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Abstract
Clinical management of patients with type 2 diabetes (T2D) successfully prevents extreme
hyperglycemia but does not precisely control glucose levels throughout the day. The pathogenesis
of T2D is akin to a double barrel shotgun. The first trigger causes an explosion that sets genetic
expression of the disease in motion; the second trigger discharges a host of environmental factors
that worsen its clinical course. Candidate shells include glucolipotoxicity, cytokines, oxidative and
endoplasmic reticulum stress, and insulin resistance. This review considers how each candidate
adversely impacts β-cell function to create the downward spiral of glycemic control. Their roles in
pathogenesis raise possibilities for new drug therapies designed to protect against adverse effects of
residual hyperglycemia in patients treated with conventional drugs.

The β-cell in type 2 diabetes (T2D): culprit and victim
The causes of T2D and the reasons for its clinical variability are poorly understood. For
example, some patients treat mild T2D with dietary measures, weight control and exercise, and
glycemia nicely stabilizes for years. However, this is usually not the case, and most people
must turn to an increasing variety of drugs, including insulin, to manage hyperglycemia.
Recently, T2D has added a new twist. It now occurs with increasing frequency in children,
who in the past, typically developed type 1 diabetes (T1D) only. We know T1D is an
autoimmune disease in which specific antibodies commonly are found in blood and very likely,
T cells and cytokines are major pathogenic factors that cause β-cell death. While T1D results
in complete dependency on insulin therapy for survival, this is not true for T2D.

The clinical course for T2D is more highly variable than T1D, acting more as a syndrome than
a disease. Diseases (e.g. pneumonia, anemia, and hypothyroidism) typically have discrete,
identifiable causes that respond to definitive treatment. T2D may in fact be a large, poorly
defined category of tens or hundreds of different etiologies that simply have hyperglycemia in
common. Often T2D is associated with obesity, but sometimes not. It has no known markers
of autoimmunity. Although apoptosis becomes an important feature, β-cells are not killed over
a short period of time; instead, they usually remain functional and secrete insulin. When
clinically profiling T2D, glucose appears to be the only intravenous stimulus that β-cells do
not respond to. They retain their response to intravenous amino acids, sulfonylurea drugs, and
β-adrenergic agonists. Although T2D has been distinguished from T1D for almost a century
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and we know the primary cause of T2D is almost certainly genetic, our basic understanding of
T2D pathogenesis is rudimentary.

The etiology of T2D can be compared to a gunfight in an Old West movie. In these scenes,
shots are fired, perhaps resulting in death. The targets that take a hit but avoid death still bear
scars of the injury and remain vulnerable in some manner. This same chain of events occurs
with β-cells and T2D. From the point of view of the β-cell, the onslaught of diabetes can either
be deadly or a simple brush with disaster. An example might be a brief period of cytokine-
induced accelerated apoptosis that later diminishes and resolves as opposed to chronic β-cell
dysfunction due to uncompensated glucose toxicity.

Against the background of our burgeoning knowledge about the initial polygenic causes of
T2D [1-6], recent developments have provided a clearer understanding of why this disease is
so variable in progression after its onset. The weapon in this case is most probably akin to a
double barrel shotgun. After the first trigger of the genomic barrel has been fired, the trigger
that discharges the second barrel likely activates environmental factors that create gene-
environment interactions in the β-cell that amplify the initial genetic damage, ultimately
worsening the hyperglycemia. Potential shells in the second barrel include hyperglycemia,
hyperlipidemia, oxidative and endoplasmic reticulum (ER) stress, cytokines, and worsening
insulin resistance (Figure 1). This review focuses on the contents of the second barrel that prey
on the β-cell after it has been weakened by the initial genetic shell, thereby worsening the
clinical outcomes of the disease we call T2D.

Glucose toxicity and oxidative stress
Hyperglycemia, the hallmark of diabetes, is the clinical outcome of β-cell dysfunction that
causes acute symptoms leading to its diagnosis and chronic complications (blindness, kidney
failure, neuropathies, and vascular disease). It is not generally appreciated that the β-cell itself
becomes a secondary complication. Inadequate insulin secretion from decompenated β-cells
causes increasingly higher blood glucose levels that continually bathe the islet. This leads to
a spectrum of consequences for the β-cell, including glucose desensitization, β-cell exhaustion,
and eventually glucose toxicity - a spectrum of physiology through pathophysiology.
Desensitization is a pharmacologic concept involving a cellular response to protect itself from
excessive stimulation. In the case of the β-cell, this desensitization is homologous in nature.
Repeated challenges by high glucose concentrations rapidly lead to diminished insulin
secretory responses to glucose but not to other agents. However, upon cessation of glucose
stimulation, this refractoriness to glucose stimulation eventually recovers, and the β-cell once
again responds normally to glucose [7,8]. However, more prolonged exposure to high glucose
concentrations leads to β-cell exhaustion. This state is usually described as depletion of
available insulin stores due to prolonged stimulation of insulin secretion without a sufficient
compensatory increase in insulin synthesis. In this case, it is likely that insulin granules in the
exocytotic apparatus become depleted. However, prolonged periods of rest under conditions
of normal glucose levels permit the β-cell to recover and once again respond normally to
glucose stimulation [7,8]. At the extreme of this spectrum is glucose toxicity [9]. This term
implies a toxocologic rather than a pharmacologic condition wherein the β-cell has been
bombarded with excessive levels of glucose molecules for an extended period of time. In this
state, important mechanisms such as glucose regulation of the insulin promoter and insulin
synthesis are deranged. The β-cell nearly shuts down, and insulin secretion is greatly
compromised, especially post-prandially. Molecular studies demonstrated that extensive
exposure to high glucose concentrations renders the β-cell incapable of producing insulin
mRNA, a consequence of the loss of two critical insulin gene transcription factors,
musculoaponeurotic fibrosaracoma protein A (MafA) and pancreatic duodenal homeobox-1
(PDX-1) (Figure 2, [10-12]). The loss of MafA involves a post-translational defect [13],
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whereas loss of PDX-1 involves a post-transcriptional defect [10] in synthesis. That these losses
in MafA and PDX-1 can be devastating has been confirmed by in vitro experiments using cell
lines showing that mutation of the DNA binding sites of either factor leads to marked decreases
in insulin reporter activity [11,12]; furthermore, reconstitution of glucotoxic cells with MafA
and PDX-1 normalizes insulin reporter activity and improves defective insulin gene expression
[13]. However, even after these severe injuries, the β-cell is not yet in extremis. Use of extended
cultures of a β-cell line has shown that, for a finite period of time, returning glucotoxic cells
to physiologic glucose conditions allows the cells to heal and restore MafA and PDX-1 levels
[14]. This corrects the defects in insulin gene expression, insulin content, and glucose-induced
insulin secretion. Transplantation of isolated human islets in hyperglycemic nude mice causes
failure of β-cells to respond to glucose stimulation during perfusion of the graft [15]. Recipient
mice that were made hyperglycemic for 4 weeks and then returned to normoglycemia for two
weeks reestablished insulin stores but retained abnormally low glucose-induced insulin
secretion.

Similarly, exposure to supraphysiologic glucose concentrations can cause irreversible β-cell
damage cell lines in a time- and glucose concentration-dependent manner [14]. One established
mechanism for this terminal event is that of oxidative stress. This conclusion is based on
experimental evidence that chronic exposure to high glucose concentrations floods metabolic
pathways to cause excessive production of reactive oxygen species (ROS) via several
biochemical pathways [16]. These include glucose autoxidation, protein kinase C activation,
methylglyoxal formation and glycation, hexosamine metabolism, sorbitol formation and
oxidative phosphorylation.

The overabundance of ROS in the microenvironment of the β-cell is compounded by a profound
irony. This islet cell that is the primary cause of and eventually becomes damaged by
hyperglycemia contains poor host defenses mechanisms against oxidative stress. In comparison
with other mammalian cell types, β-cells contain only modest levels of superoxide dismutases
and virtually no catalase or glutathione peroxidase [17,18]. The meaning behind this peculiar
set of circumstances is not clear. One possibility is that the β-cell was created to thrive in an
environment with higher hydrogen peroxide (H2O2) levels than most cells [19,20], because
superoxide dismutases form H2O2 from superoxide and there are no means within the β-cell
to catabolize H2O2. Adenoviral overexpression of glutathione peroxidase (GPx) in isolated
islets prevents the compromised β-cell function caused by high ROS levels formed in response
to elevated glucose concentrations [21]. Adverse effects of oxidative stress can also be
prevented by the potent antioxidant, n-acetylcysteine (NAC). The mechanism of protection is
likely enhanced generation of endogenous glutathione because NAC contains cysteine, the
rate-limiting amino acid for glutathione synthesis. Moreover, the favorable effects of NAC can
be blocked by buthionine sulfoximine, a drug that interferes with glutathione synthesis [21].
It has also been demonstrated that excess levels of D-glyceraldehyde generate ROS and inhibit
insulin secretion, effects that are prevented by NAC and enhanced by koningic acid, a drug
that inhibits glyceraldehyde catabolism [22].These studies reinforce the concept that enhancing
antioxidant protection of the β-cell protects it from ROS generated via different sources.

Studies treating cell lines and animal models of T2D with exogenous antioxidants and
experiments overexpressing endogenous antioxidant enzymes have shown that increasing
antioxidant intrinsic defense mechanisms ameliorates β-cell damage caused by prolonged
exposure to supraphysiologic glucose concentrations. Examples are NAC and aminoguanidine,
which ameliorate the development of hyperglycemia in Zucker Diabetic Fatty rats and db/db
mice [23,24], both leptin receptor-deficient rodent models of T2D that are prone to obesity .
Tempol, a superoxide dismutase inhibitor, has also been used to prevent the increase in total
and mitochondrial superoxide and β-cell dysfunction in Wistar rats induced by prolonged
exposure to glucose [25]. Consistent with these observations, recently published pilot studies
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in subjects with type 2 diabetes report improved β-cell function and glycemic control during
antioxidant treatment [26,27]. The overall message from these findings is that chronic exposure
to supraphysiologic levels of glucose induces oxidative stress that in turn causes a relentless
decline in β-cell function that can be prevented by enhanced antioxidant protection (Figure 3).
It is important to point out, however, that glucose toxicity and oxidative stress in diabetes has
also been associated with increased insulin resistance [28], a factor that could play an important
indirect role in β-cell dysfunction.

Lipotoxicity or glucolipotoxicity?
The close clinical association of T2D with obesity led to research interest in fatty acids, a major
product of lipolysis, as players in the deterioration of β-cell function in T2D [9,29]. Insulin is
the major antilipolytic hormone, so when it is less available, one might expect excess levels of
fatty acids released from adipocytes into the circulation to reach the rest of the body, including
the pancreatic islet. Additionally, T2D is not uncommonly associated with elevated triglyceride
and free fatty acid levels. After lipoprotein synthesis and release from the liver, lipid uptake
into adipocytes is regulated by the insulin-activated enzyme lipoprotein lipase. A major report
suggesting a role for lipotoxicity documented that ZDF rats had increased blood glucose and
lipid levels, both of which were lowered with troglitazone treatment [30]. However, the
question remained whether these two beneficial outcomes were related. Studies addressing this
question, again using ZDF rats, observed that treatment with bezafibrate lowered blood
triglyceride but not glucose levels, while treatment with phlorizin resulted in lowered blood
glucose but not triglyceride levels. In this study, the prevention of hyperglycemia was
associated with prevention of loss of insulin gene expression, but prevention of
hypertriglyceridemia did not [31]. The conclusion was that hyperglycemia for prolonged
periods of time, or glucose toxicity, is an independent cause of continual β-cell deterioration
in T2D. On the other hand, hyperlipidemia, or lipotoxicity, does not adversely affect β-cell
function unless hyperglycemia has already been established. The same conclusions were
reached in other experiments utilizing isolated islets exposed to low and high concentrations
of glucose and palmitic acid [9].

This interplay between adverse effects of high concentrations of glucose and lipid can be
explained by the competition between glucose and fatty acids for metabolism by the glycolytic
pathway. After prolonged hyperglycemia, oxidative phosphorylation is supersaturated with
glucose products, inducing formation of high levels of cytosolic malonyl-CoA, a compound
that inhibits β-oxidation of fatty acids. This causes the β-cell to shunt fatty acids to alternate
pathways for its metabolism [32]. One outcome of this shunting is formation of excessive fatty
acid esterification products capable of damaging β-cells, such as ceramide [33,34]. Such
information has intensified interest in the possible relationships among diabetes, lipotoxicity,
and endoplasmic reticulum stress [35-40].

Cytokines and β-cell failure
For decades, cytokines have played a central role in explaining T1D pathogenesis. Usually
they are described as factors that exert negative effects on β-cells. Important cytokines in this
regard include interleukin-1-beta IL-1-β), tissue necrosis factor-1-alpha (TNF-1-α), and
interferon-gamma (INF-γ) [41]. While early observations described both positive and negative
effects of IL-1-β on β-cells, the combination of all three cytokines consistently exerted negative
effects. The clinical context in which these cytokines have been classically thought to adversely
impact β-cells has been T1D and immune rejection of transplanted islets [41]. More recently
however, reports describe evidence of macrophages and cytokine production in islets from
animal models of T2D and in pancreatic tissue from patients with T2D [42,43], although these
findings are debated because of failure by others to observe an increase in islet IL-1 production
by human islets cultured in media with high glucose concentrations, as well as failure to observe
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increased IL-1 levels in human islets isolated from T2D subjects compared to islets isolated
from non-diabetic subjects [44]. An endogenous antagonist to the IL-1β receptor (IL-1Ra) is
reported to protect against leptin-induced apoptosis in human islets [45]. Most recently, a
human trial with a drug that blocks binding of IL-1β to its receptor led to improvement in β-
cell function and amelioration of hyperglycemia in human T2D [46]. It will be important to
conduct follow-up studies for greater periods of time in larger groups of people with T2D to
confirm these observations

The association between elevated cytokine levels and cell death raises the possibility that
cytokines contribute to accelerated β-cell apoptosis and decreased β-cell mass in T2D. The
relationship of the evolution of T2D to changes in β-cell mass has received a great deal of
attention in recent years. In studies of human pancreases obtained at autopsy, obese individuals
had greater β-cell volume and neogenesis than lean subjects [47]. Furthermore, both obese and
lean individuals with T2D had decreased β-cell volume compared to non-diabetic obese and
lean controls. Frequency of β-cell replication was very low in all cases, and neogenesis was
similar in diabetic vs. non-diabetic groups. However, there was a striking increase in β-cell
apoptosis in the lean and obese diabetic subjects compared to their respective controls. This
suggests that T2D is characterized by ongoing acceleration of β-cell apoptosis that is not
compensated by a matched increase in β-cell replication.

Returning to the double barreled shotgun analogy, islet amyloid may be another component/
shell of the environmental barrel [48]. A transgenic mouse model that overexpresses human
islet amyloid polypeptide (IAPP) develops islet pathology similar to that of humans with T2D.
A 10-fold elevation in β-cell apoptosis was found in this IAPP mouse model, and the frequency
of β-cell apoptosis was related to the rate of increased islet amyloid [49]. This is of major
interest because islet amyloid is observed in pancreases of humans with T2D [48]. These
observations have set the stage to consider possible mechanisms of accelerated apoptosis that
are associated with cytokines and IAPP as well as glucolipotoxicity and oxidative and
endoplasmic reticulum stress [50,51]. Thioredoxin-interacting protein has been reported to be
a potentially important link between glucose toxicity and apoptosis based on the observation
that high glucose concentrations induce apoptosis and increased levels of this protein in INS-1
cells; similarly, HcB-19 islets deficient in thioredoxin-interacting protein were protected
against glucose-induced apoptosis [52].

Obesity and insulin resistance
A major debate in diabetes research is whether insulin resistance or intrinsic β-cell defects is
the primary cause of T2D. The consensus is that one cannot develop T2D without having
inherently dysfunctional β-cells. Insulin resistance secondary to obesity places additional
demands on β-cells to secrete more insulin. However, in most cases of severe human obesity,
the islet is capable of increasing sufficient insulin production to maintain normoglycemia. It
is assumed that the minority of obese people who succumb to T2D do not have a sufficient β-
cell mass to meet the metabolic demands of insulin resistance. It should be noted, however,
that not all T2D is triggered by obesity and insulin resistance. Many lean people with T2D
have never been obese and are not resistant to insulin. Consequently, T2D is most accurately
viewed as a genetic disease characterized by inadequate functional β-cell mass that cannot
compensate for insulin resistance.

Conclusion and therapeutic implications
This review focuses on T2D in its second stages, i.e. after it initially manifests due to genetic
causes. If not adequately treated by behavior modification and/or drugs and glycemic control
is not achieved, the secondary triggers of glucolipotoxicty, cytokines, oxidative/endoplasmic
reticulum stress, and insulin resistance conspire to make the β-cell even more dysfunctional.

Robertson Page 5

Trends Endocrinol Metab. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Eventually, accelerated apoptosis ensues which worsens the clinical syndrome. This
understanding calls for intensive medical management of T2D, with a full realization that the
best therapy and compliance usually will not keep post-prandial glucose levels normal. Recent
findings from basic research point to potentially fruitful new areas of therapeutic development,
involving drugs directed against glucose toxicity, cytokine effects, oxidative stress, and
accelerated apoptosis.

A major handicap in the case of advancing antioxidant therapy is the bias that these common
compounds, often found in the foods we eat, are insufficiently strong to be therapeutically
efficacious. Trials using vitamins as antioxidants to protect against cardiovascular disease are
often cited to make this point [53]. However, such trials are not adequate to provide insight
into whether antioxidants protect patients with diabetes against the adverse effects of
glucolipotoxicity. These studies were not designed with diabetes in mind, nor were the
endpoints selected to reflect β-cell function or insulin resistance. Moreover, the vitamin doses
used do not provide maximal antioxidant protection. Therefore, the concept of whether
antioxidants serve as an ancillary form of treatment to protect tissues against the hyperglycemic
background that persists in patients with diabetes despite their treatment with conventional
antihyperglycemic drugs remains untested. More work is needed using potent antioxidants in
human trials to ascertain whether these drugs provide added protection against the oxidant-
promoting contents of the second barrel that contribute to the inexorable deterioration in β-cell
function in patients with T2D.
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Figure 1. Natural history of β-cell deterioration in type 2 diabetes (T2D)
This schema proposes that T2D is primarily a polygenic disorder that eventually results in
clinical hyperglycemia, which is then made worse by environmental factors, resulting in a
relentless decline in β-cell function. Environmental factors likely to contribute to this process
include glucolipotoxicity, cytokines, oxidative and endoplasmic reticulum (ER) stress, and
insulin resistance. Intervention with conventional therapy (Rx) usually arrests the initial decline
in β-cell function, but characteristically after a brief return to improved function, the β-cell
once again continues down its path of declining function. This schema proposes that prevention
of the adverse consequences of environmental factors might arrest this decline.
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Figure 2. Molecular mechanism of glucotoxicity at the level of insulin gene expression
(a) Under physiologic conditions, musculoaponeurotic fibrosaracoma protein A (MafA) and
pancreatic duodenal homeobox-1 (PDX-1) are two critically important proteins that are
synthesized in the cytoplasm and transported across the nuclear membrane to interact with their
DNA binding sites on the insulin promoter. MafA is bound by the C1 box and PDX-1 is bound
by the A1, A3, and A5 sites on the insulin promoter. (b) Glucotoxicity greatly diminishes
protein levels of MafA and PDX-1, the former through post-translational and the latter through
post-transcriptional mechanisms. This pathophysiologic process likely involves multiple steps
(not shown) that initially involve exclusion of the proteins from the nucleus and later involve
decreased synthesis and ultimate disappearance of the proteins from the cytoplasm. These
abnormalities lead to decreased insulin mRNA, insulin content, and glucose-induced insulin
secretion, and are reversible only in the early stages of glucose toxicity.
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Figure 3. Prevention of glucose toxicity by antioxidants
The adverse effects of glucose toxicity on processes supporting insulin synthesis and secretion,
starting with insulin gene transcription factor availability have been shown to be preventable
by intervention in vitro using overexpression of antioxidant enzymes in isolated islets and in
vivo by treating animals with antioxidant drugs.
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