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Abstract

Aims: Glutathione peroxidase (GPX) mimic ebselen and superoxide dismutase (SOD) mimic copper diisopro-
pylsalicylate (CuDIPs) were used to rescue impaired glucose-stimulated insulin secretion (GSIS) in islets of GPX1
and(or) SOD1-knockout mice. Results: Ebselen improved GSIS in islets of all four tested genotypes. The rescue in
the GPX1 knockout resulted from a coordinated transcriptional regulation of four key GSIS regulators and was
mediated by the peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a)-mediated
signaling pathways. In contrast, CuDIPs improved GSIS only in the SOD1 knockout and suppressed gene
expression of the PGC-1a pathway. Innovation: Islets from the GPX1 and(or) SOD1 knockout mice provided
metabolically controlled intracellular hydrogen peroxide (H2O2) and superoxide conditions for the present study
to avoid confounding effects. Bioinformatics analyses of gene promoters and expression profiles guided the
search for upstream signaling pathways to link the ebselen-initiated H2O2 scavenging to downstream key events
of GSIS. The RNA interference was applied to prove PGC-1a as the main mediator for that link. Conclusion: Our
study revealed a novel metabolic use and clinical potential of ebselen in rescuing GSIS in the GPX1-deficient
islets and mice, along with distinct differences between the GPX and SOD mimics in this regard. These findings
highlight the necessities and opportunities of discretional applications of various antioxidant enzyme mimics in
treating insulin secretion disorders. Rebound Track: This work was rejected during standard peer review and
rescued by Rebound Peer Review (Antioxid Redox Signal 16: 293–296, 2012) with the following serving as open
reviewers: Regina Brigelius-Flohe, Vadim Gladyshev, Dexing Hou, and Holger Steinbrenner. Antioxid. Redox
Signal. 20, 191–203.

Introduction

Type 2 diabetes is one of the most prevalent chronic dis-
eases worldwide. While insulin resistance was regarded

as a hallmark of this disease, defective insulin secretion has
recently been recognized as the main culprit (2). Being a
‘‘privilege’’ of aerobic organisms, oxidative stress is impli-
cated in glucose-stimulated insulin secretion (GSIS) of pan-
creatic islet b-cells (50). Thus, the relatively low expression of
antioxidant enzymes in islets (39) may not only render them
susceptible to oxidative insults, but also provide a necessary
metabolic condition for their sensitive responses to reactive
oxygen species (ROS)-mediated signaling in GSIS (49). In fact,
hydrogen peroxide (H2O2) functions as an essential second

messenger (19) in initiating and regulating GSIS (49, 50), and it
demonstrates concentration-dependent dual effects on insulin
signaling and other metabolic processes (29, 51).

Se-dependent glutathione peroxidase-1 (GPX1) and Cu,Zn-
superoxide dismutase (SOD1) represent two major intracel-
lular antioxidant enzymes that can modulate intracellular
H2O2 status. Despite low GPX1 and SOD1 activities in islets
(only 2% and 29% of that in liver, respectively) (39), we have
found that knockout of GPX1 (GPX1 knockout [GKO]) and
SOD1 (SOD1 knockout [SKO]) alone or in combination
(double knockout of GPX1 and SOD1 [dKO]) caused sub-
stantial impairment of GSIS (68). Consistently, a Gpx1 gene
variant (C198T) lowering the enzyme activity was identified
in the South Indian population, which resulted in increased
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incidences of type 2 diabetes (C/T, 1.4-fold and T/T, 1.8-fold)
(54). Intriguingly, the overt phenotypes of GSIS impairments
in the GKO and SKO mice were similar (68), although GPX1
catalyzes H2O2 breakdown whereas SOD1 catalyzes H2O2

formation. It is puzzling that the presumed opposite effects of
these two knockouts on islet intracellular H2O2 production
might have induced seemingly similar biochemical and sig-
naling regulation of GSIS. The biochemical regulation of GSIS
depends on four key proteins: glucose transporter type 2
(GLUT2), glucokinase (GK), pancreatic and duodenal ho-
meobox 1 (PDX1), and uncoupling protein 2 (UCP2) (30).
However, it remains unclear whether the impacts of GKO and
SKO on GSIS were mediated by altering functional expres-
sions of these proteins in a coordinated fashion. Although we
previously observed changes of PDX1 and UCP2 (68) in the
whole pancreas of these knockout mice, systematic responses
of GK, GLUT2, PDX1, and UCP2 in their islets have not been
studied. More importantly, there is no information on the
signaling cascade and molecular mechanism to link these
knockout—initiated islet intracellular ROS changes to the re-
sponses of these four proteins and the observed GSIS phe-
notypes.

The gene promoter regions of GK, GLUT2, PDX1, and
UCP2 may share common domains that bind transcriptional
factors involved in signaling pathways related to the question
described earlier (45). The first is the peroxisome proliferator-
activated receptor gamma coactivator 1 alpha (PGC-1a)-
mediated antioxidant response element (ARE) signaling
pathway. While PGC-1a is involved in responses of various
genes to redox regulation (62) and regulates GSIS in human
islets (40), two of its gene variants are associated with in-
creased risks of type 2 diabetes in the Indian population
(6, 73). The second is the glucocorticoid receptor (GR) path-
way that is negatively regulated by ROS or H2O2 in inflam-
mation and immune responses (31). Polymorphisms of gr are
associated with type 2 diabetes with low insulin levels and
attenuated first phase of GSIS in women (65). The third is the
wingless-type MMTV integration site (Wnt) pathway that is
positively regulated by ROS or H2O2 (70). Elevated oxidation
status by selenium (Se) deficiency (33) or GPX3 knockout (4)
activated the Wnt pathway in mice. This pathway activated gk

Innovation

Knockout of antioxidant enzymes glutathione peroxidase
1 (GPX1) and superoxide dismutase 1 (SOD1) alone or to-
gether impaired glucose-stimulated insulin secretion (GSIS),
but the molecular mechanism and signaling pathway remain
unclear. Using islets isolated from the GPX1 and (or) SOD1
knockout mice, we have demonstrated that the GPX mimic
ebselen rescued impaired GSIS in the GPX1 knockout islets
and mice via regulating glucokinase, glucose transporter type
2, pancreatic and duodenal homeobox 1, and uncoupling
protein 2 by activating peroxisome proliferator-activated re-
ceptor gamma coactivator 1 alpha-mediated antioxidant re-
sponse element/glucocorticoid receptor signaling pathways.
In contrast, the SOD mimic copper diisopropylsalicylates
showed different roles and mechanisms in regulating GSIS.
Our results revealed a novel metabolic effect of ebselen in
promoting GSIS, and provided a new strategy to treat dis-
orders related to insulin secretion.

Rebound Track

This work was rejected during standard peer review and
rescued by Rebound Peer Review (Antioxid Redox Signal 16:
293–296, 2012) with the following serving as open re-
viewers: Regina Brigelius-Flohe, Vadim Gladyshev, Dexing
Hou, and Holger Steinbrenner. The comments by these
reviewers supporting the rescue are listed below:

Regina Breigelius-Flohe (flohe@dife.de): I am a qualified
reviewer (per Antioxid Redox Signal 16:293-296) and move
to rescue this manuscript that was rejected during the
regular peer review process after reviewing all versions of
the manuscript and detailed reviewer comments.

The present study is the logical follow-up of a previous
one (Wang et al., Antioxid Redox Signal 14:391–401, 2011) in
which the impairment of glucose homeostasis by knock-
down of GPX1 (GKO) or/and SOD1 (SKO and dKO) was
shown. The effect was particularly high in islets of SKO
mice. The focus in the presently paper is laid on the ca-
pability of ebselen to rescue the effects of GPX1 deletion on
glucose-stimulated insulin secretion (GSIS) and the ex-
pression of enzymes crucial for GSIS as underlying
mechanisms. Ebselen up-regulated GK, GLUT2 and PDX1
and down-regulated UCP2 in islets of GKO mice at mRNA
and protein level by lowering ‘ROS’ levels. Genomics and
bioinformatic analyses revealed that the regulation was
mediated by PGC-1a in ARE and GR pathways. PGC-1a
siRNA experiments confirmed this finding. Thus, path-
ways regulating insulin secretion (and insulin signaling)
are responsive to redox regulation. Also in GKO mice, the
SOD mimic CuDIPs exerted effects on gene expression
opposite to those of ebselen. This shows that GPX and SOD,
two enzymes considered as ‘antioxidant’, differently affect
redox-sensitive pathways depending on which ‘ROS’ is
produced or eliminated, respectively. This is of great im-
portance not only for insulin signaling as here described,
but also and more importantly for understanding redox
regulation in general. Therefore, in the interest of science, I
take full responsibility to rescue this work from rejection.

Holger Steinbrenner (Holger.Steinbrenner@uni-duesseldorf
.de): I am a qualified reviewer (per Antioxid Redox Signal
16:293-296) and move to rescue this manuscript that was
rejected during the regular peer review process after
reviewing all versions of the manuscript and detailed re-
viewer comments. The authors investigated the capability
of GPX and SOD mimics to stimulate glucose-induced in-
sulin secretion (GSIS) in islets of wild-type mice and three
different transgenic models (GPX1, SOD1 and double
GPX1/SOD1 knock-out mice). This paper is very timely, as
it contributes to an ongoing discussion on the role of re-
active oxygen species and the interference of antioxidants
in GSIS. The present paper continues recently published
work of the group of Xingen Lei but its major findings are
novel and innovative. It demonstrates convincingly that
the GPX mimic ebselen stimulates GSIS in islets of wild-
type mice and may improve the impaired GSIS in islets
from GKO and SKO mice. In contrast, the SOD mimic
CuDIPs was effective to rescue GSIS only in islets from
SKO mice. The study includes a strong mechanistic part, as
the authors elucidated the ebselen- and CuDIPs-mediated
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gene transcription and insulin secretion in isolated islets of
C57BL/6 mice (56), and has at least four variants of TCF7L2
that are associated with increased risks of type 2 diabetes (63).
The fourth is the nuclear factor of activated T-cells (NFAT)
pathway that stimulates gk, glut2, and pdx1 expression and
insulin secretion in b-cell (24). This pathway in mouse C141
cells is activated by superoxide, but inhibited by H2O2 (32).
Since many members in these four signaling pathways are
ROS responsive and involved in GSIS, and can bind to do-
mains in the gene promoter regions of GLUT2, GK, PDX1, and
UCP2, it is fascinating for us to explore whether GKO, SKO,
and dKO initiated their impacts on GSIS via these pathways.

The GPX mimic ebselen has been shown to protect against
oxidative injuries (15), suppress (14) the diazinon-induced
hyperglycemia in rats, and decrease islet UCP2 (69). The SOD
mimic copper diisopropylsalicylate (CuDIPs) attenuated the
streptozotocin (STZ)-induced diabetes in rats (20) and re-
stored the suppressed foxa2 expression in the SKO islets (68).
As an essential micronutrient, Se is a component of 25 human
selenoproteins (36) that are involved in antioxidant defense
(10, 11) and regulation of b-cells (61). Either overexpression or
deficiency of selenoproteins disturbed glucose homeostasis in
mice (37). It has been reported that Se functioned as an insulin
mimetic in isolated adipocytes (17) and STZ-induced diabetic
rodents (5). Despite all these well-documented features, little
is known on the roles and mechanisms of ebselen, CuDIPs,
and Se in regulating GSIS. Due to the specific inactivation of
the target GPX1 and(or) SOD1, islets isolated from the GKO,
SKO, and dKO mice are ideal experimental models for such
studies. Therefore, our objectives were (i) to determine whe-
ther ebselen, CuDIPs, and sodium selenite could rescue the
impaired GSIS in GKO, SKO, and dKO islets and(or) mice; (ii)
to reveal whether these yet-illustrated GSIS rescues were
mediated by regulating islet GK, GLUT2, PDX1, and UCP2
expressions and functions; and (iii) to elucidate whether the
ultimate control of this regulation was initiated by the mimics-
restored ROS-responsive signaling via the ARE, GR, Wnt, and
NFAT pathways.

Results

Effects of ebselen, CuDIPs, and Se on GSIS of islets

Ebselen, CuDIPs, and Se were used as the GPX mimic, SOD
mimic, and compound incorporated as selenocysteine into the
active center of GPX, respectively, and incubated with islets
isolated from the GKO, SKO, and dKO mice, along with the
wild type (WT), to rescue their impaired GSIS. Ebselen en-
hanced ( p < 0.01) GSIS of islets of all four genotypes treated
with 16.7 mM glucose (Fig. 1A–D), compared with their re-
spective controls. Notably, such enhancement was so strong
in the GKO islets that their GSIS even exceeded the WT level.
The ebselen treatment also elevated ( p < 0.01) in the baseline
insulin secretions of WT and GKO islets (at 2.8 mM glucose).
In contrast, CuDIPs promoted GSIS and the baseline insulin
secretion only in the SKO islets ( p < 0.01). Meanwhile, Na2-

SeO3 elevated islet GSIS of SKO ( p < 0.05) and dKO ( p < 0.01).

Responses of GK, GLUT2, PDX1, UCP2, lactate
dehydrogenase, glutathione reductase, and ROS

To explore biochemical mechanisms for the GSIS rescues
observed earlier by ebselen, CuDIPs, and Se, we determined

their effects on the activity or protein levels of four key reg-
ulators (GK, GLUT2, PDX1, and UCP2) of GSIS. Ebselen ele-
vated ( p < 0.05) GK activity by 74%, 20%, 86%, and 58% and
GLUT2 by 4.9-fold, 2.1-fold, 6.4-fold, and 85%, respectively, in
the WT, GKO, SKO, and dKO islets (Fig. 2A–D and Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/ars), compared with their respective
controls. Meanwhile, ebselen diminished ( p < 0.01) islet UCP2
in all genotypes. While ebselen elevated ( p < 0.01) PDX1 in
WT (5.5-fold), GKO (4.0-fold), and SKO (3.2-fold) islets, it
actually blocked ( p < 0.01) the same protein in the dKO islets.
In the SKO islets, CuDIPs elevated ( p < 0.05) GLUT2 and
PDX1 by 63% and 2.4-fold, respectively, but decreased

regulation of b-cell proteins involved in GSIS as well as the
underlying signaling pathways. The results emphasize the
need to better understand the effects of antioxidants tar-
geting different ROS (hydrogen peroxide, superoxide) at
different cellular sites in b-cells. Moreover, a clinical per-
spective is highlighted to use ebselen (or possibly other
selenoorganic compounds with GPX activity but better
solubility in water) for treatment of type 2 diabetes melli-
tus. Therefore, in the interest of science, I take full re-
sponsibility to rescue this work from rejection.

De-Xing Hou (k8469751@kadai.jp): I am a qualified re-
viewer (per Antioxid Redox Signal 16:293-296) and move to
rescue this manuscript that was rejected during the regular
peer review process after reviewing all versions of the
manuscript and detailed reviewer comments.

Authors used multiple transgenic mouse models, in-
cluding GPX1 knockout (GKO), double knockout of GPX1
and SOD1 (dKO), SOD1 knockout (SKO), to investigate the
role of ebselen and copper diisopropylsalicylate (CuDIPs)
on insulin secretion in murine islets. In general, this is an
interesting and well-designed study although there are
some weaknesses in signaling analysis. Specifically, the
data revealed that ebselen could rescue impaired GSIS in
the GPX1 knockout islets and mice via regulating GK,
GLUT2, PDX1, and UCP2. These results will shed new
light on the metabolic role and therapeutic potential of
ebselen in this field. Therefore, in the interest of science, I
take full responsibility to rescue this work from rejection.

Vadim Gladyshev (vgladyshev@rics.bwh.harvard.edu): I
am a qualified reviewer (per Antioxid Redox Signal 16:293-
296) and move to rescue this manuscript that was rejected
during the regular peer review process after reviewing all
versions of the manuscript and detailed reviewer com-
ments. The manuscript by Wang et al. describes a novel
finding that ebselen, a selenium-containing compound
with significant peroxidase activity, can rescue insulin se-
cretion from the islets deficient in glutathione peroxidase 1.
In the opinion of this reviewer, the data for this main
finding are convincing, and they add to the potential use of
ebselen under conditions of glutathione peroxidase defi-
ciency (and possibly selenium deficiency, too). The paper
also strengthens the previous findings regarding the role of
GPX1 status in insulin secretion. Another strength is the
identification of the PCG-1a pathway as the pathway af-
fected by ebselen. Therefore, in the interest of science, I take
full responsibility to rescue this work from rejection.
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FIG. 1. Impacts of the GPX and SOD mimics and inorganic selenium on insulin secretion by islets. The islets were
isolated from WT (A), GKO (B), SKO (C), and dKO (D) mice and pre-treated with ebselen (50 lM in DMSO), CuDIPs (10 lM
in ethanol), and sodium selenite (100 nM in saline) or the respective solvent controls for 5 h. The 16.7 mM glucose stimulation
increased insulin secretion (p < 0.05 versus 2.8 mM glucose) in all treatment groups. **p < 0.01 versus DMSO solvent control;
{{p < 0.01 versus ethanol solvent control; {p < 0.05, {{p < 0.01 versus saline control. Values are means – SEM (n = 3). CuDIPs,
copper diisopropylsalicylate; dKO, double knockout of GPX1 and SOD1; DMSO, dimethyl sulfoxide; GKO, GPX1 knockout;
GPX, glutathione peroxidase; GSIS, glucose-stimulated insulin secretion; SEM, standard error of means; SKO, SOD1
knockout; SOD, superoxide dismutase; WT, wild type.

FIG. 2. Impacts of the GPX
and SOD mimics and inor-
ganic selenium on protein
production or function of
key GSIS regulators in is-
lets. The islets were isolated
from WT (A), GKO (B), SKO
(C), and dKO (D) mice and
pre-treated with the mimics
or selenium for 5 h. There-
after, the islets were stimu-
lated by 16.7 mM glucose for
1 h. GK is shown as enzyme
activity (mU/mg protein),
and GLUT2, PDX1, and
UCP2 are shown as relative
protein production by inte-
grated optical densitometry.
*p < 0.05, **p < 0.01 versus
respective solvent control.
Values are means – SEM
(n = 5). GK, glucokinase;
GLUT2, glucose transporter
type 2; PDX1, pancreatic and
duodenal homeobox 1; UCP2,
uncoupling protein 2.
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( p < 0.01) UCP2 by 78%. While CuDIPs increased ( p < 0.05)
GLUT2, PDX1, and UCP2 in the WT islets (Fig. 2A), it caused
opposite changes in GK activity (decrease) and GLUT2 (in-
crease) in the GKO islets (Fig. 2B). Compared with the con-
trols, the Na2SeO3 treatment increased ( p < 0.05) GLUT2 by
31% to 1.5-fold, but decreased ( p < 0.05) UCP2 by 49–75%,
respectively, in the WT, GKO, and SKO islets. The same
treatment increased ( p < 0.05) GK activity in the GKO islets,
but decreased ( p < 0.05) that in the SKO islets. Neither CuDIPs
nor Na2SeO3 affected any of these four proteins in the dKO
islets (Fig. 2D).

Impacts of the GKO and ebselen on islet intracellular
H2O2 status were indirectly assessed by a non-specific ROS
probe (2¢,7¢-dichlorofluorescin diacetate [DCFH-DA], Sup-
plementary Fig. S2A). Ebselen decreased the intracellular
ROS by 74% in the GKO islets and removed their initial
genotype difference from the WT islets. However, the eb-
selen treatment showed no effect on the activities of two
thiol-containing enzymes: lactate dehydrogenase (LDH)
and glutathione reductase (GSR) in the WT and GKO islets
(Supplementary Fig. S2B, C).

Signaling mapping for GSIS regulation by ebselen

To reveal whether the illustrated effects of ebselen on islet
GK, GLUT2, PDX1, and UCP2 were mediated by transcrip-
tional regulation, we determined their mRNA responses to
ebselen in the GKO islets by quantitative real-time polymer-
ase chain reaction (Q-PCR). Since their mRNA changes re-
sembled those of their protein responses (Fig. 3A), we
proposed a transcriptional regulation for this cascade and
analyzed their gene promoter regions to search for shared
binding domains that might mediate the regulation. After
1000 bp upstream genomic sequences of each gene had been
retrieved from EMBL database (http://ensembl.org/), the
sequences were submitted to the Transcription Element
Search System (TESS) database (http://cbil.upenn.edu/tess)
for transcriptional factor binding domain prediction. The
common binding domains of these four genes with p < 0.05
were submitted to Beta Cell Biology Consortium (BCBC) Gene
Interactions Databases (http://genomics.betacell.org/gbco/
home.jsp) for gene relationship comparison. The predicted
transcriptional factor binding domains and their related

FIG. 3. Impacts of the GPX mimic on gene
expression of the key regulators of GSIS
and their potential upstream signal pro-
teins in islets of the GKO mice. The GSIS-
related (A), the ARE pathway (B), the GR
pathway (C), the Wnt pathway (D), and the
NFAT pathway (E). The islets were pre-
treated with ebselen for 5 h and then stimu-
lated by 16.7 mM glucose for 1 h. *p < 0.05,
**p < 0.01 versus control. Values are means
– SEM (n = 6). ARE, antioxidant response
element; GR, glucocorticoid receptor; NFAT,
nuclear factor of activated T-cells; Wnt,
wingless-type MMTV integration site.
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proteins were submitted to Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://genome.jp/kegg/) for
signaling pathway mapping. This bioinformatics approach
identified the PGC-1a-mediated ARE and other three signaling
pathways (GR, Wnt, and NFAT, Supplementary Fig. S3).
Subsequent Q-PCR analysis showed that six out of the nine
genes in the PGC-1a-mediated ARE pathway (Fig. 3B) and two
out of the seven genes in the GR pathway (Fig. 3C) were up-
regulated by ebselen. Meanwhile, three out the six genes in the
Wnt pathway (Fig. 3D) and two out of the six genes in the
NFAT pathway (Fig. 3E) were down-regulated by ebselen.
After the dKO islets had been treated with ebselen, many
genes in these four pathways were up-regulated ( p < 0.05)
compared with the controls (Fig. 4). In contrast, CuDIPs sup-
pressed ( p < 0.05) expressions of these genes in the dKO islets.

PGC-1a as a main mediator for the upstream
signaling regulation

The overall positive responses of the ARE and GR pathway
genes to the ebselen treatment led us to project PGC-1a (the

central effector of the ARE pathway) and CCAAT/enhancer
binding protein (C/EBP), beta (C/EBPb, the main effector of
the GR pathway) as the primary mediators for the upstream
signaling regulation of GSIS by ebselen. Subsequently, we
applied small interfering RNA (siRNA) to knock down these
two genes in islets to assess their relative importance in the
event. The pgc-1a siRNA suppressed the gene expression
of both pgc-1a and c/ebpb by more than 70% ( p < 0.01),
whereas the c/ebpb siRNA decreased ( p < 0.01) only its own
expression (Fig. 5A). The double siRNA did not produce
suppression of either gene further than the single treatment.
Most striking, knockdown of pgc-1a blocked the ebselen-
induced up-regulation of gk, glut2, and pdx1 mRNA levels;
down-regulation of ucp2 mRNA level (Fig. 5B); and GSIS
rescue (Fig. 5C) in the GKO islets.

Rescue of GSIS in the GKO mice by ebselen

To determine whether the observed rescue of GSIS in GKO
islets by ebselen was reproducible at physiological conditions
and whether ebselen caused any ‘‘off-target’’ toxicity, we gave

FIG. 4. Comparative impacts of the GPX
and SOD mimics on gene expression of the
potential upstream signal proteins of the
key regulators of GSIS in islets of the dKO
mice. The ARE pathway (A), the GR path-
way (B), the Wnt pathway (C), and the
NFAT pathway (D). The islets were pre-
treated with the mimics for 5 h and then
stimulated by 16.7 mM glucose for 1 h. Data
are presented as denary logarithm values
(stimulation and inhibition are shown as
positive and negative values, respectively).
*p < 0.05, **p < 0.01 ebselen versus CuDIPs
group. Values are means – SEM (n = 6).

196 WANG ET AL.



the fasted GKO mice an intraperitoneal (i.p.) injection of eb-
selen at 1 h before the GSIS test. The injection elevated their
plasma insulin concentrations at 0 min (baseline) by 95%,
15 min by 1.2-fold ( p < 0.05), and 30 min by 91% after the
glucose challenge (Fig. 6A). Consequently, glucose clearance
was improved by 17%, 18%, and 21% ( p < 0.05) at 15, 30, and
60 min, respectively, by the ebselen injection (Fig. 6B). The
injection produced no differences from the control in activities
of plasma alanine aminotransferase (ALT) and alkaline
phosphatase (AKP) or hepatic LDH and GSR (Supplementary
Fig. S4).

Discussion

The most exciting, novel finding of the present study was
that the GPX mimic ebselen (57), at a relatively low dose (14),
rescued GSIS in the GKO islets and mice. Despite its recog-
nition as the GPX mimic in 1984 (47) and subsequent extensive
research on its protections against ROS, ischemic damage, and

inflammation (15), only a couple of studies have explored its
involvement in insulin synthesis (16) or hypoglycemic effect
(14). Unprecedentedly, our study provides the direct evidence
for a novel metabolic effect of ebselen in promoting GSIS. Due
to the recently discovered association between the GPX1
mutation and increased risk of type 2 diabetes (54), our
findings offer a potentially new therapy of insulin secretion
defects that are associated with diabetes and hyperglycemia
(41). Despite its lipophilic property, ebselen was prepared in
4% w/v hydroxypropyl-b-cyclodextrin for an i.p. injection to
C57BL/6 mice (58) or was directly suspended in water for oral
administration to humans (72). The ebselen that was delivered
in both ways was absorbed to blood and even crossed the
blood–brain barrier (58, 72). Since ebselen is included in the
National Institutes of Health Clinical Collection (3), it has a
history of use in human clinical trials and known safety pro-
files (www.nihchinicalcollection.com). Meanwhile, the ebse-
len doses used in the present study produced no ‘‘off-target’’
toxicity (1) or side effect on functions of thiol-containing en-
zymes (42) in islets or the liver. However, the long-term
effectiveness of ebselen in promoting GSIS and the potential

FIG. 5. Blocking the GPX mimic-mediated GSIS rescue in
islets of the GKO mice by suppressing target mediator
genes. Knock down of pgc-1a and c/ebpb gene expression (A),
mRNA responses of the key regulators of GSIS (B), and re-
sponses of the ebselen-mediated GSIS rescue (C). *p < 0.05,
**p < 0.01 versus control in (A) and (B), and means with
different letters a, b, and c, p < 0.05 in (C). Values are
means – SEM (n = 6). c/ebpb, CCAAT/enhancer binding
protein (C/EBP), beta; pgc-1a, proxisome proliferator-
activated receptor gamma coactivator 1 alpha; siRNA, small
interfering RNA.

FIG. 6. The in vivo rescue of insulin secretion and glu-
cose tolerance by the GPX mimic in the GKO mice. GSIS
(A) and GTT (B). The ebselen (50 mg/kg) was injected (i.p.)
into fasting (overnight for 8 h) GKO mice at 1 h before the
glucose challenge (1 g/kg), and DMSO was injected as the
solvent control. GTT data are presented as relative values
(fasting blood glucose before ebselen injection was defined as
100). *p < 0.05 versus control. Values are means – SEM
(n = 6). GTT, glucose tolerance test.
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risk of over-stimulation (46) associated with the treatment
should be checked under physiological conditions (52). Pos-
sible cross-talks between the pancreas and other tissues in-
duced by the ebselen treatment (12), and its global effect on
the whole body ROS status (34) should also be evaluated.

Ebselen rescued GSIS in the GKO islets by up-regulating
GK, GLUT2, and PDX1, and down-regulating UCP2. Two
strong evidences supported that this rescue was executed by
ebselen via ROS scavenging instead of simply being an Se
carrier. The first evidence was the 74% decrease of intracel-
lular ROS level in the ebselen-treated GKO islets compared
with the control. The second evidence was the different effects
of sodium selenite and ebselen on the four GSIS regulators or
GSIS itself in the GKO islets. In fact, the potential of ebselen as
an Se carrier or transporter was questioned by a recent study
due to the lack of stimulation of GPX activity or selenoprotein
P expression in HepG2 cells (27). By taking four consecutive
steps of genomics and bioinformatics analyses into consider-
ation, we have revealed that the regulation of ebselen on the
four key regulators of GSIS took place at transcription and
was mediated by PGC-1a via the ARE and(or) GR pathways.
In the first step, the Q-PCR analysis depicted parallel re-
sponses of mRNA and protein levels of GK, GLUT2, PDX1,
and UCP2 in the GKO islets to ebselen, and suggested tran-
scriptional regulation as the action site of ebselen. In the sec-
ond step, four signaling pathways (ARE, GR, Wnt, and
NFAT) were identified as the potential mediator for the initial
action of ebselen by analyzing gene promoters of the four key
regulators of GSIS. Indeed, these pathways are highly re-
sponsive to redox regulation (31, 32, 62, 70) and involved in
transcriptional regulation of the key regulators of GSIS (8, 24,
59, 65). In the third step, the candidate pathways (ARE and
GR) and mediators (PGC-1a and C/EBPb) were chosen based
on their gene expression responsiveness to ebselen. In the final
step, we applied siRNA to prove that PGC-1a, indeed, served
as the main mediator to link the ebselen-initiated intracellular
ROS decrease to the downstream gene expression of gk, glut2,
pdx1, and ucp2 for the GSIS rescue in the GKO islets.

There are both scientific and clinical significances to eluci-
date the novel role of PGC-1a in initiating the positive effect of
the GPX mimic ebselen on GSIS. This reveals not only a new
signaling pathway to explain how GPX1 and(or) ebselen
regulate insulin secretion but also a new potential therapeutic
target to treat insulin secretion disorders (26). Expression and
function of PGC-1a is highly responsive to ROS (62). Down-
regulation of PGC-1a decreased GSIS and(or) insulin pro-
duction in both human and rat islets (40). Two of its gene
variants were associated with increased risks of type 2 dia-
betes in the Indian population (6, 73). As a transcriptional co-
activator for peroxisome proliferator activated receptors and
LXR (53), it may play a dual role in GSIS on the metabolic
conditions (22, 25, 64). It is also interesting to note that PGC-1a
activates gene expression of GPX1 and several other antioxi-
dant enzymes (60). Thus, the ebselen-mediated activation of
PGC-1a (71) may constitute a positive feedback between GPX1
and PGC-1a. However, potential roles of other redox-sensitive
or ARE-related factors such as nuclear factor (erythroid-de-
rived 2)-like 2 (Nrf2) (and nuclear respiratory factor 1 [Nrf1])
(62) in the ebselen-induced cascade events should also be
considered. In fact, Nrf2 was a downstream target molecule of
PGC-1a in the pathway scheme derived from the present
study, and its mRNA was up-regulated by ebselen in the GKO

islets. Thus, the roles of these two proteins were cooperative
or coordinated in activating the cascade. In the future, plas-
mid reporter assays and/or chromatin immune-precipitation
analyses should be conducted to discern the true initiation of
transcription of GK, GLUT2, PDX1, and UCP2 by PGC-1a,
Nrf2, and other factors in the ebselen-mediated GSIS rescue.

Another significant finding of the present study was that the
GPX and SOD mimics demonstrated distinctly different regu-
lation of signal transduction and gene expression related to
GSIS. For many years, many antioxidants such as these mimics
have been perceived to be the same ‘‘pathway’’ or ‘‘family’’
members for ROS scavenging (7). Using the GKO, SKO, and
dKO islets, we were able to metabolically control the intracellular
H2O2 and superoxide status (68) without confounding factors as
encountered in conventional models (38, 46, 66), for comparing
the functions and mechanisms of the GPX and SOD mimics in
regulating islet GSIS. Overall, these two mimics depicted at least
three distinctly different features. First, ebselen promoted GSIS in
all four genotypes, whereas CuDIPs helped only SKO islets.
Second, ebselen caused consistent up-regulation of GK and
GLUT2 and down-regulation of UCP2 in islets of the four ge-
notypes; while CuDIPs produced an opposite effect on UCP2
between the WT and SKO islets. As an uncoupler of respiration
and oxidative phosphorylation, UCP2 is activated by endoge-
nously generated superoxide (35) and is a negative regulator of
insulin secretion in b-cells (74). Thus, down-regulation of UCP2
in all genotypes by ebselen and in SKO by CuDIPs was consistent
with their effects on GSIS. However, these two mimics exhibited
an opposite effect on UCP2 in the WT islets (CuDIPs showed no
effect on GSIS in the WT islets). Lastly, gene expression of the
four identified pathways related to GSIS was largely suppressed
by CuDIPs, but promoted by ebselen in the dKO islets. This helps
explain why ebselen but not CuDIPs promoted GSIS in the dKO
islets. Comparatively, these impacts of ebselen and CuDIPs on
islet GSIS and related pathways were in line with those of GKO
and SKO on hepatotoxicity of acetaminophen (38), femoral me-
chanical characteristics (67), islet b-cell mass and insulin syn-
thesis (68), and hepatic energy metabolism (66). Although
antioxidants are often perceived to be beneficial to islet b-cell
function and survival, clinical applications remain controversial
or restricted to a narrow window of therapeutic dosage (7). Our
finding highlights the importance of discretionary use of anti-
oxidants in clinical treatment of GSIS to avoid harmful effects
based on reciprocal results of seemingly ‘‘similar’’ antioxidant
compounds. Furthermore, altering GPX1 and SOD1 activities
might be applied to manipulate or restore intracellular H2O2 and
superoxide balance in islets as a new or more effective strategy to
treat insulin secretion disorders, in comparison with the insulin-
centric therapy of insulin stimulators or analogues (55).

However, it seems puzzling that the increased H2O2 by
GKO impaired GSIS and the removal of H2O2 by ebselen in-
creased GSIS, whereas the blocking of enzymatic H2O2 pro-
duction from superoxide by SKO also impaired GSIS and the
recovery of H2O2 production by CuDIPs in the SKO islets
rescued GSIS. This again underscores the complexity of the
ROS regulation on GSIS, and may be explained by the con-
centration-dependent dual effect of H2O2 (29). Although ex-
cessive H2O2 could suppress GSIS (50), a minimal amount of
H2O2 from the glucose metabolism is an essential signaling
molecule for triggering GSIS (49). Thus, the SKO islets might
lack sufficient H2O2 or appropriate ratios of H2O2 to super-
oxide to initiate GSIS, and the CuDIPs treatment rescued this

198 WANG ET AL.



function by restoring H2O2 generation. However, this notion
could not explain the positive effect of ebselen on GSIS in the
SKO islets. Likewise, sodium selenite improved GSIS in the
SKO and dKO islets, but not in the WT or GKO islets. This
might be due to a low SOD1-like catalytic activity of selenite in
transforming superoxide to H2O2 (18) in the SKO and dKO
islets. However, selenite did not affect GSIS of the WT and
GKO islets, which was different from that reported in rat islets
and min6 cells (13). Since GPX1 and ebselen were supposed to
reduce both H2O2 and organic hydroperoxides (43), the latter
were likely involved in the impaired GSIS in GKO mice and
the rescue by ebselen. Although lipid profiles (total choles-
terol, total triglyceride, and nonesterified fatty acid) were not
different between the GKO and WT mice (66), the role of
organic hydroperoxides in the ebselen-rescued GSIS needs
further research. In addition, ebselen stimulated insulin se-
cretion in the WT and GKO islets at 2.8 mM glucose, and
CuDIPs did that in the SKO islets. Although low glucose level
at 2.8 mM often inhibits insulin secretion by other stimuli, for
example, glucagon-like peptide 1 and glucose-dependent in-
sulinotropic polypeptide (23), certain therapeutic insulin se-
cretagogues such as glibenclamide elevated islet insulin
secretion at both basal (1 mM) and high (15 mM) glucose
levels (26). Likewise, GK activators also increased beta cell
cytosolic calcium and insulin secretion at 1 mM glucose (44).
Despite this, stimulation of insulin secretion by ebselen and
CuDIPs in the respective genotypes was still stronger at 16.7
than 2.8 mM glucose in the present study.

In summary, we have demonstrated a novel metabolic role
and therapeutic potential of the GPX mimic ebselen (57) in
rescuing GSIS in the GKO islets and mice. This rescue con-
stituted coordinated regulation of GK, GLUT2, PDX1, and
UCP2 by activating the PGC-1a-mediated ARE and(or) GR
signaling. In comparison, the SOD mimic CuDIPs exerted
different impacts on GSIS and the related gene expression.
Thus, our findings have clarified that GPX1 and SOD1, as
two important intracellular antioxidant enzymes, function
distinguishably in regulating insulin secretion. Most likely,
evolution has selected unique signaling pathways for dif-
ferent antioxidant enzymes or compounds to precisely con-
trol insulin secretion in response to complicated metabolic
conditions. Clinically, these unique features of different an-
tioxidant enzymes or mimics may be used to fine-tune islet
ROS status and the related signaling for effective treatments
of insulin secretion and diabetic disorders.

Materials and Methods

Mouse models, animal care, and in vivo study

Our mouse experiments were approved by the Institutional
Animal Care and Use Committee at Cornell University and
were conducted in accordance with National Institutes of
Health guidelines for animal care. The GKO, SKO, and their
dKO mice were derived from the C57BL/6 line. Deletions of
gpx1 and sod1 genes in respective genotypes were verified by
PCR analysis using tail DNA as templates and enzyme ac-
tivity assays of various tissues (38). All experimental mice
were 3–6 month-old males, weaned at 3 weeks of age, reared
in plastic cages in an animal room at a constant temperature
(22�C) with a 12 h light–dark cycle, and were given free access
to a Torula yeast and sucrose-based diet added with 0.3 mg
Se/kg (as sodium selenite) (68) and distilled water.

To examine the in vivo effect of ebselen on insulin secretion,
fasting (overnight for 8 h) GKO mice (3 month-old male, n = 6
per group) were given an i.p. injection of ebselen (at 50 mg/kg
body weight) at 1 h before the glucose tolerance test (1 g of
glucose/kg) and GSIS test (46). Ebselen was dissolved in di-
methyl sulfoxide (DMSO) and injected with saline (1:1 by
volume) together. The same volume of DMSO and saline was
used as the solvent control. Blood glucose concentrations
were measured by clipping tails and using the Glucometer
Elite system (Bayer, Elkhart, IN). Plasma insulin concentra-
tions were determined using a rat/mouse Insulin enzyme-
linked immunosorbent assay kit with mouse insulin as
standards (Crystal Chem, Downers Grove, IL).

In vitro experiments

All chemicals were purchased from Sigma (Saint Louis,
MO) unless indicated otherwise. Detailed protocols, reagents,
and instruments for islet isolation, culture, and insulin secre-
tion were the same as previously described (69). Briefly,
Langerhans’ islets were isolated from the WT, GKO, SKO, and
dKO mice using a standard procedure (21) with minor mod-
ifications. Isolated islets (50 per sample, n = 3 per group) were
recovered in RPMI 1640 (Gibco, Grand Island, NY) with
5.5 mM glucose and 10% fetal bovine serum for 2 h before
treatment. For the islet experiments, ebselen, CuDIPs, and Se
(sodium selenite) were used at 50, 10, and 0.1 lM and pre-
pared in DMSO, ethanol, and saline, respectively. The same
amounts of vehicle were used as the respective controls. The
chemicals were removed after 5 h of incubation, and the islets
were transferred to Krebs–Henseleit buffer for 30 min and
then incubated for 60 min with 2.8 or 16.7 mM glucose in the
same buffer. The supernatants were collected for insulin
analysis, and the islets were used for mRNA, protein, and
enzyme activity analyses.

Real-time Q-PCR and Western blot analyses

Total RNA was extracted from islets using Trizol reagent
(Invitrogen, Carlsbad, CA). Reverse transcription was per-
formed using Super Script III reverse transcriptase, RNase-
OUT Ribonuclease Inhibitor, and Oligo(dT)12–18 (Invitrogen).
The cDNA obtained from 1 lg of total RNA was used as a
template for PCR amplification. Oligonucleotide primers
were designed based on Genebank entries and IDT Primer-
Quest. Primer sequences for the GSIS-related genes are de-
scribed in Supplementary Table S1. Relative mRNA levels
were determined by real-time Q-PCR (7900HT; Applied Bio-
systems, Foster City, CA) as previously described (48).

Islet samples used for Western blot analysis were homog-
enized in phosphate buffer (50 mM, pH 7.4) containing 0.1%
Triton X-100 and protease inhibitor mixture (AEBSF, aproti-
nin, bestatin hydrochloride, E-64-[N-(transepoxysuccinyl)-l-
leucine 4-guanidinobutylamide], leupeptin, and pepstatin A).
The homogenates were centrifuged at 14,000 g for 10 min at
4�C. A total of 10 lg of protein per lane was subjected to
Western blot analysis (46). After the gel electrophoresis, the
separated proteins were transferred onto a protran BA85 ni-
trocellulose membrane (Schleicher Schuell Bioscience, Keene,
NH). The membranes were incubated first with respective
primary antibodies (rabbit anti-GLUT2, anti-PDX1, and anti-
UCP2; Millipore, Billerica, MA), and next, the second anti-
body against rabbit immunoglobulin G (Bio-Rad, Hercules,
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CA). For loading and transfer normalization, the rabbit anti-b-
actin antibody (Cell Signaling, Beverly, MA) was used. An
enhanced chemiluminescent kit (Pierce, Rockford, IL) was
used for detection of the band intensity.

Enzyme activity measures

Islet GK activity was assayed at 28�C by measuring ab-
sorbance increases of NADPH at 340 nm in a coupled enzyme
system. One unit of GK activity was defined as the amount
that catalyzes the formation of 1 lmol of glucose 6-phosphate
per minute. Islet and liver LDH activities were measured
using a kit from Sigma according to the manufacturer’s in-
structions. Islet and liver GSR activities were measured as
previously described (75), and one unit of activity was defined
as 1 nmol of glutathione disulfide reduced per minute. Plasma
ALT activity was assayed using a kit (Thermo Scientific,
Waltham, MA) according to the manufacturer’s instructions.
Plasma AKP activity was measured by the hydrolysis of
p-nitrophenol phosphate to p-nitrophenol, and the enzyme
activity unit was defined as the amount of activity that re-
leases 1 lmol of p-nitrophenol per minute at 30�C (9).

Intracellular ROS

Islet ROS levels were determined using the fluorescent
probe, 2¢,7¢-dichlorofluorescin diacetate. Briefly, the treated
islets were washed and incubated with DCFH-DA (20 lM) for
10 min at 37�C. After removal of the probe, cells were washed
with pre-warmed phosphate-buffered saline. Fluorescence
was monitored at 488 nm excitation and 525 nm emission
wavelengths.

RNA interference

Silencer� Selected Pre-Designed siRNAs (Invitrogen) du-
plex sequences that specifically target pgc-1a [NM_008904.2]
and c/ebpb [NM_009883.3] were employed. The Silencer Se-
lected Negative Control from Invitrogen was used as non-
targeting scramble siRNA. The transfection was performed
according to the manufacturer’s recommendations with minor
modifications. Briefly, islets were dispersed into single cells by
mechanical shaking at 37�C for 3 min in 0.05% trypsin with
0.5 mM ethylenediaminetetraaceticacid (28). The enzymatic
reaction was stopped by adding 10% bovine serum albumin.
Cells were washed and recovered in full culture medium at
37�C for 2 h. Thereafter, islet cells were divided equally into 24-
well plates in culture medium without antibiotics or fetal bo-
vine serum. The siRNAs (20 nM) was transfected twice using
LipofectamineTM RNAiMAX (Invitrogen). The second trans-
fection was performed 24 h after the first. The efficiency of
siRNA was verified by real-time Q-PCR analysis of the target
genes. After the second transfection, the islets were recovered
in RPMI 1640 culture medium with 5.5 mM glucose and 10%
fetal bovine serum for 2 h. Subsequently, the ebselen treatment
and the GSIS test were performed as described earlier. The
medium supernatants and the islets were collected for insulin
and mRNA analyses, respectively.

Bioinformatics analyses of gene promoter sequences

Upstream (1000 bp) genomic sequences of gk, glut2, pdx1,
and ucp2 were retrieved from EMBL database (http://
ensembl.org/). The transcription factor binding sites were

predicted using TESS database (http://cbil.upenn.edu/tess)
and compared with related factors in beta cells in Gene In-
teractions Database from BCBC (http://genomics. betacell.org/
gbco/home.jsp). The candidate transcription factors were then
submitted to the KEGG pathway database, and were sorted into
different signaling pathways.

Statistical analysis

Data were analyzed using SAS (release 6.11; SAS Institute,
Cary, NC). Treatment effects were determined by one-way or
two-way analysis of variance. Results are presented as
mean – standard error of the mean, and significance level was
set at p < 0.05.
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Abbreviations Used

AKP¼ alkaline phosphatase
Akt1¼protein kinase B
ALT¼ alanine aminotransferase
ARE¼ antioxidant response element

BCBC¼Beta Cell Biology Consortium
C/EBPb¼CCAAT/enhancer binding protein

(C/EBP), beta
Caln¼protein phosphatase 3, catalytic subunit,

alpha isoform (Ppp3ca)
CaMK-II¼ calcium/calmodulin-dependent protein

kinase II
Cdx1¼ caudal type homeobox 1

CREB1¼ cAMP responsive element binding
protein 1

CREBBP¼CREB-binding protein (CBP)
Ctnnb1¼ catenin (cadherin associated protein),

beta 1
CuDIPs¼ copper diisopropylsalicylate

DCFH-DA¼ 2¢,7¢-dichlorofluorescin diacetate
dKO¼double knockout of GPX1 and SOD1

DMSO¼dimethyl sulfoxide
E12¼ transcription factor E2-alpha

FoxO1¼ forkhead box O1
GATA4¼GATA binding protein 4

GIP¼ glucose-dependent insulinotropic
polypeptide

GK¼ glucokinase
GKO¼GPX1 knockout

GLP-1¼ glucagon-like peptide 1
GLUT2¼ glucose transporter type 2

GPX1¼ glutathione peroxidase 1
GR¼ glucocorticoid receptor

GSIS¼ glucose-stimulated insulin secretion
GSK-3b¼ glycogen synthase kinase 3 beta

GSR¼ glutathione reductase
GTT¼ glucose tolerance test

GWAS¼ genome wide association study
H2O2¼hydrogen peroxide

HNF4a¼hepatocyte nuclear factor 4, alpha
HPRT¼hypoxanthine guanine phosphoribosyl

transferase
INS1¼preproinsulin 1

KEGG¼Kyoto Encyclopedia of Genes
and Genomes

Kir6.2¼potassium inwardly rectifying channel,
subfamily J, member 11

LDH¼ lactate dehydrogenase

NFAT¼nuclear factor of activated T-cells

Nfatc4¼nuclear factor of activated T cells,
cytoplasmic, calcineurin dependent 4

Nkx2.5¼NK2 transcription factor related, locus 5

Nr2f1¼nuclear receptor subfamily 2, group F,
member 1

Nr2f2¼nuclear receptor subfamily 2, group F,
member 2

Nrf1¼nuclear respiratory factor 1

Nrf2¼nuclear factor (erythroid-derived
2)-like 2

PDX1¼pancreatic and duodenal homeobox 1

PGC-1a¼peroxisome proliferator-activated
receptor gamma coactivator 1 alpha

PI3K¼phosphoinositol-3-kinase

PPARc¼peroxisome proliferator activated
receptor gamma

PXR¼pregnane X receptor

Q-PCR¼ quantitative real-time polymerase chain
reaction

ROS¼ reactive oxygen species

RXR¼ retinoid X receptor

Se¼ selenium

SEM¼ standard error of the mean

siRNA¼ small interfering RNA

SIRT1¼NAD-dependent deacetylase sirtuin-1

SKO¼ SOD1 knockout

SMAD4¼ SMAD family member 4

SOD1¼ superoxide dismutase 1

STZ¼ streptozotocin

Tcf7¼ transcription factor 7, T cell specific

Tcf7l2¼ transcription factor 7 like 2, T cell
specific, HMG box

TESS¼ transcription Element Search System

UCP2¼uncoupling protein 2

Wnt¼wingless-type MMTV integration site

WT¼wild type
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