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Abstract
Diabetes mellitus (DM) is a significant healthcare concern worldwide that affects more than 165
million individuals leading to cardiovascular disease, nephropathy, retinopathy, and widespread
disease of both the peripheral and central nervous systems. The incidence of undiagnosed diabetes,
impaired glucose tolerance, and impaired fasting glucose levels raises future concerns in regards to
the financial and patient care resources that will be necessary to care for patients with DM.
Interestingly, disease of the nervous system can become one of the most debilitating complications
and affect sensitive cognitive regions of the brain, such as the hippocampus that modulates memory
function, resulting in significant functional impairment and dementia. Oxidative stress forms the
foundation for the induction of multiple cellular pathways that can ultimately lead to both the onset
and subsequent complications of DM. In particular, novel pathways that involve metabotropic
receptor signaling, protein-tyrosine phosphatases, Wnt proteins, Akt, GSK-3β, and forkhead
transcription factors may be responsible for the onset and progression of complications form DM.
Further knowledge acquired in understanding the complexity of DM and its ability to impair cellular
systems throughout the body will foster new strategies for the treatment of DM and its complications.

Keywords
Apoptosis; Akt; Alzheimer’s disease; diabetes; erythropoietin; Forkhead; FOXO; glycogen synthase
kinase; metabotropic; mitochondria; Oxidative stress; protein-tyrosine phosphatases; uncoupling
proteins; Wnt

CELLULAR INJURY AND OXIDATIVE STRESS
During cellular injury, oxygen free radicals can be produced in significant quantities during
the reduction of oxygen and ultimately result in oxidative stress with cell death. Reactive
oxygen species (ROS) consist of oxygen free radicals and other chemical entities that include
superoxide free radicals, hydrogen peroxide, singlet oxygen, nitric oxide (NO), and
peroxynitrite [1]. Most species are produced at low levels during normal physiological
conditions and are scavenged by endogenous antioxidant systems that include superoxide
dismutase (SOD), glutathione peroxidase, catalase, and small molecule substances such as
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vitamins C and E. Superoxide radical is the most commonly occurring oxygen free radical that
can result from xanthine oxidase, NADPH oxidases and cytochrome P450. Superoxide
produces hydrogen peroxide through the Haber-Weiss reaction in the presence of ferrous iron
by manganese (Mn)-SOD or copper (Cu)-SOD. In the presence of transition elements, a
reaction of hydrogen peroxide with superoxide results in the formation of hydroxyl radical, the
most active oxygen free radical. Hydroxyl radical alternatively may be formed through an
interaction between superoxide radical and NO [2]. NO interacts with superoxide radical to
form peroxynitrite that can further lead to the generation of peroxynitrous acid. Hydroxyl
radical is produced from the spontaneous decomposition of peroxynitrous acid. NO itself and
peroxynitrite are also recognized as active oxygen free radicals. In addition to directly altering
cellular function, NO may work through peroxynitrite that is potentially considered a more
potent radical than NO itself [3].

Oxidative stress represents a significant mechanism for the destruction of cells that can involve
apoptotic cell injury [4–5]. Apoptosis consists of membrane phosphatidylserine (PS) exposure
and DNA fragmentation [6] and can contribute to a variety of disease states that especially
involve the nervous system such as diabetes, ischemia, Alzheimer’s disease, and trauma [7–
11]. As an early event in the dynamics of cellular apoptosis, membrane PS externalization can
become a signal for the phagocytosis of cells [1,12]. Cells expressing externalized PS may be
removed by microglia [13–14]. In addition, membrane PS externalization on platelets has been
associated with clot formation in the vascular cell system [15].

In contrast to the early externalization of membrane PS residues, the cleavage of genomic DNA
into fragments is considered to be a delayed event that occurs late during apoptosis [16 19].
Several enzymes responsible for DNA degradation have been differentiated based on their
ionic sensitivities to zinc [20] and magnesium [21]. Calcium, a critical independent component
that can determine cell survival [22], also may determine endonuclease activity through
calcium/magnesium - dependent endonucleases such as DNase I [23]. Other enzymes that may
degrade DNA include the acidic, cation independent endonuclease (DNase II) [24],
cyclophilins [25], and the 97 kDa magnesium - dependent endonuclease [26]. Three separate
endonuclease activities are present in neurons that include a constitutive acidic cation-
independent endonuclease, a constitutive calcium/magnesium-dependent endonuclease, and
an inducible magnesium dependent endonuclease [27].

Oxidative stress can lead to apoptosis in a variety of cell types that involve neurons, endothelial
cells (ECs), cardiomyocytes, and smooth muscle cells through multiple cellular pathways
[28–29]. The production of ROS can lead to cell injury through a number of processes that
involve the peroxidation of cellular membrane lipids [30], the peroxidation of docosahexaenoic
acid, a precursor of neuroprotective docosanoids [31], and the oxidation of proteins that yield
protein carbonyl derivatives and nitrotyrosine [32]. In addition to the detrimental effects to
cellular integrity, ROS can inhibit complex enzymes in the electron transport chain of the
mitochondria resulting in the blockade of mitochondrial respiration [33]. Oxidative stress, such
as during NO exposure, results in nuclei condensation and DNA fragmentation [27,34–36]. In
neurons, NO exposure produces apoptotic death in hippocampal and dopaminergic neurons
[37–40]. Injury during NO exposure also can become synergistic with hydrogen peroxide to
render neurons more sensitive to oxidative injury [41–42]. Externalization of membrane PS
residues also occurs in neurons during anoxia [43], NO exposure [44], or during the
administration of agents that induce the production of reactive oxygen species, such as 6-
hydroxydopamine [45].

Maiese et al. Page 2

Curr Med Chem. Author manuscript; available in PMC 2008 July 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



OXIDATIVE STRESS, DIABETIC CELL INJURY, CLINICAL RELEVANCE, AND
INSULIN RESISTANCE

Diabetes mellitus (DM) affects at least 16 million Americans, more than 165 million
individuals worldwide [46], and by the year 2030 more than 360 million individuals will be
afflicted with DM and its debilitating conditions [47]. Type 2 DM represents at least 80 percent
of all diabetics and is dramatically increasing in incidence as a result of changes in human
behavior and increased body mass index [48]. Type 1 insulin-dependent diabetes mellitus
(IDDM) accounts for only 5–10 percent of all diabetics. Yet, it presents a significant health
concern, since this disorder begins early in life and leads to long-term complications throughout
the body involving cardiovascular, renal, and nervous system disease [49].

Interestingly, disease of the nervous system can become the most debilitating complications
for DM and affect sensitive cognitive regions of the brain, such as the hippocampus that
modulates memory function, resulting in significant functional impairment and dementia
[50–51]. Furthermore, both focal and generalized neuropathies, especially in conjunction with
vascular disease, can result in severe disability [52]. In a prospective population based study
of 6,370 elderly individuals, patients with DM had an approximate double risk for the
development of dementia [53]. DM also has been found to increase the risk for vascular
dementia in elderly subjects [54–55]. Although some studies have found that diabetic patients
may have significantly less neuritic plaques and neurofibrillary tangles than non-diabetic
patients [56], other investigators report a modest adjusted relative risk of Alzheimer’s disease
in patients with diabetes as compared with those without diabetes to be 1.3 [57]. Additional
studies have described the reduced expression of genes encoding insulin in Alzheimer’s
patients that suggests a potential link between DM and the development of Alzheimer’s disease
[58]. In animal models with brain/neuronal insulin receptor knockouts, loss of insulin signaling
appears to be linked to increased phosphorylation of the microtubule-associated protein tau
that occurs during Alzheimer’s disease [59].

The incidence of undiagnosed diabetes and impaired glucose tolerance in the young raises
further concerns. Individuals with impaired glucose tolerance have a greater than 2 times the
risk for the development of diabetic complications than individuals with normal glucose
tolerance [60]. Healthcare costs for diabetic complications are a significant driver for
government resource consumption with costs of $214.8 million for outpatient expenditures
and $1.45 billion for inpatient expenditures [61]. If one examines cognitive impairments
resulting from diabetes in the general population that can mimic Alzheimer’s disease [4],
annual costs equal $100 billion [62–64].

Type I DM is associated with the presence of alleles of the Human leukocyte antigen (HLA)
class II genes within the major histocompatibility complex (MHC). The disorder is considered
to have autoimmune origins resulting from inflammatory infiltration of the islets of Langerhans
and the selective destruction of β-cells in the pancreas that leads to insulin loss [65]. Monogenic
inheritance does not appear to lead to Type I DM since studies illustrate that multiple loci with
possible epistatic interactions among other loci may be responsible for genetic transmission
[66–67]. Yet, a variety of environmental factors also may play a significant role with Type I
DM. For example, some studies have suggested that Type I DM in monozygotic twins can
occur with a cumulative risk from birth to 35 years of age of seventy percent [68–69]. In
addition, other work suggests a concordance between monozygotic twins to be approximately
fifty percent [70], suggesting that environmental factors may lead to a predisposition for Type
I DM.

In Type I DM, activation of T-cell clones that are capable of recognizing and destroying β-
cells lead eventually to severe insulin deficiency. These T-cell clones are able to escape from
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thymus control during circumstances that yield high affinity for major histocompatibility
complex (MHC) molecules with T-cell receptors but incorrect low affinity for self-peptides.
Once released into the bloodstream, these T-cell clones can become activated to destroy self-
antigens. Upon initial diagnosis, approximately ninety percent of individuals with Type I DM
have elevated titers of autoantibodies (Type IA DM). The remaining ten percent of Type I DM
individuals do not have serum autoantibodies and are described as having maturity-onset
diabetes of the young (MODY) that can be a result of β-cell dysfunction with autosomal-
dominant inheritance (Type IB DM) [71]. Other variables reported in patients with Type I DM
include the presence of insulin resistance that is usually characteristic of Type 2 DM and can
lead to neurological and vascular disease [72–73]. Interestingly, there is an converse overlap
with Type I and Type 2 DM, since almost ten percent of Type 2 DM patients may have elevated
serum autoantibodies [74].

Loss of autoimmunity in Type 1 DM can be precipitated by a number of exogenous events,
such as the exposure to infectious agents [75]. In most cases but not all, the insulin gene (INS)
and the human MHC or HLA complex are believed to contain the loci with IDDM1 and
IDDM2 to account for the susceptibility to Type I DM with defective antigen presentation
[76–77]. Interestingly, a HLA class II molecule has been linked to Type I DM inheritance.
Specifically, HLA-DQ that lacks a charged aspartic acid (Asp-57) in the β-chain is believed
to lead to the ineffective presentation of autoantigen peptides during thymus selection of T-
cells [78]. Animal models that involve the nonobese diabetic (NOD) mice further support these
findings, since these mice spontaneously develop diabetes with the human predisposing HLA-
DQ corresponding molecule of H2 I-Ag. Yet, NOD mice without H2 I-Ag do not develop
diabetes [79].

In contrast to Type 1 DM, Type 2 DM, also termed noninsulin-dependent diabetes mellitus
(NIDDM), is characterized by insulin resistance with significant metabolic dysfunction that
include obesity, impaired insulin function and secretion, and increased endogenous glucose
output. Insulin resistance or defective insulin action occurs when physiological levels of insulin
produce a subnormal physiologic response. Skeletal muscle and liver are two of the primary
insulin-responsive organs responsible for maintaining normal glucose homeostasis. Insulin
normally lowers the level of blood glucose through suppression of hepatic glucose production
and stimulation of peripheral glucose uptake, but a dysfunction in any step of this process can
result in insulin resistance and elevated serum glucose levels. It should be noted that although
insulin resistance forms the basis for the development of Type 2 DM, elevated serum glucose
levels are also a result of the concurrent impairment in insulin secretion. This abnormal insulin
secretion may be a result of defective β-cell function, chronic exposure to free fatty acids and
hyperglycemia, and the loss of inhibitory feedback through plasma glucagon levels [80]. Type
2 DM is the most prevalent form of diabetes and generally occurs more often in individuals
over 40 years of age. The disorder is characterized by a progressive deterioration of glucose
tolerance with early β-cell compensation for insulin resistance (achieved by β-cell hyperplasia)
and subsequently followed by progressive decrease in β-cells mass. In contrast, gestational
diabetes mellitus that represents glucose intolerance during some cases of pregnancy usually
subsides after delivery.

Both diabetic cell injury and the development of insulin resistance are closely linked to the
presence of cellular oxidative stress [81]. In patients with DM, elevated levels of ceruloplasmin
are suggestive of increased reactive oxygen species (ROS) [82] and acute glucose fluctuations
may promote oxidative stress [83]. Cellular elevated glucose levels also have been
demonstrated to result in an increased production of ROS [84]. Furthermore, administration
of antioxidants during elevated glucose concentrations can block free radical production and
prevent the production of advanced glycation endproducts (AGEs) known to produce ROS
during DM [85]. In addition, oxidative stress may more directly promote the onset of DM by
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decreasing insulin sensitivity and destroying the insulin-producing cells within the pancreas.
For example, ROS can penetrate through cell membranes and cause damage to β-cells of
pancreas [86–87]. In addition, free fatty acids which can lead to ROS, have been shown to also
contribute to mitochondrial DNA damage and impaired pancreatic β-cell function [88].

Oxidative stress also is believed to modify a number of the signaling pathways within a cell
that can ultimately lead to insulin resistance. In non-diabetic rats, hyperglycemia can result in
a significant decrease in insulin-stimulated glucose uptake, a significant increase in muscle
protein carbonyl content (used as an indicator of oxidative stress), and elevated levels of
malondialdehyde and 4-hydroxynonenal as an indictor of lipid peroxidation [89]. These
biological markers of oxidative stress and insulin resistance suggest that ROS contribute to the
pathogenesis of hyperglycemia-induced insulin resistance [89]. Furthermore, hyperglycemia
can lead to increased production of ROS in endothelial cells, liver and pancreatic β-cells [90–
93]. In a model of nonobese Type 2 DM, higher levels of 8-OHdG and HNE-modified proteins
in the pancreatic beta-cells of diabetic rats than in the controls were observed with levels
increasing with age and fibrosis of the pancreatic islets [91]. Elevated glucose also has been
shown to increase antioxidant enzyme levels in human endothelial cells, suggesting that
elevated glucose levels may lead to a reparative process to protect cells from oxidative stress
injury [90]. Chronic hyperglycemia is not necessary to lead to oxidative stress injury, since
even short periods of hyperglycemia, generate ROS, such as in vascular cells [93]. Recent
clinical correlates support these experimental studies to show that acute glucose swings in
addition to chronic hyperglycemia can trigger oxidative stress mechanisms during Type 2 DM
(Fig. (1)), illustrating the importance for therapeutic interventions during acute and sustained
hyperglycemic episodes [83].

Although the precise role of insulin resistance in cellular injury remains to be established, it
has been shown at least in neurons that insulin stimulation may reverse diabetic neuropathy
[94]. Interestingly, oxidative stress-induced cellular signaling may be the contributory factor
responsible for cell injury that initially is set in motion following hyperglycemia. In one study,
intrathecal insulin or insulin growth factor-I delivery of doses insufficient to reduce
hyperglycemia significantly improved slowing of motor and sensory conduction velocity in
streptozotocin (STZ) -induced diabetic rats [94]. In contrast, intrathecal saline or subcutaneous
insulin did not improve conduction velocity, illustrating that reduction in cellular injury during
diabetes may require targeting of specific oxidative stress cellular pathways. For example, the
neuroprotective effects of insulin appear to rely upon the maintenance of mitochondrial inner
membrane potential and increased ATP levels [95]. The authors used real-time whole cell
fluorescence video microscopy to analyze mitochondrial inner membrane potential in cultured
adult sensory neurons. Compared with control, insulin and other neurotrophic factors induced
a two-fold increase in membrane potential.

DIABETES MELLITUS, CELLULAR ENERGY RESERVES, AND
MITOCHONDRIAL FUNCTION

The maintenance of cellular energy reserves and intact cellular function are closely dependent
upon mitochondrial biology (Fig. (2)). Oxidative stress can trigger the opening of the
mitochondrial membrane permeability transition pore [19,37,96–97] and lead to a significant
loss of mitochondrial NAD+ stores and subsequent apoptotic cell injury [98–99]. In addition,
mitochondria are a significant source of superoxide radicals that are associated with oxidative
stress [100]. Blockade of the electron transfer chain at the flavin mononucleotide group of
complex I (NADPH ubiquinone oxidoreductase) or at the ubiquinone site of complex in
(ubiquinone-cytochrome c reductase) results in the active generation of free radicals which can
impair mitochondrial electron transport and enhance free radical production [101–102].
Furthermore, mutations in the mitochondrial genome have been associated with the potential
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development of a host of disorders, such as hypertension, hypercholesterolemia, and
hypomagnesemia [5,103]. Reactive oxygen species also may lead to the induction of acidosis-
induced cellular toxicity [4] and subsequent mitochondrial failure [104]. Disorders, such as
hypoxia [105], diabetes [106–107], and oxidative stress [108–110] can result in the disturbance
of intracellular pH. In addition, modulation of intracellular pH is necessary for endonuclease
activity during cell injury [27,109–110].

Proper cellular function during diabetes requires the maintenance of mitochondrial membrane
potential, since mitochondrial dysfunction plays a role in the development of diabetes and
insulin resistance [81]. In patients with Type 2 DM, both ADH:O(2) oxidoreductase activity
and citrate synthase activity can be depressed. In addition, skeletal muscle mitochondria have
been described to be smaller than those in control subjects [111]. Furthermore, a decrease in
the levels of mitochondrial proteins and mitochondrial DNA in adipocytes has been correlated
with the development of Type 2 DM [112]. Insulin resistance in the elderly also has been
associated with elevation in fat accumulation and reduction in mitochondrial oxidative and
phosphorylation activity [113]. In addition, an association exists with insulin resistance and
the impairment of intramyocellular fatty acid metabolism in young insulin-resistance offspring
of parents with Type 2 DM [114].

In addition to the necessity of the normal function for mitochondria in general, uncoupling
proteins (UCPs) can play a significant role during diabetes. UCPs are a family of carrier
proteins in the inner membrane of mitochondria that uncouple oxygen consumption in the
respiratory chain from ATP synthesis. They catalyze an inducible proton conductance and
disperse the proton electrochemical potential gradient across the mitochondrial inner
membrane [115]. This uncoupling of respiration results in the activation of substrate oxidation
and dissipation of oxidation energy as heat instead of ATP. In addition, mild uncoupling of
respiration may play a significant role in regulating ATP synthesis, and fatty acids and glucose
oxidation. Members of UCP family include UCP-1, 2,3,4,5 in mammals [116] and are distinctly
distributed among different tissues. UCP-1 and UCP-4 are exclusively expressed in brown
adipose tissue and in the brain, respectively. UCP-2 is expressed in most tissues while UCP-5
is present in multiple tissues with an especially high level in the brain and testis. UCP-3 is
expressed predominantly in skeletal muscle.

UCP-1 is important for controlling the dissipation of oxidation energy as heat. Overexpression
of UCP-1 is potentially beneficial for diabetes by reducing excessive energy in obesity. Muscle-
specific Overexpression of UCP in skeletal muscle has been shown to increase energy
expenditure and enhance insulin action to protect against high-fat diet induced insulin
resistance [117]. In addition, expression of UCP-1 in skeletal results in muscle respiratory
uncoupling that reverses insulin resistance [118]. Similar beneficial effects also were observed
in specific overexpression of UCP-1 in white adipose tissues [119].

Uncoupling protein 2 (UCP-2) and uncoupling protein 3 (UCP-3) are expressed in tissues
important for thermogenesis and/or in substrate oxidation, such as adipose tissue and skeletal
muscles. UCP-2 is a member of the multigenic UCP family that is expressed in a wide range
of tissues and organs. Possible functions of UCP-2 include control of ATP synthesis, regulation
of fatty acid metabolism and control of reactive oxygen species production. UCP-2 expression
in tissues involved in lipid and energy metabolism and mapping of the gene to a region linked
to obesity and hyperinsulinemia has furthered investigations with UCP-2 and diabetes. In
human adipose tissue and skeletal muscle, UCP-2 expression is increased during fasting and
has been shown to be under the control of fatty acids and thyroid hormones. Interestingly,
overexpression of UCP-2 in isolated pancreatic islets results in decreased ATP content and
blunted glucose-stimulated insulin secretion while UCP-2-deficient mice show an increased
ATP level and an enhanced insulin secretion. In ob/ob mice lacking UCP-2, insulin secretion
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is dramatically improved with decreased levels of glycemia [120]. Yet, it is important to note
that overexpression of UCP-2 may protect beta-cells during hydrogen peroxide toxicity and
oxidative stress [121]. It is of note that elevated expression of UCP-2 also was reported to exert
substantial negative regulation of β-cell insulin secretion and contribute to the impairment of
β-cell function [122]. A role for UCP-3 in carbohydrate metabolism and in Type 2 DM also
has been suggested. Mice overexpressing UCP-3 in skeletal muscle showed reduced fasting
plasma glucose levels, improved glucose tolerance after an oral glucose load, and reduced
fasting plasma insulin levels. In addition, UCP-3 levels have been shown to be at least twice
as low in patients with Type 2 DM when compared with controls, suggesting a role for UCP-3
in glucose homeostasis [123]. In addition, UCP-3 may function to facilitate fatty acid oxidation
and minimize ROS production [124].

Endoplasmic reticulum (ER) stress also is a component of diabetic cellular injury and
peripheral insulin resistance. ER stress is characterized by the accumulation of unfolded
proteins in the lumen of the ER [125]. It is associated with an unfolded protein response (UPR)
or by excessive protein trafficking that may be triggered by events such as viremia. UPR
regulates ER function and functions to coordinate the activity and participation of the
processing and degradation pathways for unfolded proteins [126]. Obesity is associated with
induction of ER stress predominantly in liver and adipose tissues. Under hyperglycemic
conditions, the production of glucosamine by hexosamine pathway may initiate ER stress. This
process can promote a c-Jun N-terminal kinase (JNK)-dependent serine phosphorylation of
insulin receptor substrate 1 (IRS-1), which results in suppression of insulin-receptor signaling
pathway. In addition, the absence of X-box-binding protein-1 (XBP-1), a transcription factor
that modulates the ER stress response, promotes insulin resistance [127]. Furthermore, gene
silencing of oxygen-regulated protein 150 (ORP150), a molecular chaperone resident in the
ER, has been shown to promote insulin resistance in non-diabetic control mice. In contrast,
overexpression of ORP150 significantly decreases insulin resistance and markedly improves
glycemic control in the liver of obese diabetic mice. Although not entirely clear, these
observations may be associated with phosphorylation state of IRS-1 and protein kinase B (Akt)
as well as the expression levels of phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase [128].

DIABETES MELLITUS, G-PROTEIN SIGNALING, AND PROTEIN-TYROSINE
PHOSPHATASES

Metabotropic glutamate receptors (mGluRs) are coupled to signal transduction systems
through GTP-proteins (G-proteins) [6]. Given the ubiquitous distribution of these receptors,
the mGluR system impacts upon neuronal, vascular [129–131], and inflammatory cell function
[132–133] and drives a spectrum of cellular pathways that involve protein kinases,
endonucleases, cellular acidity, energy metabolism, mitochondrial membrane potential,
caspases, and specific mitogen-activated protein kinases. The expression of mGluRs
throughout mammalian organ systems places these receptors as essential mediators not only
for the initial development of an organism, but also for the vital determination of a cell's fate
during many disorders including DM. In animal models of diabetes, the expression of mGluR1
and mGluR5 messenger RNA are significantly increased in all layers of the dorsal horn of the
spinal cord, suggesting that mGluR expression and activity may be associated with the
development of diabetic neuropathy [134]. In addition, mGluRs are expressed in pancreatic
islet cells and can impact upon the release of glucagon release. For example, the mGlu8 receptor
is present in glucagon-secreting alpha-cells and intrapancreatic neurons and functions to inhibit
glucagon release [135].

Protein-tyrosine phosphatases (PTPs) play a variety of roles in cellular signaling transduction
as well as in pathological processes [44,136–137]. The PTPs can be divided into four groups
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based on their amino acid sequence in the catalytic domain. Class I, II, and III are cysteine-
based PTPs and Class IV is an aspartate-based PTP. Among Class I PTPs, 38 members have
been identified in the human genome and some of these members have been linked to type 2
diabetes mellitus and clinical cancer susceptibility [138]. The classical PTPs are strictly
tyrosine specific. They are subdivided into the receptor-like PTPs (RPTPs) and the non-
receptor-like PTPs (NRPTPs) or cytosolic PTPs. The RPTPs exist in plasma membranes while
the NRPTPs occupy intracellular compartments [139–140].

In DM, PTPs function as a negative regulator of insulin signal transduction (Fig. (2)).
Generation of myocytes with a PTP1B homozygous deletion demonstrate enhanced insulin-
dependent activation of insulin receptor autophosphorylation, tyrosine phosphorylation of
insulin receptor substrates, activation of protein kinase B (Akt), and increased insulin
sensitivity [141]. Inhibition of PTP1B activity through exercise in diet-induced obesity in rats
also improved insulin sensitivity [142]. In addition, it has been shown that knockdown of
PTPMT1 ((PTP localized to the Mitochondrion 1) expression in pancreatic insulinoma cell
lines significantly enhances both ATP production and insulin secretion [143]. In regards to
PTP2 or SHP-2, SHP-2 similar to PTP1B has been found to have increased expression in the
liver and skeletal muscle of streptozotocin-diabetic rats with an increased ratio of particulate
to cytosol distribution in diabetic tissue that could be reversed after insulin treatment,
suggesting that these PTPs have a role in the pathogenesis of insulin resistance and DM
[144].

DIABETES MELLITUS, WNT PROTEINS, AND PHOSPHATIDYLINOSITOL 3-
KINASE PATHWAYS

Wnt proteins, derived from the Drosophila Wingless (Wg) and the mouse Int-1 genes, are
divided into two functional classes based on their ability to induce a secondary body axis in
Xenopus embryos and to activate certain signaling cascades that consist of the Wnt1 class and
the Wnt5a class [145]. These proteins are secreted cysteine-rich glycosylated proteins that play
a role in a variety of cellular functions that involve embryonic cell proliferation, differentiation,
survival, and death [29,146–147]. The members of the Wnt1 class lead to a secondary body
axis in Xenopus and include Wnt1, Wnt2, Wnt3, Wnt3a, Wnt8 and Wnt8a. Wnt proteins of
this class facilitate activation of the Frizzled transmembrane receptor and the co-receptor
lipoprotein related protein 5 and 6 (LRP-5/6). This leads to the activation of the typical
canonical Wnt/β-catenin pathway. The Wnt5a class cannot induce secondary axis formation
in Xenopus and includes the Wnt proteins of Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a and Wnt11.
These Wnt proteins bind the Frizzled transmembrane receptor to activate heterotrimeric G
proteins and increase intracellular calcium levels.

Wnt signaling involves both canonical and non-canonical pathways. The canonical Wnt
signaling pathway involves Wnt1, Wnt3a, and Wnt8 and functions through β-catenin-
dependent pathways. The non-canonical pathway involves intracellular calcium signaling and
consists primarily of Wnt4, Wnt5a, and Wnt11. This Wnt-calcium pathway employs not only
calcium signaling, but also the planar cell polarity pathway [146,148–149]. In general, all Wnt
signaling pathways are initiated by interaction of Wnt proteins with Frizzled receptors, but in
this pathway, Wnt signaling only will be activated if the binding of the Wnt protein to the
Frizzled transmembrane receptor takes place in the presence of the co-receptor LRP-5/6
resulting in the formation of a Wnt-Frizzled-LRP5/6 trimolecular complex [150]. Once Wnt
protein binds to the Frizzled transmembrane receptor and the co-receptor LRP-5/6, this is
followed by recruitment of Dishevelled, a cytoplasmic multifunctional phosphoprotein.

Interestingly, the Wnt-Frizzled signaling pathway can prevent cell injury through a variety of
mechanisms. Wnt prevents apoptosis through β-catenin/Tcf transcription mediated pathways
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[151]. Overexpression of exogenous Wnt results in the protection of cells against c-myc
induced apoptosis through induction of β-catenin, cyclooxygenase-2, and Wnt induced
secreted protein [152]. Wnt signaling also can inhibit apoptosis during oxidative stress [145]
and β-amyloid toxicity that may require modulation of glycogen synthase kinase-3β
(GSK-3β) and β-catenin [153].

Recent work suggests that variations in genes in the Wnt signaling, such as transcription factor
7-like 2 gene, may impart increased risk for Type 2 DM in some populations [154–156] as well
as have increased association with obesity, such as LRP-5 [157] (Fig. (2)). In addition, mice
that overexpress Wnt10b have been shown to be more glucose tolerant and insulin sensitive
[158]. Prior studies also noted the expression of Wnt5b in adipose tissue, the pancreas, and the
liver in diabetic patients with potential regulation of adipose cell function [159]. In cell culture
studies, overexpression of Wnt4 or Wnt5a prevented injury to glomerular mesangial cells
during high glucose stress [160].

Closely linked to Wnt is GSK-3β. In the Wnt pathway, dishevelled is phosphorylated by casein
kinase Iε to form a complex with Frat1 and inhibit GSK-3β activity. Inhibition of GSK-3β
activity can increase cell survival during oxidative stress and, as a result, GSK-3β is considered
to be a therapeutic target for some neurodegenerative disorders [1,161–163]. GSK-3β also may
to influence inflammatory cell survival [28] and activation [164]. In regards to DM, inactivation
of GSK-3β by small molecule inhibitors or RNA interference prevents toxicity from high
concentrations of glucose and increases rat beta cell replication, suggesting a possible target
of GSK-3β for pancreatic beta cell regeneration [165]. Furthermore, pharmacologic inhibition
of GSK-3β by recombinant Wnt5a or other agents prevents high glucose-mediated apoptosis
in glomerular mesangial cells [160]. In clinical studies, physical exercise is one of the important
lifestyle interventions for DM. Exercise results in pronounced improvement in glycemic
control usually over relatively short of time [166]. At the cellular level, physical exercise has
been shown to phosphorylate and inhibit GSK-3β activity [167].

Oxidative stress and free radical production also have been implicated in insulin resistance
during DM and involve impairment of phosphoinositide 3 kinase (PI 3-K) activity and Akt
[168] (Fig. (2)). Also known as protein kinase B [7,169], Akt has three family members that
are PKBα or Akt1, PKBβ or Akt2, and PKBγ or Akt3 [170–171]. Insulin controls glucose
transport through insulin receptor substrate-1 (IRS-1) and in part through Akt as well as atypical
protein kinase C. Perturbations in this pathway can substantially alter hepatic glucose output
and triglyceride release [172]. Akt signaling also is tied to insulin sensitivity in diabetes. In
response to insulin, Akt leads to glucose uptake in adipocytes through its stimulation of glucose
transporter 4 (GLUT-4) translocation and increased synthesis of GLUT-1 [173]. The elevated
glucose influx is accompanied by increased lipid synthesis and decreased glycogen synthesis.
Conversely, loss of Akt kinase activity is accompanied by impairment in insulin-stimulated
glucose transport in muscle and adipocytes both from obese rats and patients with diabetes
[174–175] and leads to impaired glucose tolerance and diabetes [176]. In addition, mutations
in Akt2 are linked to the development of severe insulin resistance and diabetes [177].

Akt also is considered a central modulator to prevent apoptotic cell injury during late genomic
DNA destruction and early apoptotic signaling with membrane phosphatidylserine (PS)
exposure [4,62]. Increased Akt activity can foster cell survival during free radical exposure
[36,178], matrix detachment [179], neuronal axotomy [180], DNA damage [43,181–183], anti-
Fas antibody administration [184], oxidative stress [19,36,183,185], hypoxic preconditioning
[186], B-amyloid (AB) exposure [187], metabotropic receptor signaling [6,132–133], and cell
metabolic pathways [98–99]. Activation of Akt also can prevent membrane PS exposure on
injured cells [181,188] and block the activation of microglia during oxidative stress [19,132,
183].
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In addition, modulation of Akt activity can critically affect cell survival during hyperglycemia
and the outcome of DM complications. During chronic hyperglycemic stress, inhibition of Akt
leads to increased endothelial cell injury [189]. In STZ diabetic rats, vascular control and
integrity [190] as well as mitochondrial function [191] can be rectified during activation of
Akt. Furthermore, ER stress inducers can lead to dephosphorylation and inactivation of Akt
with subsequent cell death [192]. On the converse side, overexpression of Akt, such as in
endothelial cells, can protect cells from injury during elevated glucose concentrations [193].

Given the therapeutic potential of targeting Akt to treat DM and diabetic complications, recent
studies highlight several considerations for targeting Akt activity. In regards to physical
exercise which has been shown to be beneficial upon glycemic control, weight loss and insulin
resistance, Akt phosphorylation and activity has been shown to be increased in the immediate
periods following acute exercise [167]. Combined with the benefits of exercise, erythropoietin
(EPO) may represent another consideration for diabetic therapeutic strategies. EPO is a trophic
factor that is approved by the Food and Drug Administration for the treatment of anemia, but
a body of recent work has revealed that EPO is not required only for erythropoiesis and that
EPO and its receptor exist in other organs and tissues outside of the liver and the kidney, such
as the brain and heart. As a result, EPO has been identified as a possible candidate for several
disorders that involve both cardiac and nervous system diseases [194–195]. Interestingly, EPO
leads to the phosphorylation of Akt. Once activated, Akt can confer protection against genomic
DNA degradation and membrane PS exposure [19,43,186]. Up-regulation of Akt activity
during injury paradigms, such as N-methyl-D-aspartate toxicity [196], cardiomyocyte ischemia
[197], hypoxia [43], and oxidative stress [36,37,198], is vital for EPO protection, since
prevention of Akt phosphorylation blocks cellular protection and anti-inflammatory
mechanisms by EPO [36–37,198]. EPO employs the Akt pathway to prevent apoptosis by
maintaining mitochondrial membrane potential (ΔΨm), preventing the cellular release of
cytochrome c, and modulating caspase activity [36–37,43].

In clinical studies with DM, plasma EPO is often low in diabetic patients with [199] or without
anemia [200]. In these diabetic patients, levels of EPO appear to be determined by hemoglobin
levels and degree of microalbuminuria [199]. In addition, the failure to produce erythropoietin
in response to a declining hemoglobin level represents an impaired EPO response in diabetic
patients [201]. In light of the ability of EPO to modulate Akt activity and provide cellular
protection during oxidative stress, EPO may be efficacious in patients with diabetes.
Investigations involving subcutaneous EPO in diabetics and non-diabetics with severe,
resistant congestive heart failure have shown to decrease fatigue, increase left ventricular
ejection fraction, and significantly decrease the number of hospitalization days [202]. Yet, one
must be cautious with the introduction of even known therapies for new applications. Some
studies suggest that elevated plasma levels of EPO independent of hemoglobin concentration
can have a poor prognostic value in individuals with congestive heart failure [203]. The use of
EPO in patients with uncontrolled hypertension is contraindicated, since both acute and long-
term administration of EPO can precipitate hypertensive emergencies. Maintenance treatment
with EPO in cancer patients receiving chemotherapy has been associated with nonfatal
myocardial infarction, vascular thrombosis, pyrexia, vomiting, shortness of breath,
paresthesias, and upper respiratory tract infection [204–205].

Interestingly, EPO may require other substrates of the Akt1 pathway, such as nuclear factor-
κB [206–208], caspase 9 [37], and the Forkhead transcription factor FOXO3a [209] to oversee
cell viability. The mammalian Forkhead transcription factor family regulates processes ranging
from cell longevity to cell apoptosis [1,210–211] and may be involved in pathways responsible
for cell metabolism, DM onset, and diabetic complications. In a prospective population based
study of 1245 participants aged 85 years or more, haplotype analyses of FOXO1a revealed that
carriers of haplotype 3 ‘TCA’ had higher HbA1c levels to suggest evidence of at least disorders
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with glucose intolerance [212]. Other work suggests that the Forkhead proteins may confer
resistance against oxidative stress for some cell populations, such as hematopoietic stem cells
[213]. In particular for FOXO1, this transcription factor may be responsible for the prevention
of beta cell injury during against oxidative stress. This process requires the complex formation
with the promyelocytic leukemia protein Pml and the NAD-dependent deacetylase Sirt1 to
activate expression of the insulin2 gene transcription factors NeuroD and MafA [214]. Yet,
the role of Forkhead transcription factors can vary among different cells and tissues. For
example, mice overexpressing FOXO1 in skeletal muscle suffered from reduced skeletal
muscle mass and poor glycemic control [215].

CONCLUSIONS AND FUTURE PERSPECTIVES
DM is a significant healthcare concern worldwide that affects more than 165 million
individuals. More importantly, and by the year 2030, it is believed that greater than 360 million
individuals will be afflicted with DM and its debilitating conditions. Oxidative stress forms
the foundation for the induction of multiple cellular pathways that can ultimately lead to cellular
injury during DM. In particular, novel pathways that involve metabotropic receptor signaling,
protein-tyrosine phosphatases, Wnt proteins, Akt, GSK-3β, and forkhead transcription factors
may be responsible for the onset and progression of complications from DM. Integration of
these pathways into therapeutic regiments can shed new light upon drug development, such as
for EPO [216–217]. As we acquire new knowledge into the complexities of DM that lead to
cell injury, especially in the nervous system, we will be able to forge new treatments for the
ill effects of DM.
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Fig. 1. Elevated glucose leads to injury in primary hippocampal neurons
Primary hippocampal neurons were obtained from E-19 Sprague-Dawley rat pups and
maintained in growth medium (Leibovitz’s L-15 medium, containing 6% sterile rat serum, 150
mM NaHCO3, 2.25 mg/ml of transferrin, 2.5 μg/ml of insulin, 10 nM progesterone, 90 μM
putrescine, 15 nM selenium, 35 mM glucose, 1 mM L-glutamine, 50 μg/ml penicillin and
streptomycin, and vitamins) in 35 mm polylysine/laminin-coated plates at 37 °C in a humidified
atmosphere of 5% CO2 and 95% room air for 10~14days. For the induction of elevated glucose,
neurons were incubated in L-15 growth medium with free serum containing D-glucose at the
concentration of 50 mM for 24 h at 37°C and cell survival was determined by trypan blue
exclusion method. Representative images reveal trypan blue uptake in cells with elevated
glucose that reflects neuronal injury.
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Fig. 2. Diabetes mellitus integrates with a host of cellular pathways controlled by oxidative stress
Cellular injury during diabetes mellitus employs a series of pathways of oxidative stress that
involve mitochondrial dysfunction, G-protein signaling, PTPs, Wnt, the serine-threonine
kinase Akt, and its downstream substrates of GSK-3β and FOXO3a that can impact upon
glucose tolerance, insulin sensitivity, and insulin secretion.
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Table 1
Integrated Cellular Signaling Pathways of Diabetes Mellitus and Oxidative Stress

Cellular Pathway in Diabetes Mellitus and Oxidative
Stress

Biological Response Selected References

Mitochondrial dysfunction
NADH:O(2) Oxidoreductase activity decreased in skeletal
muscle

Dysregulation of oxidation of both carbohydrate and
lipid, contributing to the development of DM (Type 2)

[111]

Mitochondrial protein and DNA decreased in adipocytes Contributes to the development of DM (Type 2) [112]
Reduction in mitochondrial oxidative and phosphorylation
activity

Increases insulin resistance [113]

Uncoupling protein 1 expression in skeletal muscle Reverses insulin resistance [118]
Uncoupling protein 2 expression in pancreatic islet cells Decreases insulin secretion [122]
Uncoupling protein 3 deficiency in DM (type 2) patients Decreases glucose tolerance [123]
Endoplasmic reticulum stress Induces diabetic cellular injury Increases Insulin

resistance
[127]

Metabotropic glutamate receptor (mGluR) Expression of
mGluR1 and mGluR5 in dorsal horn of spinal cord

Diabetic neuropathy [134]

Expression of mGluR8 in pancreatic islet cells Inhibits glucagon release [135]
Protein-tyrosine phosphatases (PTPs)
PTP1B in myocytes Decreases insulin sensitivity [141]
PTPMT1 in pancreatic insulinoma Decreases ATP production and insulin secretion [144]
Wnt signaling pathway
Wnt5b in adipose tissue Promotes adipogenesis [159]
Wnt10b expression in mice Increases glucose tolerance and insulin sensitivity [158]
GSK-3β activation β-Cell degeneration [165]
Akt activation Increases glucose uptake induced by insulin [173]

Prevents chronic hyperglycemic stress induced cell
injury

[189,193]

Increases glucose tolerance and insulin sensitivity [176,177]
Note: DM: Diabetes mellitus; GSK-3β: Glycogen synthase kinase-3β; PTPMT1: PTP localized to mitochondrion 1.
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