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Abstract

Pancreatic islets contain low activities of catalase, selenium-dependent glutathione peroxidase 1 (GPX1), and
Cu,Zn-superoxide dismutase 1 (SOD1). Thus, enhancing expression of these enzymes in islets has been un-
questionably favored. However, such an attempt has produced variable metabolic outcomes. While f cell-
specific overexpression of Sodl enhanced mouse resistance to streptozotocin-induced diabetes, the same
manipulation of catalase aggravated onset of type 1 diabetes in nonobese diabetic mice. Global overexpression of
Gpx1 in mice induced type 2 diabetes-like phenotypes. Although knockouts of Gpx1 and Sodl each alone or
together decreased pancreatic f§ cell mass and plasma insulin concentrations, these knockouts improved body
insulin sensitivity to different extents. Pancreatic duodenal homeobox 1, forkhead box A2, and uncoupling
protein 2 are three key regulators of f cell mass, insulin synthesis, and glucose-stimulated insulin secretion.
Phenotypes resulted from altering GPX1 and/or SOD1 were partly mediated through these factors, along with
protein kinase B and c-jun terminal kinase. A shifted reactive oxygen species inhibition of protein tyrosine
phosphatases in insulin signaling might be attributed to altered insulin sensitivity. Overall, metabolic roles
of antioxidant enzymes in f cells and diabetes depend on body oxidative status and target functions.
Revealing regulatory mechanisms for this type of dual role will help prevent potential pro-diabetic risk of

antioxidant over-supplementation to humans. Antioxid. Redox Signal. 14, 489-503.

Introduction

MILLIONS OF PEOPLE in the United States and elsewhere
suffer from type 1 diabetes and type 2 diabetes. In fact,
type 2 diabetes is becoming an epidemic disease that afflicts
10%-25% of the population. Pathologically, type 1 diabetes is
characterized by destruction of pancreatic islet f§ cells, loss of
insulin synthesis, and failure of glycemic control. Its devel-
opment is incited by genetic predisposition and environ-
mental factors, including reactive oxygen species (ROS) or
oxidative stress (102). Insulin resistance is a hallmark and a
key factor in the pathogenesis of type 2 diabetes (28). Al-
though development of overt type 2 diabetes from insulin-
resistant state may take a long time due to an initial increase in
islet f cell mass and(or) function, an eventual failure of this
compensation leads to impaired f cell functions and body
glucose homeostasis. The turning point and the underlying
mechanism still remain a challenging question.

Earlier, ROS was implicated only in complications of type 2
diabetes. However, evidence has been accumulated for a
causal role of oxidative stress in inducing insulin resis-
tance before the onset of diabetes (15). In cultured 3T3-L
adipocytes (114) and L6 muscle cells (8), HyO, decreased
insulin-mediated glucose uptake, glycogen synthesis, Glut 4

transportation, and phosphorylation of insulin signaling
proteins. In humans, oxidative stress has been shown to be
associated with adiposity and insulin resistance (62). Like-
wise, ROS production in adipose tissue of obese mice was
accompanied by augmented expression of NADPH oxidase
and decreased expression of antioxidant enzymes (35). In
skeletal muscle, oxidative stress caused substantial insulin
resistance in distal insulin signaling and glucose transport
activity (5). A recent genomic analysis of cytokine- and glu-
cocorticoid-induced insulin resistance revealed a common
role of ROS in developing this disorder (50). Because of those
involvements of oxidative stress in both type 1 diabetes and
type 2 diabetes, antioxidant enzymes and antioxidant nutri-
ents have been thought to protect against diabetes. However,
findings from a number of recent animal and human studies
strongly challenge this prevailing paradigm.

Perceived Susceptibility of f Cells to Oxidative Stress

Like most living organisms on the Earth, mammals, in-
cluding humans, use energy mainly produced by coupled
reactions of respiration and oxidative phosphorylation in
mitochondria. According to Mitchell’s chemiosmotic theory,
ATP synthesis links with mitochondrial membrane potential
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(96). The system is reversible by uncouplers of respiration and
oxidative phosphorylation such as 2,4-dinitrophenol. How-
ever, mitochondrial respiration generates not only ATP but
also free radicals. Because those molecules have one or more
unpaired electrons in certain atoms such as oxygen or nitro-
gen and usually seek other electrons to become paired, they
are highly reactive or destructive to attack other molecules.
Hydroxyl radical, superoxide, and hydrogen and lipid per-
oxides are often considered to be main forms of metabolically
derived ROS. Nitric oxide and peroxynitrite are the main
forms of reactive nitrogen species (RNS). Despite recent dis-
covery of dual roles of H,O, derived from glucose metabolism
in insulin secretion and f cell integrity (108), ROS and RNS
have been largely perceived to be detrimental to f§ cells and
insulin function.

Mammals have evolved with three cellular antioxidant
defense systems to cope with ROS and RNS. These include (a)
low-molecular-mass antioxidants such as GSH, uric acid, and
vitamins C and E; (b) antioxidant enzymes; and (c) seques-
tration and repairing systems. Although all three protective
systems are important and interdependent, this review fo-
cuses on only antioxidant enzymes. As widely accepted,
catalase, glutathione peroxidase (GPX), and superoxide dis-
mutase (SOD) represent the three most important intracellular
antioxidant enzymes. Among the six forms of selenium (Se)-
dependent GPX, GPX1 was the first identified and most
abundant selenoprotein. Located in both cytosol and mito-
chondria (26), GPX1 accounts for over 90% of the total GPX
activity in most tissues (19), and utilizes GSH to reduce H,O,
and other organic hydroperoxides. Due to this biochemical
function, GPX1 was initially considered to be a major intra-
cellular antioxidant enzyme in vivo. Later, that presumed
function was questioned because of its high tissue abundance,
extreme responsiveness to Se supply, and low ranking in ac-
quiring Se in Se deficiency (125). Recent research using the
Gpx1 knockout (Gpx1 ~/“yand overexpressing Gpx1 (OE) mice
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has demonstrated that normal Gpx1 expression is essential,
and overexpression of Gpx1 is beneficial for protection against
acute oxidative stress induced by ROS (20). However, GPX1
actually potentiates toxicities of drugs that induce formation
of peroxynitrite (34, 95). There are three forms of SOD: SOD1,
Cu,Zn-SOD; SOD2, Mn-SOD; and SOD3, extracellular SOD3.
SOD1 comprises over 90% of the total cellular SOD activity,
and functions upstream of GPX1 in catalyzing dismutation of
O," into H,O,. Likewise, knockout of Sodl alone or together
with Gpx1 actually protected mice against acetaminophen-
induced lethality and hepatic protein nitration (146). Catalase
shares a common substrate of H,O, with GPX1, but with a
higher km. In addition, glutathione reductase, thiodoxin re-
ductase, and glutathione S-transferase are also detected in
islets.

Pancreatic islets of Langerhans represent a main structure
to regulate glucose metabolism and homeostasis. Represent-
ing the major portion of islets, i cells synthesize and secrete
insulin. There are also three other types of endocrine cells to
produce three different hormones, respectively (Fig. 1).
Compared with liver, islets contain only 1% catalase, 2%
GPX1, and 29% SOD1 activities (40, 80, 130). Thus, f cells are
considered to be low in antioxidant defense and susceptible to
oxidative stress. Significant differences in allele and genotype
distribution in Sod1 and Sod2 genes (but not in catalase gene)
were found among type 1 diabetes, type 2 diabetes, and
control subjects (33). In a large Japanese cohort, GPX1
Pro198Leu variant was found to contribute to the metabolic
syndrome in men, but not in women (74). Earlier work in the
1990s showed that loss of pancreatic GPX activity was often
associated with islet dysfunction (6). In fact, f§ cells are a pri-
mary target of diabetogenic agents streptozotocin (STZ) and
alloxan that generates H,O, (84, 126). Loss of f§ cell mass has
been recognized as a pivotal factor in pathogenesis of type 2
diabetes (109). Most individuals with type 2 diabetes show a
net decrease of f§ cell mass, whereas obese individuals who

Antioxidant Defense

Protective Systems

1. Small Antioxidants
2. Antioxidant Enzymes
3. Repairing and Sequestration Systems

Pancreatic Islet
Type Percentage Hormone L
Oxidative Stress
@ p-cells = 80% Insulin
O a=cells > 10% Glucagon
@ G-cells > 3% Somatostatin
QO PP-cells > 3% Pancreatic Polypeptide

ROS RNS

Hydrogen Peroxide Nitric Oxide
Superoxide lon Peroxynitrite
Hydroxyl Radical
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in pancreatic islets. The tilted balance scale symbolizes a perceived susceptibility of f§ cells to ROS or oxidative stress due to
relatively low activity of antioxidant enzymes. RNS, reactive nitrogen species; ROS, reactive oxygen species.
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develop insulin resistance but not type 2 diabetes exhibit an
increased f cell mass for the compensatory insulin synthesis
and secretion (13). Pancreatic 8 cell mass is primarily regu-
lated by replication and apoptosis (109). Transcriptional fac-
tors pancreatic duodenal homeobox 1 (PDX1) plays a pivotal
role in proliferation, survival, and function of f§ cells and ac-
tivation of insulin gene expression (3, 145). Meanwhile, f3 cell
apoptosis in diabetic subjects is a more deciding factor than
replication compared with control subjects (13). This event
can be triggered by high glucose (30) and cytokines that in-
duce ROS and RNS formations (91).

The well-known harmful effect of hyperglycemia or glu-
cose toxicity has long been recognized to be mediated by
oxidative stress. Exposure of RIN 1046-38 f cells with in-
creased glucokinase activity to 20mM glucose resulted in
decreases of NADP(H) and ATP levels, accumulation of ROS,
damages of mitochondria and DNA, and apoptosis (140). A
superoxide-related pathway was proposed to account for
ATP decreases in hyperinsulinemia-induced f cell dysfunc-
tion (69). However, exposing f cells isolated from rat to
20 mM glucose did not increase H,O, or superoxide produc-
tion, but led to a dose-dependent increase in NADP(H) and
FADH; levels (92). Treating the RIN 1046-38 f cells with
normal glucokinase activity with high glucose failed to induce
excessive ROS production (140). These discrepancies under-
score functional complexity of ROS and antioxidant enzymes
in f cell integrity and glucose metabolism.

Crucial Roles of PDX1 and Forkhead Box A2 in § cells
and Insulin Synthesis

Pancreatic duodenal homeobox 1

Discovered in 1993 as a regulator of insulin and somato-
statin promoters (81), PDX1 (IPF1 in humans) has been shown
to be responsible for defective insulin secretion and devel-
opment of maturity onset type of diabetes (MODY 4) (120,
121). It is a key factor in defining the fate of exocrine and en-
docrine pancreas development, and plays a pivotal role in
pancreatic f§ cell differentiation and insulin gene expression
(3,56, 120). Insulin is synthesized in significant quantities only
in islet f cells, and its mRNA is translated as a single chain
precursor called preproinsulin. After removal of the signal
peptide and entering the endoplasmic reticulum, pro-insulin
is produced for secretion. In the process of insulin gene ex-
pression, PDX1 binds to the insulin promoter at three sites:
A1, A3, and A5. Under glucose toxicity, Pdx1 gene expression
is inhibited by posttranscriptional defect and distorted bind-
ing of PDX1 protein to the insulin gene promoter (112). In
addition, PDX1 regulates expression of hundreds of other
genes related to glucose metabolism. Using promoter micro-
arrays, Keller and associates identified 583 new PDX1 target
genes (65). A close analysis of 31 proteins encoded by these
PDX1 target genes indicated that 29 of those were expressed
in B cells, and 68% of which was up- or downregulated by
dominant negative mutation in Pdx1 (65).

PDX1 plays an important role in f§ cell proliferation, neo-
genesis, and apoptosis. In C57BL/6 mice, a 60% pancreatec-
tomy resulted in a progressive f§ cell mass increase within 2
weeks, and the increase was correlated with activation of Pdx1
expression (107). Similarly, f cell mass or islet number in
Pdx1*/~ mice failed to increase with age, and became 50% less
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than the wild type (WT) at 1 year old (54). Clearly, loss of Pdx1
expression is associated with increased apoptosis and de-
creased regeneration of progressive f} cells. Islets and dis-
persed f cells from Pdx1"/~ mice were more susceptible to
apoptosis at baseline glucose concentrations than those of
Pdx1*/*. An increased apoptosis in vivo in these mice
was associated with abnormal islet architecture, positive
TUNEL, active caspase-3, and lymphocyte infiltration (54).
Moreover, pro-survival effects of insulin largely dis-
appeared in islets with 50% PDX1 deficiency, which pro-
vided direct evidence that PDX1 was a signaling target of
insulin (53). In rodent models of pancreatic injury, Pdx1 ex-
pression was related to f§ cell neogenesis (116). Upregulation
of PDX1 by a glucagon-like peptide 1 analog exendin-4 was
followed by islet proliferation and islet to ductal trans-
differentiation in partially pancreatectomized rats (29).
PDX1 inhibits expression of glucagon gene that is mainly
expressed in islet « cells, implying a cross control by a mole-
cule from a different type of cells (49).

PDX1 also plays a crucial role in functioning of adult
pancreas. It remains active in mature f cells through adult-
hood (103). In adult subjects, PDX1 is essential for normal
pancreatic islet function by regulating expression of a number
of pancreatic genes, including insulin, somatostatin, islet
amyloid polypeptide, glucose transporter type 2, and gluco-
kinase (51). Mice with 50% PDX1 had worsening glucose
tolerance with age and reduced insulin release in response to
glucose, KCl, and arginine from the perfused pancreas (54).
Transcription of Pdx1 in mice was reversibly repressed by
administration of doxycycline, and the resultant impairments
in insulin and glucagon expression led to diabetes within 14
days (49). However, withdrawal of doxycycline de-repressed
Pdx1 expression and restored normoglycemia within 28 days.
Most importantly, ROS or oxidative stress affects expression
and function of Pdx1 at epigenetic, transcriptional, and post-
translational levels (see below).

Forkhead box A2

Previously known as HNF3p, forkhead box A2 (FOXA?2) is
an extremely important transcriptional factor from the Fox
gene family that contains more than 40 conserved proteins
with DNA-binding domain called forkhead box (57). These
proteins are involved in organogenesis and regulation of
multiple functions in adulthood. One of the most important
functions for FOXA2 is to activate insulin gene expression by
binding to the Pdx1 promoter (77). It also controls vesicle
docking and insulin secretion in mature f cells (37). Simulta-
neous ablation of Foxa2 with Foxal that cooccupies regulatory
sites of Pdx1 completely blocked Pdx1 expression (36). A
pancreas-specific ablation of Foxa2 led to deregulated insulin
secretion and hyperinsulinemic hypoglycemia (124). A FOXA
ortholog (PHA-4) was involved in diet restriction-mediated
longevity in C. elegans (105). At the same time, FOXA2 was
also noticed as a regulator of insulin sensitivity as well as
hepatic lipid metabolism and ketogenesis in fasting state and
type 2 diabetes (138, 144). Reduced, oxidized, or total hepatic
glutathione concentrations were decreased in Foxa2 mutant
mice fed a cholic acid diet compared with the WT controls
(11). The Sodl promoter contains four consensus PHA-4
(FOXA) binding sites (14), and knockout of Sodl down-
regulated Foxa2 expression and function (see below).
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Uncoupling Protein 2 and Mitochondria
in Glucose-Stimulated Insulin Secretion

Classic scheme of glucose-stimulated insulin secretion
(GSIS) depends on a high ATP/ADP ratio in f cells by glucose
oxidation (143). Glucose metabolism in islets starts at glucose
uptake by GLUT2, followed by the glucokinase-mediated
phsophorylation and oxidation to produce ATP. The generated
ATP molecules first bind to the ATP-binding cassette of SUR1
subunit of Karp-dependent potassium channels, and then
cause closing of its second subunit potassium inward rectifier
channels (KIR6.2). Consequently, intracellular concentration of
potassium ions is increased followed by cell membrane depo-
larization and opening of voltage-dependent calcium channels.
The resultant inward Ca®" flux triggers in exocytosis of stored
insulin. As a natural uncoupler of respiration and oxidative
phosphorylation, uncoupling protein 2 (UCP2) is expressed in
islet f3 cells (38) and is considered to be a negative regulator of
insulin release (143). UCP2 is activated by endogenously pro-
duced superoxide (69) and can in turn modulate mitochondrial
generation of HyO, (100). Thus, UCP2 may serve as a link be-
tween intracellular oxidant/antioxidant balance to mitochon-
drial potential, ATP synthesis, and insulin secretion.

Mitochondrial dysfunction has been postulated to be a key
factor in the development of type 2 diabetes. Defective GSIS
and reduced f cell mass were seen in patients with mito-
chondrial dysfunction and in a relevant mouse model (137). A
study using mice with dominant-negative IGF-1 receptor
mutations in skeletal muscles (32) unveiled two-stage mech-
anisms for their gradually developed deterioration of mito-
chondrial functions and insulin resistance-induced [-cell
failure. At the first 3 weeks of insulin resistant stage, there
were abrogated hyperpolarization of mitochondrial mem-
brane potential, reduced mitochondrial Ca®" uptake, slightly
enlarged mitochondria, and attenuated GSIS. At the onset of
diabetes (the 10th week), hyperglycemia and hyperinsuli-
nemia were developed with swollen mitochondria containing
disordered cristae, reduced hyper-polarization of mitochon-
drial potential, impaired Ca2+-signa1ing, and diminished
glucose-stimulated production of ATP/ADP and insulin re-
lease. In diabetic islets, expression of 36 mitochondrial proteins,
including inner membrane proteins of electron transport chain,
was altered (90).

Desired Outcomes of Antioxidant Enzymes

Two lines of existing data or perceived views render up-
regulating antioxidant defense in islets as a strategic treatment
of diabetes or insulin resistance. The first is the predicted
susceptibility of § cells to oxidative stress as mentioned above.
The second is the responsiveness of key regulators of f§ cells
and insulin, including PDX1, FOXA2, and UCP2 to ROS (12,
61, 63). Indeed, ROS-induced impaired insulin synthesis or
secretion in insulin-producing or -secreting cells was partially
alleviated by overproduction of GPX1, SOD1, and catalase
(88, 131, 141). Enhancing expression of Gpx1 and(or) Sodl up
to twofold protected NIT-1 mouse insulinoma cells from H,O,
and menadione, but only the Gpx1 overexpression increased
the cell survival after hypoxia reoxygenation (82). Protection
of rat-derived insulin-secreting INS-1 cells against both ROS
and RNS resulted from an adenoviral-mediated Gpx1 over-
expression (97). While cytoplasmic catalase overexpression in
insulin-producing RINm5F cells provided stronger protection
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against H,O, toxicity, only mitochondrial overexpression of
this enzyme in these cells provided protection against mena-
dione that preferentially generates superoxide radicals in
mitochondria (42). The mitochondrial catalase overexpression
was also preferentially protective against toxicity of inter-
leukin-1f and a pro-inflammatory cytokine mixture. In an-
other study with the same cell line, overexpression of catalse,
Gpx1, and Sodl conferred protection against toxicity of the
cytokine mixture (interleuk-1f, tumor necrosis factor-o, and y-
interferon) but not that of interleuk-1/ alone (89).

Adenoviral overexpression of glutathione-related enzymes
in pancreatic islets can prevent oxidative stress-induced in-
sulin loss (113). The glucose- or ribose-induced islet peroxide
accumulation and the adverse consequences of insulin
mRNA, content, and secretion were aggravated by a GSH
synthesis inhibitor, but alleviated by increasing islet GPX1
activity (127). After isolate islets were transferred with Sod2
gene by adenoviral infection and transplanted into STZ-
treated nonobese diabetic (NOD) mice, these islets functioned
50% longer than the control ones (7). When islets from
transgenic mice cooverexpressing human Sod1, Sod3, and/or
Gpx1 were exposed to hypoxanthine/xanthine oxidase treat-
ment in vitro, relative resistance was in the following order:
[SOD1 + SOD3 + GPX1] > [SOD3 + GPX1] > [SOD3] > WT (99).
However, overexpression of all three enzymes in combination
was required to display a protection against hypoxia/
reoxygenation or an improvement in blood glucose in
STZ-treated recipient mice transplanted with the transgenic
islet grafts. When islets from mice with f cell-specific over-
expression of metallothionein up to 30-fold were exposed to
STZ in vitro, they exhibited much less islet disruption, DNA
breakage, and depletion of NAD™ (16). Meanwhile, an over-
expression of thioredoxin in islets prolonged graft survival in
autoimmune diabetic NOD mice (21). This improvement
resembled effects of intraperitoneal injections of oleanoic acid
on graft-specific immune response.

Studies using diabetic models showed improved insulin
sensitivity by antioxidants, including lipoic acid (52). Im-
proved insulin sensitivity was also seen in insulin-resistant
and/or diabetic patients by treating them with antioxidant vi-
tamins (28). Further, injections of an analog of antioxidant
probucol prevented type 1 diabetes in NOD and multiple low
doses—STZ mice models (55). An earlier study (111) showed
that SOD (105mU/g) administered intravenously to rats
50 min before STZ intravenous injection (45 mg/kg) abolished
the STZ-induced pancreatic insulin decrease and glucose intol-
erance. It is clinically relevant that induced expression of Gpx3
was required for the regulation of peroxisome proliferator-
activated receptor gamma (PPARgamma)-mediated antioxi-
dant effects produced by thiazolidinediones, a PPARgamma
agonist used to improve insulin sensitivity in treating type 2
diabetes (22). In cultured cells with ROS-induced insulin
resistance, six treatments designed to modulate ROS status,
including two small molecules and four transgenes of cyto-
catalase, mito-catalase, Sod1, and Sod2, ameliorated insulin resis-
tance to various extents. A chronic treatment of leptin-deficient
ob/ob obese, insulin-resistant mice with antioxidant manganese
(IIT) tetrakis (4-benzoic acid) porphyrin (MnTBAP) and insulin-
sensitizing drug rosiglitazone improved insulin sensitivity and
glucose homeostasis (50).

Table 1 depicts main metabolic impacts or phenotypes
associated with overexpressing seven common antioxidant
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enzymes/proteins. Transgenic mice with f§ cell-specific over-  tance to type 1 diabetes induced by alloxan (71). Global or f
expression of metallothionein were protected from the STZ-  cell-specific overexpression of Sodl in NOD mice enhanced
induced hyperglycemia, degranulation, and cell death (16). their resistance to alloxan-induced diabetes (70, 71). A similar
Global overexpression of Sodl in mice enhanced their resis- positive effect of Sod1 overexpression in liver of db/db mice

TABLE 1. SUMMARY OF MAJOR METABOLIC IMPACT AND PHENOTYPE RESULTED FROM GLOBAL OR TISSUE
(p CeLL AND L1vER)-SPECIFIC OVEREXPRESSION AND GLOBAL KNOCkoUT
OF SEVEN COMMON ANTIOXIDANT ENZYMES/PROTEINS IN MICE

Gene Phenotype Source

Transgenic (overexpression)
Catalase (f-cell specific) Protection of islet insulin secretion against H,O, and significantly =~ Xu et al. (141)
decreased diabetogenic effect of STZ in vivo; no protection
against interleukin-1f toxicity or altering effects of syngeneic
and allogenic transplantation on islet insulin content

Development of hyperglycemia, hyperinsulinemia, increased
f-cell mass, hypersecretion of insulin, insulin resistance,
and obesity

Protection against STZ, reversing hyperglycemia in db/db
mice, and improving f-cell volume and granulation

Protection of islets against hypoxanthine/xanthine oxidase
treatment in vitro in the following order: [SOD1 +
SOD3 + GPX1] > [SOD3 + GPX1] > [SOD3] > WT; a
protection against hypoxia/reoxygenation and an
improvement in blood glucose in STZ-treated recipient mice
transplanted with the transgenic islet grafts with
overexpression of all three enzymes in combination

Protection of islets from STZ-induced disruption, DNA
breakage, and depletion of NAD™; Protection of mice from
the STZ-induced hyperglycemia, and degranulation and
cell death of islets

Accelerating diabetes after cyclophosphamide treatment and
spontaneous diabetes in NOD male mice by overexpression
of cytoplasmic catalase and methallothionein; no such effect
of SOD2

GPX1 (global) McClung et al. (93),

Wang et al. (136)
GPX1 (f-cell specific) Harmon et al. (43)

GPX1, SOD1, and
SOD3 (global)

Mysore et al. (99)

Metallothionein
(B-cell specific)

Chen et al. (16)

Metallothionein, catalase,
and SOD2 (f-cell specific)

Li et al. (83)

SOD1 (global)
SOD1 (f-cell specific)
SOD1 (liver specific)

SOD2 (islets)

SOD2 and catalase
(B-cell specific)

SOD3 (f-cell specific)

Thioredoxin (islet)

Knockout

Catalase

GPX1
GPX1

SOD1

GPX1+SOD1

Protection against type 1 diabetes-induced by alloxan

Protection against alloxan-induced diabetogenesis

Decreasing hepatic ROS and blood glucose level, and
improving insulin sensitivity in db/db mice

Extending islet function for 50% longer than that of the control
after isolate islets were transferred with Sod2 gene by
adenoviral infection and transplanted into STZ-treated
NOD mice

Protection of islets against STZ and peroxynitrite, but not
cytokine toxicity by the co-expression of both enzymes

No effect on diabetes onset and incidence in NOD mice

Prolonging islet graft survival in autoimmune diabetic
NOD mice

Sensitizing the mutant mice to alloxan-induced diabetogenesis,
accelerated severe atrophy of pancreatic islets, and apoptosis;
but not impact on STZ-induced diabetes

Enhancing mouse resistance to high-fat diet induced insulin
resistance

Decreasing pancreatic f-cell mass and plasma insulin
concentration, mild pancreatitis

Decreasing pancreatic $-cell mass, plasma insulin concentration,
and body weight; mild hyperglycemia; attenuated
glucose-stimulated insulin secretion; improved insulin
sensitivity; mild pancreatitis

Similar to the phenotypes of Sod1 knockout

Kubisch et al. (71)
Kubisch et al. (70)
Kumashiro et al. (72)

Bertera et al. (7)

Chen et al. (17)

Sandstrom ef al. (115)
Chou and Sytwu (21)

Kikumoto et al. (66)

Loh et al. (86)
Wang et al. (135)

Wang et al. (135)

Wang et al. (135)

The list is derived as a representation instead of an exhausted record. Missing of any important models is solely due to authors’ limited

knowledge and manuscript length.

GPX1, glutathione peroxidase 1; NOD, nonobese diabetic; ROS, reactive oxygen species; SOD1, superoxide dismutase 1; STZ,

streptozotocin; WT, wild type.
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was also shown on hepatic ROS, blood glucose level, and
insulin sensitivity (72). When Gpx1 was specifically over-
expressed in pancreatic f§ cells in C57BLKS /] mice, their f cells
became resistant to multiple injection of STZ (43). After the
transgene was introgressed into the pancreatic f3 cells of db/db
mice, hyperglycemia, f cell volume, and insulin granulation
and immune-staining were significantly improved.

Using a rat insulin promoter to direct pancreatic f cell-
specific overexpression of catalase, Xu and associates (141)
produced seven transgenic lines of mice sensitive to Friend
leukemia virus B (FBV) with increased catalase activity in is-
lets up to 50-fold. While the overproduced catalase activity
had no detrimental effect on islet function, it conferred a re-
markable protection of islet insulin secretion against H,O,
and significantly decreased diabetogenesis of STZ in vivo. A
recent study using homozygous acatalase mice mutant has
demonstrated similarly crucial role of catalase in protecting
against alloxan-induced type 1 diabetes (66). Compared with
WT controls, the mutant mice had a higher (72 vs. 32%) inci-
dence of diabetes after intraperitoneal injection of 180 mg of
alloxan/kg of body weight. This high dose of alloxan also
accelerated severer atrophy of pancreatic islets, and induced
greater apoptosis in pancreatic f§ cells in the acatalasemic mice
than in the control mice.

Intriguing Metabolic Enigma

Not all transgenes of antioxidant enzymes or proteins
confer a metabolic protection against all insults (Table 1).
When a 50-fold f cell-specific overproduction of catalase ac-
tivity in FVB mice clearly protected islet against H,O, and
STZ toxicity, it did not provide any protection against inter-
leukin-1f toxicity or alter effects of syngeneic and allogenic
transplantation on islet insulin content (141). It was very in-
triguing that lack of catalase did not induce any compensation
of GPX or SOD activity in pancreas and did not affect mouse
susceptibility to STZ (but to alloxan)-induced diabetes (66).
Likewise, 5 cell-specific overexpression of either Sod2 or Sod3
in NOD mice did not affect incidence of spontaneous diabetes
(83, 115). When insulin-producing RINm5F cells were stably
transfected with the Sod2 gene, their cell viability was not
different from the control or cells transfected with antisense
of the Sod2 gene after exposure to HyO, or hypoxanthine/
xanthine oxidase (87). However, overexpression of Sod2 in
these cells actually rendered them more susceptible to
proinflammatory cytokine-induced decreases in viability and
proliferation rate. In contrast, suppressing Sod2 expression
enabled the cells more resistant to this type of cytokine tox-
icity. Thus, altering mitochondrial balance between superox-
ide- and H;O,-scavanging activities may constitute a greater
cell vulnerability to cytokines. In addition, islets isolated from
transgenic mice with coexpression of Sod2 and catalase in f3
cells were not more resistant to cytokine toxicity than the
controls, despite a clear advantage in coping with STZ and
peroxynitrite (17).

Most striking, two independent studies have shown severe
and long-term metabolic disorders associated with antioxi-
dant enzyme transgenes. First, § cell-specific overexpression
of cytoplasmic catalase and methallothionein greatly accel-
erated diabetes after cyclophosphamide treatment and
spontaneous diabetes in NOD male mice, despite a protection
against the cytokine-induced ROS production by both anti-
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oxidant proteins and a decrease in the STZ-induced diabetes
in the metallothionein transgenic mice (83). Second, mice OE
developed hyperglycemia, hyperinsulinemia, insulin resis-
tance, and obesity at 6 months of age (93). With a 20-fold
increase in GPX1 activity, the OE islets were featured by ROS
diminishing, but elevated f cell mass, insulin production, and
GSIS (136). Diet restriction removed all of these type 2 dia-
betes phenotypes except for hyperinsulinemia and hyperse-
cretion of insulin (136) (Fig. 2).

Comparatively, only overexpression of Gpx1 elevated f cell
mass, insulin production, and GSIS (136). In contrast, over-
producing metallothionein and catalase in f cells actually
accelerated the cytokine-induced f cell death (83). Seemingly,
the positive effect of GPX1 on f cell mass and insulin pro-
duction is not shared by other antioxidant proteins. This is
because baselines of insulin concentration or insulin gene
expression in islets were not altered by overexpressing cata-
lase up to 50-fold (141) (83), metallothionein up to 30-fold (16,
83), or three forms of SOD enzymes up to 10-fold (17, 99).
Although infection of rat islets with adenovirus encoding
human Gpx1 gene resulted in protections against the ribose-
induced loss of insulin mRNA, content, and secretion, base-
line levels of these three measures were unaltered (127). The
relatively low (sixfold) increase in GPX1 activity in islets
might be insufficient to induce significant elevation in baseline
insulin synthesis or the 72 h infection of rat islets did not allow
an illustration of GPX1 overexpression benefit to § cell mass.

Reciprocally, knockout of Gpx1 enhances body resistance to
high-fat diet-induced insulin resistance (86) (Table 1). Al-
though knockouts of Gpx1 and Sod1 each alone or in combi-
nation resulted in similar decreases in pancreatic § cell mass
and plasma insulin concentration, metabolic pathways for
inducing their phenotypes are distinctly different (135). Fur-
ther, the Sod1 knockout (Sod1~/~) mice developed more typ-
ical type 1 diabetes phenotypes than the Gpx1~/~ mice.

GPX1 Overexpression
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FIG.2. Scheme of Gpx1 overexpression leading to chronic
hyperinsulinemia. f, Activation or increase; |, inhibition or
decrease; L, decrease; P, phosphorylation. AKT, protein ki-
nase B; FOXA2, forkhead box A2; GPX1, glutathione per-
oxidase 1; GSIS, glucose-stimulated insulin secretion; PDX1,
pancreatic duodenal homeobox 1; PTP, protein tyrosine
phosphatase; PTP-1B, protein tyrosine phosphatase-1B;
UCP2, uncoupling protein 2.
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Compared with the WT, the Sod1 ™/~ mice exhibited reduced
body weight, hypoinsulinemia, blocked GSIS, hyperglycemia,
and enhanced insulin sensitivity, along with elevated blood
ketone bodies and urine glucose, pancreatitis, increased bone
deterioration (134), and eye problems (44, 104). In compari-
son, the Gpx1~/~ mice developed only moderate hypergly-
cemia and showed no body weight change over the WT.
However, these prlf/ ~ mice were more sensitive to the
cerulein-induced increase in serum amylase. Overall, knock-
out of Sod1 exerted a more potent impact on islet function and
pancreatic integrity than that of Gpx1. Outcomes of double
knockout of both enzymes resembled those of Sod1 knockout.
Just as implicated in the cell case with mitochondrial catalase
transfection (87), altering intracellular superoxide tone was
probably more detrimental than that of hydroperoxides to
insulin function and glucose metabolism. When type 1 dia-
betes was induced by alloxan in female WT, Sod1~/~, and
Sodl overexpressing mice before pregnancy, blood glucose
concentrations and fetuses hepatic isoprostane levels were
actually lower on the Sod1~/~ mice than in the other two
groups (142).

Potential Risk of Human Health

Despite observed or perceived benefits of antioxidant en-
zymes or nutrients to diabetes (27, 46, 132), a potential risk
associated with this notion has emerged (98). Increased
erythrocyte GPX1 activity is strongly correlated with insulin
resistance in gestational diabetic women (18). Most notably, at
least eight major human studies have shown that Se supple-
ments may be hyperglycemic, hyperlipidemic, and pro-
diabetic. Adverse blood glucose and lipid profiles were seen
in the U.S. and European adults with high plasma Se status (9,
10, 23, 75, 76, 122). Supplementing Se at 200 ug daily for 7.4
years to Se-adequate and initially nondiabetic old males en-
hanced their type 2 diabetes incidence by 50% (123). In par-
ticular, those subjects in the highest tertile of baseline plasma
Se level displayed a hazard ratio of 2.7. Partially due to this
increased risk potential, the planned 12-year Se and Vitamin E
Cancer Prevention Trial (SELCT) was prematurely stopped in
October 2008 (85).

Obviously, roles and mechanisms of antioxidant enzymes
or nutrients in diabetes are far from clear. Pardoxically, anti-
oxidant supplementation offsets health-promoting benefit of
physical exercise in humans (110). Many past studies have
overly amplified their transient benefits against a bolus of
ROS, but neglected long-term metabolic consequences of
shifting cellular redox status. In addition, antioxidant benefits
to diabetic patient treatments may not be extrapolated to
normal subjects for preventive purposes.

Novel Epigenetic Regulation of PDX1
by Antioxidant Enzymes

Because of the importance of PDX1 in controlling pancre-
atic f cell differentiation, survival, and insulin synthesis and
its responsiveness to ROS, we have explored novel epigenetic
regulations of PDX1 for explanation to the f cell and insulin
phenotypes in mice with altered GPX1 and SOD1. Hyper-
insulinemia and hypertrophy of f cell mass in the Gpx1
overexpressing mice concurred with an elevated levels of H3
and H4 acetylation in the proximal region of promoter in
pancreatic islets (136). Meanwhile, islets from these mice were
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more resistant to H,O,-induced H3 and H4 hypoacetylation
and had greater Pdx1 mRNA and protein levels than the WT
islets (Fig. 2). In contrast, decreased f cells mass and plasma
insulin concentration in mice with single knockout of SOD1 or
double knockouts of Gpx1 and Sodl was coincided with a
declined H3 acetylation and H3K4 methylation in the Pdx1
promoter region. Such changes were also correlated to de-
creases of PdxI mRNA and protein (106).

Plasticity of chromatin is well known to be governed
by multisubunit protein complexes that regulate chromo-
somal structure and activity (48). Such complexes include
ATP-dependent chromatin remodeling factors that are in-
volved in many fundamental processes, including DNA
replication, transcription, and repairing as well as chromo-
some structure maintenance (48). The proximal region of
Pdx1 promoter consists of an islet-specific expression con-
sensus E-box motif, which predominantly binds the
upstream transcription factor (117). Site-specific acetylation
or deacetylation of nucleosomal histone H3 and H4 is central
to the switch between permissive and repressive chromatin
structure and thus activation or repression of transcription
(24). With a high affinity for upstream transcription factor
binding (133), H3 and H4 are the core histones with high
levels of acetylation at the active transcriptional loci (128).
Preceding transcriptional activation (78), hyperacetylation of
H3 and H4 helps remodel the chromatin in the Pdx1 pro-
moter to form more accessible structure for transcription
(101). Thus, hyperacetylation of H3 and H4 in the OE islets
should help in activating and hypoacetylation of H3 in the
Sod1~/~ and double knockout of Gpx1 and Sod1 islets in
suppressing Pdx1 gene transcription. These distinct epige-
netic regulations might partially explain their opposite
changes in islet Pdx1 mRNA expression. Lowering intracel-
lular ROS by overproduction of GPX1 activity enhanced
H3 and H4 acetylation, which allowed the OE mice to
maintain a high level of functional PDX1 protein to promote
p cell differentiation and insulin synthesis for compensating
insulin resistance in these obese animals, so overt diabetes
was avoided (136).

Another possible class of epigenetic regulations of Pdx1 is
DNA methylation. This modification takes place at the C5
position of cytosine, and is catalyzed by DNA methyl-
transferases (118). The methylation status of CpG islands
within promoter sequences serves as an essential regulatory
element in modifying the binding affinity of transcription
factors to DNA binding sites. While most CpG islands remain
unmethylated in normal cells, they may be methylated de novo
under some circumstances. Despite unclear impacts of anti-
oxidant enzymes on PdxI methylation, relevance of this epi-
genetic regulation has been well demonstrated. A recent
study indicated that Pdx1 was 1 of only 15 CpG genes among
1749 examined ones with CpG islands that were methylation
susceptible when methylation was upregulated by over-
expression of a DNA methyltransferase (31). Development of
type 2 diabetes in rats with intrauterine growth retardation
was associated with progressive epigenetic silencing of Pdx1,
in which methylation of the CpG island in the proximal pro-
moter led to permanent silence of the Pdx1 locus after the
onset of diabetes in adulthood (106). Apparently, it will be
fruitful to study how antioxidant enzyme overexpression or
knockout out affects methylation of Pdx1 promoter and the
subsequent impact on its function.
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Regulation of Functional PDX1 Protein
by Antioxidant Enzymes

Because PDX1 exerts its function mainly in nucleus,
amount of functioning PDX1 protein at a given time depends
on its transcription (mMRNA), translation (protein), posttrans-
lational modification (phosphorylation), and nucleocyto-
plasmic translocation of PDX1 (58). As mentioned above, OE
mice had elevated levels of PdxI mRNA and protein, along
with attenuated PDX1 protein phosphorylation (degradation)
in pancreatic islets (136) (Fig. 2). As a result, these mice main-
tained a greater level of functional PDX1 protein than the WT
mice to produce hyperinsulinemia and hypertrophy of f cell
mass. Supplementing C57BL/Ks]-db/db mice with dietary
antioxidant nutrients produced similar positive effects on
PDX1 protein (59). However, overexpression of catalase that
shares the same substrate of hydrogen peroxide with GPX1
did not give such benefit, but accelerated the cytokine-
induced PDX1 protein disappearance (83). Decreased f cell
mass and plasma insulin concentration in mice with single
and double knockouts of Gpx1 and Sod1 was accompanied by
a declined pancreatic PDX1 protein (135) (Table 1 and Fig. 3).

Impacts of GPX1 overproduction on islet functional PDX1
protein may be mediated at multiple sites by ROS directly or
indirectly through c-jun terminal kinase (JNK), protein kinase
B (AKT), and protein tyrosine phosphatase-1B (PTP-1B) (63,
68, 73). Expression and function of these proteins are highly
sensitive to ROS (39, 83, 94). Diminishing islet ROS by over-
producing GPX1 could improve posttranslational stability of
PDX1 protein. This is because hydrogen peroxide induces
phosphorylation of PDX1 protein on ser®® and/or ser® (12),
resulting in an increased degradation rate and decreased half-
life of the protein. In fact, the ROS-diminished OE islets
showed decreased phosphorylated and elevated total PDX1
protein (136) (Fig. 2). Meanwhile, hydrogen peroxide down-

sop1-- Foxa2 mRNA GPX1-/-
FOXA2 Protein
| FOXAZ2 Binding
@ to Pdx1 Promoter No Effet |
Pdx1 mRNA R

H3 Acetylation at
Pdx1 Promoter

H3K4 Methylation
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0
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4

Islet B-Cell Mass ﬂ
Plasma Insulin

FIG. 3. Comparative impacts of Gpx1 and Sod1 knockouts
on regulation of pancreatic islet FOXA2, PDX1, and f cell
mass and function. |, Inhibition; SOD17/-, superoxide dis-
mutase 1 knockout mice.
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regulates the DNA binding activity of PDX1 by inducing
translocation of this protein from nucleus to cytoplasm (63).
Lowering islet ROS should attenuate this event and allow
more PDX1 protein to function in nucleus.

Knockout of Sod1 elevated islet superoxide levels and de-
creased Pdx1 mRNA and protein, contrary to the change in the
OE mice (135). This implies a similar role of hydroperoxides
and superoxide in regulating functional PDX1 protein.
However, knockout of Gpx1 actually elevated islet ROS (not
superoxide) levels, but exerted no impact on Pdx1 mRNA.
Thus, either the induced changes in islet ROS were insufficient
to affect Pdx1 gene transcription, or the PDX1 protein decrease
in the Gpx1~/~ was mainly attributed to accelerated protein
phosphorylation (degradation) by the elevated H,O, (12).

The attenuated ROS status in the OE mice decreased JNK
activation (136). Inhibiting the JNK pathway protects f§ cells
from glucose toxicity (60) and the oxidative stress induced-
nuclear localization of forkhead transcription factor FOXO1
(64). FOXO1 was found to compete with FOXA2 for binding
sites in the Pdx1 promoter and thus suppressed Pdx1 gene
transcription in pancreatic f cells (68). Therefore, the over-
produced GPX1 activity might enhance Pdx1 transcription by
repressing the JNK-FOXO1 pathway. In addition, suppres-
sion of phosphorylation of JNK also inhibits the ROS-induced
nucleo-cytoplasmic translocation of PDX1 (63, 64).While the
decreased AKT phosphorylation at Thr’® in the OE islets
might attenuate the H,O,-mediated phosphorylation (deg-
radation) of PDX1 protein (12), it could decrease phosphory-
lation of Foxol and then downregulates Pdx1 transcription by
the above-discussed mechanism (67, 68). The decrease of PTP-
1B protein in the OE islets resembled the phenotype of PTP1-
1B knockout mice (73). The improvement associated with f
cell-specific overproduction of GPX1 in db/db mice was me-
diated by a reversed loss of v-maf musculoaponeurotic fi-
brosarcoma oncogene family protein A (MafA), which is
another important transcriptional factor like PDX1 for f cells
and insulin expression (43).

Superoxide-Dependent Regulation of Foxa2 by SOD1

As a key activator of Pdx1 transcription, FOXA2 binds the
promoter/enhancer of the Pdx1 gene (139) and activates Pdx1
gene expression in vivo (77). Because the Sod1 promoter con-
tains four binding sites for FOXA2 (105), and the mouse Sod1
is indeed a transcriptional target of Foxal (14), illustrating a
reciprocal effect of Sod1 knockout on FOXA?2 expression and
function (Fig. 3) reveals a novel interdependence or positive
feedback mechanism between these two proteins. The Sodl
knockout caused an elevation of islet superoxide tone and
resulted in substantial decreases in islet FOXA2 mRNA,
protein, and binding to the Pdx1 promoter (135). A direct link
between the FOXA2 response and the SOD1 function was
verified by treating WT and Sod1~/~ islets with the SOD1
enzyme inhibitor and mimic, respectively (135). Such a
change was correlated to decreases of Pdx1 mRNA and pro-
tein (106). In contrast, knockout of Gpx1 elevated islet ROS but
not superoxide levels, which exerted no impact on FOXA2
mRNA, protein, and its binding to the Pdx1 promoter (135)
(Fig. 3). Thus, effects of Sod1 knockout on FOXA2 expression
and binding function were superoxide dependent. Because of
the distinct differences in regulating FOXA2 expression and
function between the two H,O,- and superoxide-scavenging
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enzymes (Fig. 3), adequate consideration should be given to
metabolic subtlety of different forms of ROS in f cells and
insulin function.

Regulation of UCP2 by Antioxidant Enzymes

Elevated GSIS in the OE mice might be explained by ele-
vated islet mitochondrial potential and decreased UCP2
protein (136) (Fig. 2). Meanwhile, attenuated GSIS in the
Sod1~/~ and Gpx1~/~ mice was consistent with decreases in
islet ATP content and increases in UCP2 protein (135). Be-
cause UCP2 may be activated by endogenously produced
superoxide (69) and can modulate mitochondrial generation
of H,O, (100), opposite responses of UCP2 induced by over-
expression and knockout of Gpx1 and(or) Sod1 may be inter-
preted as a metabolic compensation. A normal level of ROS in
mitochondria is required for GSIS (79). Although a direct link
of GPX1 function to islet UCP2 level was demonstrated by
treating WT islets with a GPX1 mimic, ebselen (136), the sole
UCP2 change may not fully explain a virtually blocked
GSIS in Sod1~/~ but not Gpx1~/~ mice. A concurrent down-
regulation of other important regulators of GSIS (GLUT2,
KIR6.2, and GLPR1) in the Sod1~/~ may offer additional
explanations. Their alterations have been seen in insulin
secretion disorders (4, 41, 119, 129).

Regulation of Insulin Signaling and Sensitivity
by Antioxidant Enzymes

Because ROS has been shown to affect various steps of
insulin signaling cascade starting from insulin receptor
phosphorylation (45), impacts of antioxidant enzymes on
body insulin sensitivity can be explained at least partially by
their ability to modulate intracellular ROS status. The GPX1
overproduction-induced insulin resistance was associated
with an attenuated phosphorylation of insulin receptor (f
subunit) and AKT (Ser*”® and Thr*®) in liver and muscle (93)
(Fig. 2). Earlier, a pro-insulin or insulin-mimic action of H,O,
on phosphorylation of f subunit of insulin receptor was
shown in rat adipocytes (45). The action was not a direct effect
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of hydrogen peroxide on the receptor, but mediated through
downregulation PTP-1B, a negative regulator of insulin sig-
naling the cellular machinery (45). Because the overproduced
GPX1 activity diminished islet ROS, oxidative inhibition of
PTPs including PTP-1B by H,O, was presumably lifted.
Knockout of Ptp-1b increased phosphorylation of insulin re-
ceptor in liver and muscle, and enhanced body resistance to
high-fat diet-induced weight gain and insulin resistance (25).
Similar enhancements in the Gpx1~/~ mice were correlated
with increased oxidation of the PTP family member phos-
phatidylinositol 3-kinase—phosphatase with tensin homology
in muscle that terminates signals generated by phosphatidy-
linositol-3-kinase (86). An enhanced AKT signaling in muscle
of these mice also helped promote glucose uptake. Both im-
provements were reversed by antioxidant N-acetylcysteine.
While increased phosphorylation of AKT and insulin receptor
in the Sod1~/~ mice might additively help improve insulin
sensitivity, upregulation of only AKT phosphorylation in the
Gpx1~/~ mice did not produce a significant effect on this
function.

Being highly responsive to oxidative stress, JNK is phos-
phorylated in diabetic conditions, leading to inhibition of in-
sulin gene expression (58). Activation of JNK increased
phosphorylation of insulin receptor substrate-1 (IRS-1) on
Ser®” that disrupted the interaction between the catalytic
domain of the insulin receptor and the phosphotyrosine
binding domain of IRS-1 (1, 2). Thus, ablation of Jnk increased
mouse insulin sensitivity (47). Because downregulation of
JNK in the OE mice did not result in improved insulin sensi-
tivity (136), the insulin resistance-inducing factors in OE mice
might be too strong to offset. Meanwhile, positive effects of
Sodl overexpression in liver of db/db mice were attributed
to decreased expression of phosphoenol-pyruvate carboxy-
kinase and peroxisome proliferator-activated receptor gamma
coactivator-la, two main regulators of gluconeogenic genes
(72). Improved insulin sensitivity in these transgenic mice
over their controls was mediated in part by attenuating
phosphorylation of cAMP-responsive element-binding pro-
tein and JNK.

Wild Type

Antioxidant Enzymes

Antioxidant
Enzymes

Antioxidant
Enzymes

Hypotrophy of f-cells

Hypoinsulinemia
Insulin Sensitivity
Lower Body Weight (7)

ROS (Oxidative Stress)
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Insulin resistance

Obese (?)

FIG. 4. Symmetric phenotypes of pancreatic islet § cells and body insulin produced by overexpression of Gpx1 and
knockout of Gpx1 and Sod1 each alone or together. The three inside circles represent different status of oxidants/antioxi-
dants: balanced in wild type; reductive stress in the transgenic model; oxidative stress in the knockout models.
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Closing Remarks

Although OE and knockouts of Gpx1 and/or Sodl pro-
duced nearly symmetric § cell and insulin phenotypes (Fig. 4),
physiological roles of antioxidant enzymes in f§ cells and di-
abetes are undoubtedly complex. Actual outcome of altering a
given enzyme depends on body or tissue ROS status and se-
lected function target (Fig. 5). When ROS is high, such as in
overt diabetes, antioxidant enzymes protect f cells against
hyperglycemia-induced oxidative destructions of macromol-
ecules. These enzymes also help prevent oxidative inhibitions
of key transcriptional factors like PDX1 and thus maintain f§
cell mass and function. However, overly diminishing intra-
cellular ROS by excessively high antioxidant enzyme activi-
ties dys-regulates GSIS or insulin signaling. Overall, we
should not overlook metabolic difference or subtlety between
overexpression and knockout of a given antioxidant enzyme,
mitochondrial and cytosolic locations, hydroperoxide and
superoxide scavenging functions, and pro-oxidants- and cy-
tokines-induced ROS. Apparently, acute effects of antioxidant
enzymes on bolus of ROS may be different from their chronic
effects on metabolically generated endogenous ROS. A good
example is the above-discussed lack of protection of antioxi-
dant enzyme overexpression against cytokine toxicity in f
cells or islets. Likewise, a transient benefit may even evolve
into a metabolic disorder in a long run. Experimentally, the
OE mice may be used as a new model to study role of anti-
oxidant enzymes in insulin resistance, type 2 diabetes, and
obesity. Meanwhile, the Sod1~/~ mice may offer a novel
model to study antioxidant enzymes in type 1 diabetes and
pancreatitis (Fig. 3). Technically, animal models with tissue
specific knockouts or tissue-specific overexpression (in addi-
tion to f cell-specific) of antioxidant enzymes should be
generated to fully elucidate specific mechanisms for their
metabolic roles in f cells and diabetes.
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AKT = protein kinase B
FOXA1 = forkhead box Al
FOXA2 = forkhead box A2
FOXO1 = forkhead box O1
GPX1 = glutathione peroxidase 1
Gpx1~/~ = glutathione peroxidase knockout mice
GSIS = glucose-stimulated insulin secretion
IR = insulin receptor
IRS-1 = insulin receptor substrate-1
JNK = cjun terminal kinase
NOD =nonobese diabetic
OE = overexpressing GPX1
PDX1 = pancreatic duodenal homeobox 1
PTEN = phosphatidylinositol 3-kinase-phosphatase
with tensin homology
PTP = protein tyrosine phosphatase
PTP-1B = protein tyrosine phosphatase-1B
RNS =reactive nitrogen species
ROS =reactive oxygen species
SOD1 = superoxide dismutase 1
Sod1~/~ =superoxide dismutase 1 knockout mice
STZ = streptozotocin
UCP2 = uncoupling protein 2
WT =wild type
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