describe an environment where there
is an excess concentration of free radicals and other reactive oxygen species (ROS). ROS
damage cellular proteins, lipids, and DNA (219;220). Prolonged exposure to FFA
generates ROS 1in islets (183). The pancreatic B cells, which have a low antioxidant
capacity, are especially vulnerable to oxidative stress (98;221). This sensitivity has been
found to affect both B cell function and viability. Exposure to a source of ROS (i.e.
hydrogen peroxide) (184) or to lipid peroxidixation products (i.e. 4-hydroxy-2-noneal)
(185) resulted in a marked impairment in GSIS. Furthermore, Kaneto and his colleagues
demonstrated, through scanning electron microscopic examination of the pancreatic
islets, that oxidative stress promotes morphological changes consistent with apoptosis

(222).
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Oxidative stress has also been associated with the insulin secretory impairment
induced by chronic hyperglycemia (223) and cytokines exposure (224;225). Studies
conducted in both these models suggest that either the use of antioxidants (226;227) or
the overexpression of antioxidant enzymes (228;229) prevent, at least in part, the defect

in B cell function. However, the role of oxidative stress in preventing the lipotoxic effect

of FFA on B cell function has not been investigated. Therefore, the aim of this study was
to examine the effects of a prolonged (48-h) FFA elevation, alone and in combination
with antioxidants, on GSIS.

Two antioxidants, N-acetylcysteine (NAC) and Taurine (TAU), were used in this
study. N-Acetylcysteine is not only a scavenger of free radicals and aldehydes, but is also
a precursor of intracellular glutathione, an integral part of the intracellular antioxidant
defense system. Taurine, also known as 2-amino ethanesulfonic acid, is the most
abundant intracellular free amino acid present in mammalian cells, including in the cells
of the endocrine pancreas (230). Similarly to other amino acids, taurine is transported
into mammalian cells by specific taurine transport proteins (231-234). In addition, taurine
can be synthesized using a variety of precursors including from both glutathione and
cysteine (and therefore NAC). However, controversy still surrounds the question as to
whether taurine is actually present in B cells (235). Taurine has been shown to be an
effective aldehyde scavanger (236) and therefore reduce oxidative stress. (237). Since

reactive aldehydes are products of lipid peroxidation, taurine is an interesting antioxidant

in the context of lipotoxicity.
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6.3) METHODS (Study #2)

Animal Models. Female Wistar rats (Charles River, Quebec, Canada), weighing 250-
300g, were used for these experiments. The rats were housed in the University of
Toronto’s Department of Comparative Medicine. They were exposed to a 12-h light/dark
cycle and were fed rat chow (Purina 5001, 4.5% fat; Ralston Purina, St. Louis, MO) and
water ad libitum. All procedures were approved by the animal care committee of the

University of Toronto.

Surgical procedures. See General Materials and Methods section.

48 h Infusion Period. Rats were infused for 48 h with either: 1) saline (SAL); 2) N-
acetylcysteine (NAC); 3) Taurine (TAU); 4) Oleate (OLE); 5) oleate as above + NAC; 6)
oleate as above + TAU. At least 2-3 days after surgery, PE-50 infusion tubing was
connected to each of the catheters. The infusion lines ran inside a tether that was fitted to
the subcutaneous implant. Each rat was placed in a circular cage, and the infusion lines
were run through a swivel, which was suspended on top of the cage. This procedure
protected the infusion tubing and allowed the rat complete freedom of movement. Rats
were allowed a 30-min adaptation period during which slow saline infusions (5ul/min)
kept the lines patent. Thereafter, a basal nonfasting (random) sample was taken for FFAs,
glucose, and insulin. A slow infusion of heparinized saline (4U/ml) was started at 5ul/min
to maintain the arterial line patent between samples in all rats. The oleate, antioxidant, or
control infusions were given through the jugular catheter. Oleate was prepared in fatty

acid free BSA (Sigma, St. Louis, MO) according to the Bezman-Tarcher method as
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modified by Miles et al., and given at a rate of 1.3uEq/min. Oleate is, with palmitate, the
most prevalent circulating fatty acid. Unfortunately, palmitate has low solubility for
intravenous infusion. The antioxidants NAC or TAU were given at a dose of
0.35mg/kg/min (pH 7.4). Throughout the infusion period, rats had free access to water
and to their standard pelleted food.

Samples for FFAs, glucose, and insulin were taken at 18, 24, and 46 hours after
the onset of the saline/oleate infusion, i.e. —30, -24, and —2 h before the onset of the
hyperglycemic clamp or the islet isolation procedure (time = 0). Food was removed at

1900 the day before.

Two-step hyperglycemic clamp. Glucose stimulated insulin secretion was determined
by measuring insulin and C-peptide responses to a two-step (~13 and 22 mmol/l)
hyperglycemic clamp. The two-step hyperglycemic clamp was performed in conscious
rats fasted overnight. At —20 min, the continuous arterial infusion of heparinized saline
was stopped in all rats, since the same total amount of heparinized saline was used to
dilute the erythrocytes that were reinfused into the rats after plasma separation from
blood samples. Two basal samples were taken at —20 and 0 min, after which an infusion
of 37.5% glucose was started (time = 0 min) to approximately double the plasma glucose
levels (first step of hyperglycemic clamp). The glucose infusion was given through the
jugular catheter. Both the glucose and the saline/oleate infusion lines were connected to
the jugular line through a Y shaped connector. We did not use a glucose prime to rapidly
elevate plasma glucose levels because we wished to avoid the adverse effects (arrythmia)

caused by a bolus of oleate from the dead space of the venous line. The target plasma
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glucose level of 13 mmol/L. was achieved and maintained by adjusting the rate of the
glucose infusion according to frequent (every 5-10 min) plasma glucose determinations.
At 120 min, the glucose infusion was again raised to achieve and maintain plasma
glucose levels of ~22 mmol/L (the second step of the hyperglycemic clamp) until the end
of the experiment (time = 240 min). Samples for insulin, C-peptide, and FFAs were taken
at regular intervals. The sample volume was minimized to avoid anemia. A total of 2.5ml
of blood was withdrawn from the rats. After removal of plasma from centrifuged whole
blood samples, erythrocytes were suspended in heparinized saline (4U/ml) and reinfused

into the rats.

Pancreatic Islet Isolation. Pancreatic islets were isolated in overnight fasted rats, after
the 48-h infusion period. Rats were anesthetized in a similar manner as described above.
The visceral contents were exposed and rats were exanguinated through an incision in the
descending aorta. The common bile duct was quickly isolated and a collagenase solution
was infused into the pancreas (~15 ml). The pancreas was then carefully removed and
placed in a sterile 50 ml Falcon tube. The pancreas was then incubated in a water bath
(370C). Following this incubation, the islets were isolated through a series of

centrifugation steps followed by Histopaque 1077 density gradient.

Insulin secretion. The freshly isolated islets were equilibrated for 1 h at 370C in Krebs
Ringer containing 10 mmol/l HEPES, and 2.8 mmol/l glucose. To measure insulin

release, 5 islets of approximately the same size were transferred to vials containing fresh
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medium plus glucose (2.8, 6.5, 13, 22 mmol/l) for 2 h at 370C. All experiments were

conducted in triplicate. Supernatant was retained and stored at —200C.

Laboratory methods. See General Materials and Methods section.

Calculations. Insulin sensitivity index and Disposition Index. See General Materials and
Methods section.

Statistical analysis. All data are presented as means + SE. In vivo experiment: First,
one-way Analysis Of Variance (ANOVA) for repeated measurements was used to
examine the difference between treatments (SAL vs. OLE) within each experimental
group (SAL and NAC treated rats). Then, a two-way ANOVA for repeated measurements
was used to look at the effect of antioxidants and fatty acid treatments, and to examine
any interaction between the two. Ex-vivo experiments: One-way analysis of variance
(ANOVA) for repeated measurements followed by Tukey’s ¢ test for multiple
comparisons was used to compare differences between treatment groups at different
glucose concentrations. The statistical calculations were performed using SAS software

(SAS Institute, Cary, NC).
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6.4) RESULTS (Study #2)

Two Step Hyperglycemic Clamp. In this paper, oleate was used to elevate plasma FFA
levels because we have previously shown that oleate had a more pronounced impairing
effect on GSIS than Intralipid and heparin (162). The 48-h oleate infusion, alone and in
combination with the antioxidant NAC, rapidly elevated plasma FFAs when compared to
rats treated with either saline or NAC alone. As expected, plasma FFA levels in the basal
period (-20 min to 0 min) were higher in rats treated with oleate than in rats treated with
saline (Figure 13). Similarly, plasma FFA levels were also higher in rats treated with
oleate in combination with NAC than in rats treated with NAC alone (Figure 13). FFA
levels declined throughout the clamp as a result of the progressive hyperglycemia and
hyperinsulinemia. However, FFA remained higher in all oleate treated rats throughout the
experiment.

During the first step of the hyperglycemic clamp, plasma glucose levels gradually
rose to the target value of 13 mmol/L, which was maintained until 120 min. During the
second step of the hyperglycemic clamp, plasma glucose levels gradually rose to the
target level of 22 mmol/L, which was maintained until 240 min. During both steps of the
hyperglycemic clamp, the glucose levels were superimposable in all groups (Figure 14).

The rate of glucose infusion (GINF) throughout the hyperglycemic clamp, which
is a measure of whole body glucose tolerance, was unaffected by treatment with NAC.
The GINF rate in oleate-treated rats was lower than in saline-treated animals throughout

the hyperglycemic clamp, however, this was only significant in the absence of NAC (p <

0.05) (Figure 15).
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As expected, both plasma insulin and C-peptide levels rose in response to
increasing glucose levels throughout the two steps of the hyperglycemic clamp (Figure 16
and 17). Plasma insulin and C-peptide levels were both lower in the NAC-treated rats
(both with and without oleate) throughout both the first (p < 0.01 for both insulin and C-
peptide) and second step (p < 0.01 for insulin and p < 0.05 for C-peptide) of the two-step
hyperglycemic clamp (Figure 16 and 17). In the absence of NAC, plasma insulin and C-
peptide levels were significantly lower in oleate-treated rats than in saline-treated animals
during both the first (p < 0.05 for both insulin and c-peptide) and second (p < 0.001 for
insulin and p < 0.05 for C-peptide) step of the two step hyperglycemic clamp (Figure 16
and 17). In contrast, in the presence of NAC, plasma insulin and C-peptide levels were
not significantly different between rats treated with oleate and those treated with NAC
alone, in either Step of the two step hyperglycemic clamp (Figure 16 and 17).

The C-peptide/Insulin ratio was taken as an index of insulin clearance. This index
was higher in the NAC treated rats during both steps of the hyperglycemic clamp (p<0.05
for both steps of the clamp) (Figure 18). Treatment with oleate only decreased this ratio
in NAC treated rats only during the first step of the hyperglycemic clamp (p<0.05).

The insulin sensitivity index (SI), was calculated as previously described in the
above Methods section. The SI was significantly higher in all NAC treated rats, when
compared to saline treated animals, during both the first (p < 0.01) and second (p < 0.01)
step of the two-step hyperglycemic clamp (Figure 19). The SI was significantly lower in
rats treated with oleate in combination with NAC, compared to rats treated with NAC

alone, during both the first (p < 0.01) and second (p < 0.01) steps of the two-step
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hyperglycemic clamp. In contrast, the SI was not significantly affected in rats treated
with oleate alone during either step of the clamp (Figure 19).

The disposition index (DI), which is an established measure of insulin secretion
corrected for insulin sensitivity, was calculated as previously described in the above
Methods section. The DI was significantly higher in all NAC treated rats during both the
first (p < 0.01) and second (p < 0.01) step of the two-step hyperglycemic clamp (Figure
20). The DI was significantly lower in rats treated with oleate alone when compared to
saline treated rats, both during the first (p < 0.01) and second (p < 0.01) steps of the
clamp (Figure 20). However, the DI was lower in rats treated with oleate in the presence
of NAC when compared to the DI in rats treated with NAC alone only during the first

step of the hyperglycemic clamp (p < 0.01).

Glucose Stimulated Insulin Secretion in Isolated Islets. As expected, increasing
glucose concentration resulted in enhanced insulin secretion from isolated islets in all
treatment groups (Figure 21). The insulin secretory response of islets isolated from rats
treated with a prolonged oleate infusion was markedly impaired both at 13 and 22 mmol/l
glucose (p< 0.01 for both). The insulin secretory response of islets isolated from rats
treated with NAC in combination with oleate was lower at 22 mmol/l (p < 0.01), but not
at 13 mmol/l glucose, than that of islets from rats treated with NAC alone. However,
when compared with islets from rats treated with saline alone, insulin secretion was
significantly lower in islets isolated from rats treated with oleate + NAC, at both 13 and
22 mmol/L (p < 0.05 and p < 0.01 respectively). In contrast, the antioxidant TAU

prevented the oleate-induced decrease in insulin secretion at both 13 and 22 mmol/L.
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Figure 13. Plasma FFA levels during the two-step hyperglycemic clamp in rats treated
with i) saline alone (n = 9); ii) oleate alone (1.3 uEg/min, n = 8); iii) N-Acetylcysteine
alone (0.35 mg/kg/min, n = 8); and iv) N-Acetylcysteine (0.35 mg/kg/min) + oleate (1.3
uEqg/min, n = §). Data are means + SE.

a. effect of OLE, p<0.01 during both the first and second step of the clamp
b. effect of NAC + OLE, p<0.01 during both the first and second step of the clamp
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Figure 14. Plasma glucose levels during the two-step hyperglycemic clamp rats in
treated with i) saline alone (n = 9); ii) oleate alone (1.3 uEq/min, » = §8); iii) N-
Acetylcysteine alone (0.35 mg/kg/min, » = §); and iv) N-Acetylcysteine (0.35
mg/kg/min) + oleate (1.3 uEq/min, » = §). Data are means + SE.
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Figure 15. Glucose Infusion (GINF) rate during the two-step hyperglycemic clamp in
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rats treated with i) saline alone (n = 9); ii) oleate alone (1.3 uEg/min, n = 8); iii) N-
Acetylcysteine alone (0.35 mg/kg/min, n = 8); and iv) N-Acetylcysteine (0.35

mg/kg/min) + oleate (1.3 uEq/min, » = §). Data are means + SE.

a. effect of OLE, p<0.05 during both the first and second step of the hyperglycemic

clamp
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Figure 16. Plasma Insulin levels during the two-step hyperglycemic clamp in rats treated
with i) saline alone (n = 9); ii) oleate alone (1.3 uEq/min, n = 8); iii) N-Acetylcysteine
alone (0.35 mg/kg/min, n = §); and iv) N-Acetylcysteine (0.35 mg/kg/min) + oleate (1.3
uEqg/min, n = 8). Data are means + SE.

a. effect of NAC, p< 0.01 during both the first and second step of the clamp
b. effect of OLE, p<0.05 during the first sep and p<0.001 during the second step
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Figure 17. Plasma C-Peptide levels during the two-step hyperglycemic clamp in rats
treated with i) saline alone (n = 9); ii) oleate alone (1.3 uEg/min, » = §&); iii) N-
Acetylcysteine alone (0.35 mg/kg/min, » = &); and iv) N-Acetylcysteine (0.35
mg/kg/min) + oleate (1.3 uEq/min, » = §). Data are means + SE.

a. effect of NAC, p< 0.01 during the first and p<0.05 during the second step of the clamp
b. effect of OLE, p<0.05 during both the first and second step of the clamp
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Figure 18. C-Peptide/Insulin ratio during both the first and second step of the two step
hyperglycemic clamp in rats treated with i) saline alone (n = 9); ii) oleate alone (1.3
uEg/min, n = &), iii) N-Acetylcysteine alone (0.35 mg/kg/min, n = §); and iv) N-
Acetylcysteine (0.35 mg/kg/min) + oleate (1.3 uEq/min, » = §). Data are means * SE.

a. effect of NAC, p<0.05 during both the first and second step of the clamp
b. effect of NAC+OLE, p<0.05 during the first step of the clamp
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Figure 19. Sensitivity Index (SI) during the two-step hyperglycemic clamp in rats treated
with i) saline alone (n = 9); ii) oleate alone (1.3 uEg/min, n = 8); iii) N-Acetylcysteine
alone (0.35 mg/kg/min, n = 8); and iv) N-Acetylcysteine (0.35 mg/kg/min) + oleate (1.3
uEq/min, » = §). Data are means * SE.

a. effect of NAC, p<0.01 during both the first and second step of the clamp
b. effect of NAC+OLE, p<0.01 during both the first and second step of the clamp
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Figure 20. Disposition Index (DI) during the two-step hyperglycemic clamp in rats
treated with i) saline alone (n = 9); ii) oleate alone (1.3 uEq/min, n = §&); iii) N-
Acetylcysteine alone (0.35 mg/kg/min, n» = §8); and iv) N-Acetylcysteine (0.35
mg/kg/min) + oleate (1.3 uEq/min, » = 8). Data are means * SE.

a. effect of NAC, p<0.01 during both the first and second step of the clamp
b. effect of NAC+OLE, p<0.01 during both the first and second step of the clamp
c. effect of OLE, p<0.01 during both the first and second step of the clamp.
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Figure 21. Insulin secretory response to glucose of freshly isolated islets of 12 week old
normal female Wistar rats treated with saline (#=6), oleate alone (1.3 uEq/min , n=6), N-
Acetylcysteine alone (0.35mg/kg/min, n=7), N-Acetylcysteine (0.35 mg/kg/min) in
combination with oleate (1.3 uEg/min , n=8), Taurine alone (0.35mg/kg/min, n=3), and
Taurine (0.35 mg/kg/min) in combination with oleate (1.3 uEq/min , n=6). Data are
means + SE.

* p <0.01, SAL vs. OLE

# p<0.01, NAC vs. NAC+OLE
A p<0.05, SAL vs. NAC+OLE
+ p<0.01, SAL vs. NAC+OLE
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6.5) DISCUSSION (Study #2)

In the present study, we examined the effects of a prolonged FFA infusion, alone
and in combination with antioxidants, on B cell function. Chronic exposure to FFA has
been previously shown to impair GSIS both in vivo and in vitro. Consistent with these
findings, we found that both the C-peptide and the insulin responses to 13 and to 22-
mmol/L glucose were lower in rats treated with a 48-h oleate infusion than in saline-
treated rats. As previously discussed, elevated plasma FFAs induce insulin resistance in
vivo. Therefore, it is not surprising that in our study, a prolonged infusion of oleate was
associated with a reduction in SI during the first step of the clamp. Our insulin secretion
results must be interpreted in the context of insulin sensitivity, since in vivo, the normal 3
cell increases its secretion to compensate for reduced insulin sensitivity. Bergman (165)
and Khan (238) have introduced the concept that the relationship between insulin
sensitivity and B cell function is hyperbolic so that the disposition index (DI), which is
the product of insulin sensitivity and P cell function, remains constant in subjects with
normal glucose tolerance (165;238). That is, when insulin sensitivity is low (i.e. as in the
case of insulin resistance), B cell function is high and vice versa in normal subjects.
Despite the decrease in insulin sensitivity (i.e. SI) that was observed in our study, insulin
secretion, as assessed by the insulin and C-peptide secretory response during the two step
hyperglycemic clamp, was significantly impaired by a prolonged oleate infusion.
Accordingly, the DI, which is an estimate of B cell function corrected for insulin
sensitivity, was significantly lower in oleate-treated rats than in the saline treated animals.

In other words, our results suggest that in oleate-treated animals, the pancreatic  cell was
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unable to adequately compensate for the FFA-induced reduction in SI by hypersecreting
insulin — a finding that can be interpreted as a FFA-mediated impairment of B cell
function.

The mechanism by which fatty acids impair B cell function is not completely
understood. Studies have shown that i) fatty acids promote the generation of reactive
oxygen species in islets (183), and ii) both lipid peroxides (185) and free radicals (such as
ROS) (184) impair GSIS. Taken together, these findings suggest that the FFA-mediated
impairment in glucose-induced insulin secretion may depend on oxidative stress.
Cytokine toxicity (224;225) and chronic hyperglycemia (223) are two other instances
where B cell dysfunction was found to be associated to oxidative stress. Interestingly,
antioxidants were found to prevent the impairing effects of these factors on GSIS (226-
229). Therefore, in an attempt to determine whether the FFA-mediated impairment in 8
cell function is dependent on oxidative stress, GSIS was examined in rats that received a
prolonged infusion of oleate, both with and without a co-infusion of the antioxidant
NAC. As indicated in our results, treatment with NAC alone reduced absolute insulin
secretion in vivo, possibly due to the effect of the antioxidant to improve insulin
sensitivity. In NAC treated rats, oleate treatment did not impair absolute insulin secretion,
contrary to findings in animals that were not treated with the antioxidant. This suggests
that i) the antioxidant NAC prevented the oleate-induced impairment in GSIS, and/or ii)
the impairing effect of oleate on absolute insulin secretion was masked by the effect of
the antioxidant on insulin sensitivity. The impairing effect of oleate in the presence of
NAC on the disposition index suggests that the latter possibility is in fact true. However,

the results of the disposition index also suggest that there may be a partial effect of NAC

110



in preventing the impairing effect of oleate on B cell function. Notably, increased insulin
sensitivity with NAC was not only compensated by a decrease in insulin sensitivity but
also by an increase in clearance.

In an attempt to more accurately assess the direct effect fat and antioxidants on
cell function, we examined glucose-induced insulin secretion isolated pancreatic islets
(i.e. in a model where insulin sensitivity cannot acutely affect B cell function). As
described in our results, a 48-h oleate infusion impaired GSIS at both 13 and 22 mmol/L
glucose in isolated islets, consistent with our in vivo results. Infusion of the antioxidants
NAC or TAU alone did not affect GSIS, suggesting that antioxidants do not directly
influence P cell function at the concentrations used in our model. Treatment with the
antioxidant TAU was found to protect the islets from the FFA-mediated impairment in
GSIS at all glucose concentrations. On the other hand, NAC (the antioxidant that was
also studied in vivo) was only found to prevent the fatty acid mediated impairment in
GSIS at 13 mmol/L. Taken together, our findings suggest that antioxidants may play a
role in preventing the FFA-mediated impairment in glucose induced insulin secretion.
Consistent with our findings, a recent in vitro study demonstrated that NAC failed to
prevent the impairment in GSIS induced by chronic exposure to oleate. Interestingly, they
also found that NAC restored the impairment in insulin content induced by chronic oleate
exposure, reinforcing the suggestion that antioxidants may play a role in protecting the
cells from lipotoxicity (239).

The mechanisms by which oxidative stress influences 3 cell function and viability
have yet to be elucidated. Oxidative stress has been found to reduce insulin secretion by

impairing mitochondrial ATP synthesis. Oxidative stress can inhibit glucose metabolism

111



in the B cell. Miwa and colleagues have shown that both glucose utilization and glucose
oxidation are significantly reduced in isolated islets exposed to lipid peroxidation
products (i.e. aldehydes), which are the end product of a reaction between free radicals
and membrane lipids (185). Furthermore, donors of ROS, such as hydrogen peroxide,
have been shown to reduce the generation of ATP by affecting mitochondrial membrane
permeability and by altering mitochondrial membrane potential in the INS-1 B cell line
(184). Free radicals have also been found to reduce the generation of ATP by inducing
the expression of the uncoupling protein (UCP-2) in B cells (188). It has also been
suggested that oxidative stress may impair insulin gene expression and insulin gene
promoter activity (227).

The antioxidants used in this study share several common properties that are
related to their function as antioxidants and aldehyde scavengers. A TAU derivative,
known as taurine chloroamine, is particularly effective in inhibiting the expression of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX2) (240), through
inhibition of the NFkB pathway (241). NAC also inhibits the NFkB pathway (242;242)
and the expression of the iNOS gene (243) although its effect may be less than that of
TAU (236;244).

The reasons for the different ability of TAU and NAC to prevent the FFA-induced
impairment in [ cell function have yet to be determined. One possible explanation for the
discrepancy between the two antioxidants may be that TAU is a better antioxidant at the
level of the B cell; that is, TAU may enter the § cell and reach its site of action more

readily than NAC, although B cell uptake of TAU may not be significant (235). Another

possibility for the different protective effect of TAU and NAC on the P cell is that
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although both antioxidants are free radical and aldehyde scavengers, and also inhibit
iNOS gene expression and NFkB activation, these agents may differ in their potency at
these different sites of action. Further biochemical studies in islets could address these
hypotheses. It is also possible that the beneficial effects of TAU on insulin secretion are
unrelated to the antioxidant and antiinflamatory properties of this molecule. TAU has a
number of other effects that could influence insulin secretion. In high concentrations
(greater than ten times those used in the present study) TAU can alter calcium flux
(245;246) and interact with GABA receptors (247), however whether this occurs in the 8
cell is not known. Recent studies have also suggested that TAU at high concentrations
can close K+atp channels in B cells (248). Since NAC can be converted to TAU, its
effects may also be unrelated to its antioxidant properties.

In summary, our study demonstrates that a prolonged oleate infusion impairs
GSIS both in vivo and in isolated islets. Furthermore, antioxidants such as TAU, and to a
lesser extent NAC, prevent the FFA-induced impairment in GSIS. The reasons for the
enhanced ability of TAU to protect GSIS from the impairing effects of a prolonged FFA

elevation have yet to be determined.
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7) GENERAL DISCUSSION
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Diabetes mellitus is a debilitating and often lethal disease affecting millions of
individuals worldwide (249). The prevalence of diabetes mellitus is expected to increase
over the coming decades, resulting in an extra strain on health care resources in countries
around the world. Unfortunately, the greatest increase in the prevalence of this disease is
anticipated to occur in the developing world, where health care resources are already
lacking (3). It is thought that the major reason for this escalation is the increasing number
of people who are overweight and obese. As previously described, free fatty acid (FFAs),
which are often elevated in obese individuals, have been found to impair both insulin
sensitivity and insulin secretion. In this thesis, we have explored some of the
pathophysiology underlying the fatty acid-mediated impairment in glucose stimulated
insulin secretion (GSIS).

Prolonged exposure to FFAs impairs GSIS, both in vitro and in vivo. This finding
is particularly relevant in the pathogenesis of type 2 diabetes, a disease typically
associated with obesity and elevated plasma FFA levels (119). A characteristic feature of
obesity associated type 2 diabetes mellitus is insulin resistance. Interestingly, FFAs also
impair insulin sensitivity in vitro and in vivo. Because insulin sensitivity and 8 cell
function are inversely related, a defect in insulin action is compensated for by an increase
in insulin secretion in normal subjects. However, chronically elevated plasma FFA levels
present in obese and insulin resistant individuals prevent this compensation by triggering
a defect in insulin secretory capacity, resulting in impaired glucose tolerance and
eventually overt hyperglycemia and diabetes. It is interesting to note that not all obese
individuals develop diabetes. This suggests that certain individuals are predisposed to

develop the disease in the face of obesity and insulin resistance. Interestingly, individuals
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with a family history of type 2 diabetes mellitus may be particularly sensitive to the
impairing effect of FFA on GSIS (250).

In addition to playing an important role in the pathogenesis of type 2 diabetes
mellitus, B cell lipotoxicity may also play some role in autoimmune type 1 diabetes.
Several studies conducted in the NOD mouse model of autoimmune diabetes have
demonstrated that lipids may also play a role in the pathogenesis of this form of the
disease. In one study, differences in fat feeding were found to influence the incidence of
diabetes in the NOD mouse. In this particular study, 65% of animals fed a low fat diet
developed diabetes by 30 weeks of age, whereas 80% of rats fed a high fat diet developed
diabetes at the same time point (211). In another study in the NOD mouse, depletion of
the islet triglyceride content with pharmacotherapy (troglitazone) reduced the diabetes
incidence in this animal model of autoimmune diabetes (212). Unfortunately, in addition
to having a lipopenic effect, troglitazone also possesses anti-inflammatory and
antioxidant properties, which may confound the results. Furthermore, in vitro studies
showing that lipids can modulate the toxicity of cytokines also suggest that fat may play a
role in the pathogenesis of autoimmune diabetes. In a study conducted by Shimaburkuro,
the toxicity of cytokines was found to be enhanced in fat rich islets, and was found to be
diminished in fat depleted islets (199). Similarly, in a separate study, prolonged exposure
to fatty acids was shown to enhance the toxicity of cytokines in B cells (81). There also
exists evidence suggesting that fat is associated with the development of type 1 diabetes
in humans. In one study high weight gain during infancy was associated with an
increased incidence of type 1 diabetes (251). Taken together, these findings all suggest

that fat may also play some role in the pathogenesis of autoimmune diabetes.
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It has been established that insulin is an important hormone in the regulation of
lipid metabolism. Insulin stimulates fatty acid re-esterification, and inhibits lipolysis. A
reduction in insulin secretion or action will therefore be expected to increase circulating
plasma FFA levels. The findings of the first study presented in this thesis suggest that
cytokines and FFA interact synergistically, through one or more putative mechanisms, to
impair B cell function. The findings derived from the studies described in this thesis may
have significant implications in the pathogenesis of LADA, the slowly progressing form
of autoimmune diabetes that presents in adults and that is often misdiagnosed for type 2
diabetes. In this form of diabetes elevated levels of circulating FFA (either due to obesity
or decreasing insulin levels (natural history of LADA)) may interact with cytokines
present in the insulitis lesion to enhance the pace of P cell destruction, accelerating the
dependence for insulin in these individuals. Therefore, it may be possible that aggressive
management of dyslipidemia in individuals with impaired glucose tolerance who are also
ICA+ can slow down or halt the progression to full blown diabetes.

Oxidative stress was suggested as a possible mechanism to explain the synergistic
interaction between fat and cytokines on GSIS. It has been previously established that
oxidative stress may play a role in mediating cytokine induced tissue dysfunction. The
second study presented in this thesis attempted to further elaborate on the importance of
oxidative stress in mediating the FFA-induced impairment in B cell function. As
described above, this was accomplished by observing the effect of prolonged FFA
exposure alone, and in combination with antioxidants, on glucose-induced insulin
secretion. As in previous studies, long-term exposure to fatty acids was shown to have an

impairing effect on GSIS. Our results also demonstrated that simultaneous treatment with
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the antioxidant taurine prevented this effect, suggesting a role for oxidative stress in
mediating the impairing effects of FFAs on glucose-induced insulin secretion.

The importance of oxidative stress as a mediator of B cell dysfunction and
destruction has only been recently recognized. The pancreatic B cells are especially
vulnerable to oxidative stress due to their low antioxidant capacity. A study conducted by
Lenzen et al, which examined antioxidant gene expression in various tissues in mice,
suggested that levels of cytoplasmic Cu/Zn superoxide dismutase, mitochondrial
superoxide dismutase, and glutathione peroxidase gene expression were all lower in the
pancreatic islets than in any other tissues (98). Oxidative stress is thought to induce 3 cell
dysfunction and destruction through a variety of different mechanisms such as i)
modifying cellular macromolecules (i.e. protein, lipids, and DNA), ii) activating the pro-
inflammatory transcription factor NF kappa B, iii) inducing mitochondrial dysfunction,
and iv) promoting cellular apoptosis.

The finding that oxidative stress may be involved with B cell abnormalities
associated with the onset of diabetes mellitus offers the possibility of a new therapeutic
target for this disease. By interfering in the oxidative stress pathway, it may be possible
to help in the prevention and the treatment of diabetes mellitus. New strategies could
include a number of “low tech” approaches that are feasible in countries around the
world. These strategies include dietary modification, in order to incorporate more
antioxidants into the diet, and also the administration of antioxidant supplements. In order
to investigate this, there exist a small number of studies that have been completed or that
are currently underway. The majority of studies in this area have focused on protecting

additional B cell loss in newly diagnosed patients with type 1 diabetes. In one large

118



multicenter study (IMDIAB IV) both vitamin E (tocopherol) and nicotinamide were
shown to protect residual B cell function in patients with recent onset type 1 diabetes
mellitus (252). However, the results from another study suggested that the administration

of a mixture of antioxidants (namely nicotinamide, vitamin C, vitamin E, B carotene, and

selenium) to newly diagnosed children with type 1 diabetes mellitus did not preserve B
cell function (253). Unfortunately, these disparate results leave the question of whether
antioxidants can help preserve B cell function in patients diagnosed with autoimmune
diabetes unanswered.

In the area of type 2 diabetes research, there exists evidence from the Insulin
Resistance Atherosclerosis Study (IRAS) suggesting that Vitamin E (tocopherol) may
prevent the development of type 2 diabetes mellitus (254). However, there exists
contradictory evidence from the Heart Outcome Prevention Evaluation (HOPE) trial
suggesting that the administration of Vitamin E to patients older than 55 years of age
without known diabetes did not prevent the development of diabetes mellitus in this
cohort (255). With these disparate results, it is clear that additional studies must be
conducted in order to determine the therapeutic potential of antioxidants in the prevention

or adjuvant treatment of diabetes.
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8) CONCLUSION
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In summary, this thesis focused on examining the mechanisms that mediate the
impairing effect of a prolonged FFA elevation on glucose stimulated insulin secretion.
The first study presented in this thesis demonstrated that the presence of insulitis has a
permissive effect on the FFA mediated impairment in GSIS. Our results indicate that the
impairing effect of a prolonged fatty acid elevation is accentuated in the diabetes-prone
BB rat with insulitis. It was therefore hypothesized that inflammation and oxidative stress
may play a role in the mechanism of fat induced impairment of B cell function. In the
second study presented, we examined GSIS in animals treated with a prolonged fat
infusion in combination with antioxidants. This study demonstrated that antioxidants
prevented the impairing effect of a prolonged FFA elevation on GSIS, suggesting a
possible role for oxidative stress in mediating the observed B cell lipotoxicity. Taken
together, the results of the two studies presented in this thesis strengthen the hypothesis

that oxidative stress may play a role in mediating B cell dysfunction.
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9) STUDY LIMITATIONS
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One limitation of both of the studies presented is that they were conducted in a
specific animal model. The results therefore, cannot be immediately generalized to other
species, including humans. However, there exist studies in the literature confirming the
impairing effect of a prolonged FFA infusion on GSIS in humans (164). Another caveat
of our studies is that, plasma FFA levels were elevated for a shorter period, and to a
slightly higher level than that observed in the pathologic condition (i.e. obesity) that we
were trying to mimic. This is because the feasibility of an intravenous lipid infusion
lasting longer than 48 hours is low in rats. A chronic high fat diet model could have been
used to experimentally elevate post-prandial plasma FFA levels, however the dietary
model also has certain limitations (difficult to control, does not mimic endogenous FFA
release from adipose tissue etc.). A final caveat is that the method used to calculate
insulin sensitivity depends on assumptions such as the validity of the hyperbolic
relationship between insulin secretion and insulin sensitivity (our laboratory has found
this to be true in rats). Also, the measurment of insulin sensitivity using the sensitivity
index (SI) from the two step hyperglycemic clamp is not the gold standard method of
evaluating insulin sensitivity. A hyperinsulinemic euglycemic clamp could have been
performed in every rat to accurately measure the insulin sensitivity in each animal.
However, performing both clamps in the same animals also has its limitation related to
the stress of prolonging the experiment and to interference of each of the clamps with
each other. If the hyperinsulinemic euglycemic clamp is performed prior to the two step
hyperglycemic clamp, the transient elevation in plasma insulin levels required to assess
insulin sensitivity may affect the measurement of GSIS. Also, if the hyperinsulinemic

euglycemic clamp is performed after the two step hyperglycemic clamp, the measure of
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insulin sensitivity may be altered by the transient episode of hyperglycemia required to

assess GSIS.
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10) FUTURE DIRECTIONS
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Several important findings were presented in this thesis, however there are still
questions that remain to be answered. Based on the results of the first study presented in
this thesis, the impairing effect of a prolonged FFA elevation on GSIS appears to be
accentuated in the context of autoimmune diabetes. However, the mechanism responsible
for this effect remains to be uncovered. It is our belief that oxidative stress may play an
important role in mediating this effect. Therefore, a strategic starting point would be to
examine markers of oxidative stress in insulin secretory tissue in order to determine
whether a prolonged elevation of fatty acids increases free radical production, and
whether this increase is accentuated in the context of autoimmune diabetes. Additionally,
it would be valuable to determine whether antioxidants and/or anti-inflammatory agents
(i.e. IL-1 antagonists) prevent the observed effect of a prolonged FFA elevation on GSIS
in the diabetes-prone animals.

The results of the second study presented in this thesis suggest that antioxidants
may prevent the impairing effect of a prolonged FFA elevation on GSIS, suggesting a
role for oxidative stress. Further experiments remain to be conducted in order to confirm
that i) FFAs enhance oxidative stress in insulin secretory tissue, and that ii) this is
prevented by the systemic delivery of antioxidant compounds. Also, the mechanisms
accounting for the observed difference in the protective effect of the antioxidants NAC
and TAU on pancreatic islets remains to be elucidated. Such studies will not only further
our understanding of the mechanisms that may be involved in mediating the impairing
effect of FFA on GSIS, but also provide the possibility for a novel therapeutic target in

the treatment of diabetes mellitus.
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