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Reactive oxygen species (ROS) are formed by virtually all
tissues. In normal concentrations they facilitate many physi-
ologic activities, but in excess they cause oxidative stress
and tissue damage. Local antioxidant enzyme synthesis in
cells is regulated by the cytoplasmic KEAP-1/Nrf2 complex,
which is stimulated by ROS, to release Nr2 for entry into
the nucleus, where it upregulates antioxidant gene expres-
sion. Major antioxidant enzymes include glutathione peroxi-
dase (GPx), catalase (CAT), superoxide dismutases (SOD),
hemoxygenases (HO), and peroxiredoxins (Prdx). Notably,
the pancreatic islet p-cell does not express GPx or CAT,
which puts it at greater risk for ROS damage caused by
postprandial hyperglycemia. Experimentally, overexpres-
sion of GPx in B-cell lines and isolated islets, as well as
in vivo studies using genetic models of type 2 diabetes
(T2D), has demonstrated enhanced protection against hy-
perglycemia and oxidative stress. Oral treatment of dia-
betic rodents with ebselen, a GPx mimetic that is approved
for human clinical use, reproduced these findings. Prdx de-
toxify hydrogen peroxide and reduce lipid peroxides. This
suggests that pharmacologic development of more potent,
B-cell-specific antioxidants could be valuable as a treat-
ment for oxidative stress due to postprandial hyperglyce-
mia in early T2D in humans.

BRIEF OVERVIEW OF ENDOGENOUS
ANTIOXIDANTS

Key antioxidant enzymes in metabolic tissues include glu-
tathione peroxidase (GPx) (1) (Fig. 1), which together with
the glutamylcysteine ligase catalytic subunit (GCLC) syn-
thesizes glutathione (GSH) to protect cells from oxidative
damage caused by excessive levels of reactive oxygen spe-
cies (ROS), specifically, intracellular peroxides and hydrogen
peroxide (H,0,). Other antioxidants include the superoxide
dismutases, SOD-1 and SOD-2, which metabolize superoxide

ARTICLE HIGHLIGHTS

o We examined evidence that postprandial hyperglycemia
in early type 2 diabetes (T2D) causes oxidative stress.

* \We addressed the question of whether cessation of high-
fat diet and return to a normal diet in T2D rodents cause
improved glucose control and less oxidative stress.

e QOur findings are that oxidative stress is associated
with functional and structural changes in p-cells and
that this is met with an intrinsic response: translocate
cytoplasmic Nrf2 to the nucleus to initiate gene ex-
pression of antioxidants.

o The results of our work imply that early treatment of T2D
with avoidance of a high-fat diet and the use of antioxi-
dants might be helpful in restoring B-cell function.

radicals to form H,0,. SOD-1 is found primarily in the cyto-
plasm and is termed copper/zinc-SOD. SOD-2 is found prin-
cipally in the mitochondria and is termed manganese-SOD.
Another enzyme, catalase (CAT), is located in peroxisomes
and metabolizes H,O, to form water and oxygen, but it
cannot metabolize lipid peroxides. Hemoxygenases (HO-1,
HO-2), like GPx, catabolize intracellular peroxides and HyO5.
A related group of antioxidants, the peroxiredoxins (Prdx),
also detoxify hydrogen peroxide and reduce lipid peroxides
2,3).

Uniquely, pancreatic B-cells contain very little GPx or
CAT (4-6), which renders them especially vulnerable to oxi-
dative stress. This is particularly germane to type 2 diabetes
(T2D) wherein patients eatly in the disease are challenged
by elevated levels of postprandial blood glucose that lead
to excessive concentrations of glucose metabolites and
ROS formation within B-cells via several different meta-
bolic pathways (7) (Fig. 2).
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Figure 1—Glutathione metabolism principally regulated by the en-
zymes GCLC and GSH synthetase.

In Vitro and In Vivo Studies of Antioxidant Effects on
B-Cell Function

A full, exhaustive review of the many publications (8-15)
that have linked oxidative stress, glucose toxicity, and use
of antioxidant strategies for their amelioration would not
be within the scope of this brief review. Rather, the intent
of this article is to briefly review work from our group
that suggests that earlier rather than later intervention of
oxidative stress should be considered as a translational
approach to management of T2D in humans. For example,
Tanaka et al. (16) reported that in both HIT-T15 B-cells
and in Zucker diabetic fatty (ZDF) rats, toxic effects of high
glucose concentrations on Pdx-1 and MAFA gene expression
were prevented by exogenous antioxidants. In the same study,

Glucose toxicity and oxidative stress
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Figure 2—Glucose toxicity and oxidative stress. Accumulation of
excess ROS occurs during chronic hyperglycemia, which causes
progressive oxidative stress and further compromises already dam-
aged B-cells that characteristically and uniquely do not express a full
complement of antioxidant enzymes. A separate system features the
antioxidant actions of thioredoxin and peroxiredoxin, which can be
inhibited by cellular TXNIP (thioredoxin-interacting protein) (2).
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treatment of diabetic ZDF rats with the antioxidant
N-acetyl-L-cysteine or aminoguanidine prevented decreases
in mRNAs for insulin, Pdx-1, and MAFA, insulin content,
and glucose-induced insulin secretion. Both drugs prevented
a rise in blood oxidative stress markers (8-hydroxy-2'-deoxy-
guanosine and malondialdehyde plus 4-hydroxy-2-nonenal).
Studies by Harmon et al. (17) demonstrated that use of the
drug troglitazone to treat ZDF animals fed a high-fat diet
prevented hyperglycemia and preserved Pdx-1 gene expres-
sion and glucose-induced insulin secretion. These reports
suggested that chronic oxidative stress is a likely mechanism
for glucose toxicity that worsens the severity of T2D in
these animals. Other studies, by Tanaka et al. (18), involved
isolated human islets and the HIT-T15 B-cell line and were
designed to test the hypothesis that high glucose concentra-
tions cause the accumulation of intracellular ROS in B-cells
and that decreasing or increasing the level of GPx would, re-
spectively, augment or prevent the induction by ribose of
B-cell functional defects. It was observed that glucose and ri-
bose increase the intracellular oxidant load of islets and that
decreasing endogenous provision of GSH by buthionine sul-
phoximine (an inhibitor of y-glutamyl cysteine ligase synthe-
tase, the enzyme that with GPx regulates GSH synthesis)
(Fig. 1) enhances the deleterious effects of ribose. Tran et al.
(19) observed that GCLC overexpression caused increases in
GSH levels in B-cells, which protected them from the ad-
verse effects of interleukin-13-mediated ROS synthesis on
glucose-stimulated insulin secretion. Investigators have dem-
onstrated the protective effects of other antioxidant en-
zymes, primarily SOD and catalase, by overexpressing them
in islets to test their efficacy in protection of B-cells against
the adverse effects of streptozotocin and cytokines in mod-
els of type 1 diabetes (20-23). Harmon et al. (24) examined
the effects of overexpressing a [-cell-specific GPx-1 trans-
gene in C57BLKS/J mice fed a high-fat diet. Imaging con-
firmed that the GPx-1 gene localized to the B-cells only.
GPx-1 transgenic mice were then backcrossed with db/db
mice. Glucose levels in db/db-GPx(-) mice rose steadily over
20 weeks to 567 + 14 mg/dL. Glucose levels in db/db-
GPx(+) mice initially rose to 395 + 48 mg/dL at the 10th
week but thereafter reversed and decreased steadily to 195 +
31 mg/dL by the 20th week. The explanation for this initial
increase and then decrease in levels of glycemia in the
GPx(+) transgenic mice was suggested to be that the trans-
gene contained a glucose-sensitive insulin promoter, which
was activated by progressive hyperglycemia in the animals.
Further, islets from db/db-GPx(+) mice had larger B-cell
volumes and greater insulin staining and granulation at
20 weeks compared with islets from db/db-GPx(-) mice.
There were no differences in body weights of control and
transgenic mice.

EBSELEN, AN ORAL GPX MIMETIC

The experimental evidence cited above led to the conclu-
sion that the inherent absence of GPx-1 in islet B-cells
makes them especially vulnerable to excessive ROS caused
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KEAP1:Nrf2 Complex

Figure 3—KEAP1:Nrf2 complex. lllustration of the functional relationships between KEAP1 and Nrf2 under conditions of nonstress and
oxidative stress is shown. Under quiescent conditions, Nrf2 is bound by KEAP1 in the cytoplasm, which ushers Nrf2 to proteosomes for
degradation. In the face of oxidative stress, Nrf2 is released from KEAP1 and enters the nucleus, where it serves as a key activator for the
promoter of antioxidant genes, such as HO-1. Adapted with permission from DeGroot’s Endocrinology (35).

by postprandial hyperglycemia. Even though endogenous
hemoxygenases are present in islets and have functions
similar to those of GPx, they do not by themselves appear
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Figure 4—Assessment of the extent to which elevated nonfasting
blood glucose levels caused by feeding of high-fat meals in ZDF
rats can return to normal glycemia levels after reversal to normal di-
ets for 2 weeks. The first three data points refer to nonfasting glu-
cose levels during feeding with regular diet. Subsequent data refer
to glucose levels after initiation of high-fat diet at time zero. The
three different-colored lines after time zero represent the animals
that were fed high-fat diets for specific times (9,18, or 28 days [d])
and then reversed (R) to normal diets for 2 weeks before sacrifice.
Data represent four animals at each time point (mean + SE).

to be sufficient to defend against hyperglycemia-induced
excessive levels of ROS in B-cells. Therefore, Mahadevan
et al. (25) used rodents to examine the effects of ebselen,
a GPx mimetic that can be taken orally, to assess the po-
tential clinical benefits of enhancing GPx activity for people
with T2D. Ebselen [2-phenyl-1, 2-benzisoselenazol-3(2H)-
one] is a nontoxic seleno-organic drug that is a lipid soluble
and an orally bioavailable small molecule (26-28). It has
been safely used in randomized double-blind control hu-
man trials for hearing loss and neurovascular disease
(29-32). Mahadevan et al. (25) reported that ebselen pre-
vented islet apoptosis and preserved (-cell mass and func-
tion in diabetic ZDF rats fed a high-fat diet. Eight-week
treatment with ebselen alone ameliorated fasting hyper-
glycemia, improved glucose tolerance and postprandial
levels of glucose and insulin, and maintained lower levels
of HbA,. It also prevented accumulation of 4-HNE in
B-cells and increased B-cell mass twofold over that of
age-matched untreated animals. This larger 3-cell mass
had robust insulin staining, whereas the nontreated ani-
mals had 50% fewer B-cells that stained poorly for insu-
lin. Islet apoptosis was abundant in untreated animals
and rare in ebselen-treated animals. Intranuclear Pdx-1
and MAF-A levels were enhanced in treated animals.

In marked contrast to favorable outcomes in this ebse-
len study in rodents, Beckman et al. (33) reported that use
of this drug in humans with diabetes failed to favorably af-
fect levels of blood glucose or HbA;.. However, there were
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Figure 5—Pancreatic sections were double labeled for insulin (green fluorescence), 4-HNE (a marker for oxidative stress [red fluorescencel),
and HO-1 (hemoxygenase-1) (red fluorescence). ZDF rats after 9 days of a high-fat diet showed intense cytoplasmic staining for 4-HNE in
B-cells (B). Control data are shown in A, E, and /; 9-day data in B, F, J; and 9-day reversal of HFD data in C, G, and K. D, H, and L illustrate all
data as a percentage of B-cells counted. This was reduced 2 weeks after a return to regular diets (C). Immunostaining for Nrf-2 (red fluores-
cence) revealed significant immunoreactivity both in the cytoplasm and in the nucleus of B-cells in ZDF rats fed high-fat diets for 9 days (F) as
compared with ZDF controls (E). In contrast, 2 weeks after return to regular diets the immunoreactivity for Nrf2 was dramatically reduced (G).
Similarly, pancreatic sections stained for HO-1 (red fluorescence) showed increased cytoplasmic and nuclear localization of HO-1 (J) in B-cells
(green fluorescence), which after 9 days of HFD was greatly diminished 2 weeks after return to regular diet (K). Specificity of detected immunoreac-
tivities was validated with incubation of tissue sections with control IgGs from each species (lower panels). Reprinted with permission from Abebe

etal. (34).

major differences between these two studies. Consistent
with the Mahadevan study, in the Beckman study the in-
vestigators reported elevated levels of markers of oxidative
stress in subjects with diabetes but also that ebselen did
not lower these levels. This suggests that the dosage of the
drug used was not adequate to be efficacious. Moreover,
the average duration of diabetes in the human subjects
was 6 years = 4 years SD. It remains to be seen whether
ebselen given early in the course of T2D in humans might

have beneficial effects on continual worsening of postpran-

dial hyperglycemia.

PERSPECTIVE

Historically, the diagnosis of early, mild T2D has usually
been met with diet and exercise advice, with a wait and
see approach by physicians before starting treatment with
hypoglycemic agents. This strategy disregards the fact
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Figure 6 —Electron microscopy. Recovery from structural damage in ZDF rat caused by high-fat diet and its reversal to normal structure
after return to 2 weeks of regular diet is shown. Control data are shown in A-C; 9-day data in D-H; and HFD reversal data in /-K. Significant
alterations can be noted in B-cells from animals fed with HFD, including dysmorphic secretory vesicles (arrowheads) (D), disorganized
Golgi apparatus (asterisks) (E), numerous autophagic bodies (black arrowheads) (F), increased cytosolic free ribosomes (white arrowheads)

(F), and significantly enlarged endoplasmic reticulum cisternae (arrowheads) (G and H).

that people with early-onset T2D inevitably experience
chronic oxidative stress via postprandial hyperglycemia
that may establish a feed-forward and important compo-
nent of continuing B-cell dysfunction over time. This
raises the question of whether there might be a role for
antioxidant drugs for early treatment for T2D. It is true
that most clinically available antioxidants that have been
tried to treat diabetes met with no success. However, this
is perhaps not too surprising because such drugs are not
B-cell specific and are in general only mildly antioxidant
in nature.

The potential for using oral GPx mimetics to provide
treatment for early T2D is twofold. First, ebselen has no
intrinsic hypoglycemic effects that might complicate treat-
ment of early diabetes. This adverse effect has been ob-
served with the use of some oral hypoglycemic agents,
such as the sulfonylureas. Secondly, and more generally,

there is evidence that treating postprandial hyperglycemia
earlier rather than later in the course of T2D, using gen-
eral approaches such as low-fat diet and weight control,
has beneficial effects. Abebe et al. (34) reported that feed-
ing a high-fat diet to normoglycemic ZDF rats over a mat-
ter of a few days caused a rise in intracellular markers of
oxidative stress and frank diabetes. When the high-fat
diet was replaced with a normal diet early in the course of
the disease, B-cells intrinsically initiated self-repair struc-
turally and functionally and the animals returned to a
state of normoglycemia (Figs. 3-6). These beneficial ef-
fects were accompanied by appearance of intranuclear
Nrf2 and the antioxidant enzyme HO-1 and reduction of
an intracellular marker of oxidative stress (4-HNE). When
the high-fat diet was replaced earlier but not later with
the regular diet, the animals regained normoglycemia and
their B-cells underwent structural repair with subsequent
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disappearance of intracellular Nrf2 and HO-1. These find-
ings support the concept that use of antioxidant strate-
gies early in T2D might be useful in arresting progression
of the disease.
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