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Abstract

Selenium (Se) is an essential trace element in mammals that has been shown to exert its function through
selenoproteins. Whereas optimal levels of Se in the diet have important health benefits, a recent clinical trial has
suggested that supplemental intake of Se above the adequate level potentially may raise the risk of type 2
diabetes mellitus. However, the molecular mechanisms for the effect of dietary Se on the development of this
disease are not understood. In the present study, we examined the contribution of selenoproteins to increased
risk of developing diabetes using animal models. C57BL/6] mice (1 =6-7 per group) were fed either Se-deficient
Torula yeast-based diet or diets supplemented with 0.1 and 0.4 parts per million Se. Our data show that mice
maintained on an Se-supplemented diet develop hyperinsulinemia and have decreased insulin sensitivity. These
effects are accompanied by elevated expression of a selective group of selenoproteins. We also observed that
reduced synthesis of these selenoproteins caused by overexpression of an i°A~ mutant selenocysteine tRNA
promotes glucose intolerance and leads to a diabetes-like phenotype. These findings indicate that both high
expression of selenoproteins and selenoprotein deficiency may dysregulate glucose homeostasis and suggest a

role for selenoproteins in development of diabetes. Antioxid. Redox Signal. 14, 2327-2336.

Introduction

A NUMBER OF EPIDEMIOLOGIC and experimental animal
studies, and human clinical trials provided strong evi-
dence that supplementation of the diet with selenium (Se)
may have protective effects against cancer (3, 6,9, 13, 39). Both
low-molecular-weight Se compounds and selenoproteins
have been implicated in the decreased risk of developing tu-
mors (8, 10, 14, 15, 37). While the majority of the previous
reports demonstrated an inverse correlation between Se status
and cancer incidence, some of the studies showed no che-
mopreventive effect, and in some there was evidence of un-
expected adverse effects, such as an increased number of
adult onset diabetes cases in those receiving Se supplements
in the Nutritional Prevention of Cancer (NPC) trial (31).
Analysis of the NPC study population showed about 50
percent increase in incidence of type 2 diabetes mellitus in the
Se-supplemented group, which was associated with the top
tertile of plasma Se levels at baseline. More recently, a plau-

sible association between long-term Se exposure and in-
creased risk of diabetes was suggested by results of the
Selenium and Vitamin E Cancer Prevention Trial (SELECT).
This largest ever, randomized cancer prevention trial, which
involved more than 35,000 participants, demonstrated a
marginally increased, but statistically nonsignificant, risk of
type 2 diabetes in men taking Se supplements (19). Se content
is high in soil and food in the United States and Canada,
where the trial was carried out, suggesting, together with
results of the NPC trial, that supplemental intake of Se by
individuals with high baseline plasma Se may raise the risk of
developing diabetes.

Although the potential pro-diabetic effect of long-term Se
supplementation has been recognized by the scientific com-
munity (2), little is known about its underlying mechanisms.
Both NPC and SELECT trials used subtoxic doses of Se
(200 pg/day) excluding the possibility that the observed ef-
fects are caused by overt Se toxicity. It therefore seems pos-
sible that the diabetogenic action of Se is mediated by an
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increased expression of selenoproteins. Consistent with this
notion is the recent observation that transgenic mice over-
expressing Se-dependent glutathione peroxidase 1 (GPx1)
develop insulin resistance and obesity (22). These mice also
show hyperglycemia and hyperinsulinemia, and it was pro-
posed that GPx1-induced insulin overproduction and secre-
tion might play a role in the development of diabetes in these
mice (36). However, whether increased insulin secretion is the
primary cause of the observed phenotype or just a compen-
satory response to impaired insulin signaling and hypergly-
cemia is not known. In turn, decreased GPx1 activity and
consequent increased levels of reactive oxygen species (ROS)
in mice lacking this selenoprotein improve insulin sensitivity
and attenuate development of high-fat-diet induced obesity
(20). Also of interest are several reports showing a possible
association between endoplasmic reticulum (ER) stress and
defective protein folding with impaired function of pancreatic
p cells (27, 29, 40). Recently, several selenoproteins (altogether
there are 25 selenoprotein genes in humans) have been im-
plicated in oxidative protein folding and quality control in the
ER (17, 18, 30). Because expression of these proteins may be
affected by long-term Se supplementation, their altered ac-
tivities also may contribute to the development of diabetes.

In the present study, the roles of dietary Se and selenopro-
teins in the possible development of diabetes were analyzed
using two different mouse models. The first model included
mice that were fed diets supplemented with Se at concentra-
tions corresponding to those used in human clinical trials. The
effects of dietary Se supplementation on insulin sensitivity
and regulation of glucose homeostasis were analyzed. In
the second model, expression of a distinct subgroup of sele-
noproteins was genetically altered by overexpressing an
i®A” mutant selenocysteine (Sec) tRNA. Strikingly, our data
indicate that both maximal expression of selenoproteins
caused by elevation in dietary Se and compromised seleno-
protein expression caused by overexpression of an i°A~ mu-
tant Sec tRNA lead to a mild diabetic phenotype.

Materials and Methods
Se diets and animal care

All experiments that involved mice were performed at the
University of Nebraska Animal Research Facility. The mouse
experimental protocols were in accordance with the Uni-
versity of Nebraska and National Institutes of Health insti-
tutional guidelines and were approved by the Institutional
Animal Care and Use Committee.

Male C57BL/6] mice were fed three different diets (Har-
land TekLad, Madison, WI) containing 0 parts per million
(ppm) Se (Se-deficient), 0.1 ppm Se, and 0.4 ppm Se. The diets
were based on the Torula yeast Se-deficient diet that was
supplemented with the indicated concentrations of Se in the
form of sodium selenite (26). Transgenic mice that encode an
i®A~ mutant Sec tRNA were generated as described (25). A~
mutant Sec tRNA transgenic and wild-type mice (FVB/N)
were fed standard chow diet (Harland TekLad, Madison, WI).
Mouse tissues from transgenic mice overexpressing GPx1
were kindly provided by Dr. Xin Gen Lei (Department of
Animal Science, Cornell University, Ithaca, NY). GPx1 trans-
genic tissues were obtained from 10-month-old male animals
that were derived from a B6C3 (C57B1xC3H) hybrid line
(Taconic, Germantown, NY) (5, 36).
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Plasma glucose and insulin measurements

Fasting (12h, overnight) or fed state plasma glucose and
insulin levels were measured in blood samples collected from
tail veins. Glucose concentrations were determined using a
glucometer (Bayer, Elkhart, IN) according to the manufac-
turer’s instructions. Insulin levels were assayed using a mouse
insulin ELISA kit (Mercodia, Uppsala, Sweden). Glucose
tolerance tests were performed in mice that had been fasted
overnight (12 h) and then were injected with glucose (1 mg/g)
followed by plasma glucose measurements at the indicated
time points.

Insulin sensitivity

For insulin sensitivity tests, animals were fasted for 12h
and then were given a single intraperitoneal injection of in-
sulin (0.25mU/g body weight). Plasma glucose was deter-
mined at the indicated time points after insulin injections, and
the data were presented as the relative percentage of the initial
levels.

Selenoprotein expression and enzyme activity

Stably transfected Chang liver control and GPxl-over-
expressing cells were cultured in DMEM supplemented
with 10% fetal calf serum as described (12). Cells were
passaged in the presence of G418 at 260 ug/ml, and G418
was excluded from the medium for a period of 2 days be-
fore experiments. To metabolically label cells with 7*Se, the
culture medium was replaced with DMEM supplemented
with freshly neutralized [7®Se]selenious acid (specific ac-
tivity 1,000Ci/mmol, final concentration 1nM) for 48h.
Protein lysates were resolved by SDS-PAGE, followed by
immunoblot and autoradiography. To analyze expression
of selenoproteins in cell lines and mouse tissues, protein
lysates were resolved by SDS-PAGE. Expression of GPx1,
MsrB1, selenoprotein S (SelS), selenoprotein T (SelT),
thioredoxin reductase 1 (TR1), and thioredoxin reductase 3
(TR3) was analyzed by Western blotting using polyclonal
antibodies specific for these proteins. As a loading control,
p-actin expression was analyzed using monoclonal f-actin-
specific antibody. MsrB1 and SelT-specific antibodies were
previously developed in our laboratories, fi-actin and SelS-
specific antibodies were from Sigma (St. Louis, MO), and
GPx1-specific antibodies were from Abcam (Cambridge,
MA). Glutathione peroxidase activity was determined
in tissue homogenates using a BIOXITECH GPx-340 kit
(OxisResearch, Portland, OR) according to the manufac-
turer’s instructions. Methionine-R-sulfoxide reductase ac-
tivity was determined as described previously (16).

Statistical analysis

Statistical analysis of the data was performed using two-
way ANOVA and Student’s t-test. All results are represented
as means + standard error of the mean (SEM).

Results

Regulation of selenoprotein expression by dietary Se

To study the mechanism by which elevated dietary Se
may contribute to increased risk of developing diabetes, we
used Mus musculus as a model system. Male C57BL/6] mice
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(n=6-7 per group) were fed three different diets containing
varying levels of dietary Se. In addition to Se-deficient diet
(0 ppm Se), we used diets supplemented with 0.1 and 0.4 ppm
of sodium selenite. Previous studies indicated that supple-
mentation of the diet with ~0.1 ppm sodium selenite is suf-
ficient for maximal expression of GPx1 in mice. Since maximal
expression of plasma GPx is achieved at ~55 ug/day sele-
nium in humans (12), the 0.1 ppm Se mouse diet approxima-
tely corresponds to the human Recommended Dietary
Allowance for adults. By analogy, the 0.4 ppm mouse diet was
designed to match ~200 ug/day in humans, amounts of di-
etary Se commonly used in clinical trials.

To gauge the degree of regulation of selenoprotein expres-
sion by dietary Se, we analyzed expression and catalytic ac-
tivity of several selenoproteins in livers and kidneys of mice
maintained on the three Se diets. Expression of GPx1 and
methionine-R-sulfoxide reductase 1 (MsrBl) was extremely
low in tissue extracts from mice maintained on the Se-deficient
diet, whereas both proteins reached high expression upon
supplementation with 0.1 ppm Se (Fig. 1A). Further increase in
dietary Se level (to 0.4 ppm) resulted in slight but consistent
elevation of GPx1 and MsrB1 protein levels. In contrast, ex-
pression of mitochondrial thioredoxin reductase 3 (TR3) was
less responsive to changes in dietary Se levels.

Consistent with the expression level of GPx1, which is
the most abundant glutathione peroxidase in liver and
kidney, the total glutathione peroxidase activity was sig-
nificantly reduced in these organs in 0 ppm Se diet com-
pared to 0.1 and 0.4ppm diets (Fig. 1B). Similarly to the
glutathione peroxidase activity, activity of methionine-R-
sulfoxide reductase was dramatically decreased in livers
from mice fed 0 ppm Se diet (Fig. 1C). In kidneys of mice
maintained on the 0 ppm Se diet, the level of methionine-R-
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FIG. 1. Regulation of selenoprotein expression and enzy-
matic activities by dietary Se in mice. (A) Tissue extracts from
C57BL/6] mice maintained on diets containing 0, 0.1, or 0.4 parts
per million (ppm) dietary Se were analyzed by SDS-PAGE and
Western blotting with antibodies specific for GPx1, MsrB1, and
TR3. GPx1 (B) and MsrB (C) activities were analyzed in liver and
kidney of mice fed three different Se diets. Results are re-

resented as means+*SEM (n=3 for each diet; *p <0.01 and

p<0.001 by two-tailed t-test).
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sulfoxide reductase activity was decreased less signifi-
cantly, suggesting that residual activity comes from non-
selenoprotein MsrB forms.

Effect of dietary Se supplementation on insulin
sensitivity and glycemic control in C57BL/6J mice

The onset of type 2 diabetes mellitus is usually preceded by
insulin resistance, which is thought to be a major contributing
factor in the pathogenesis of this disease. To test if Se sup-
plementation results in insulin resistance, we measured rela-
tive changes in plasma glucose levels in mice after insulin
challenge. Following 3 months of dietary Se supplementa-
tion, mice in the 0.4 ppm Se group showed decreased insulin
sensitivity (p<0.001) compared to mice maintained on Se-
deficient and 0.1 ppm Se-supplemented diets (Fig. 2A). We
further analyzed steady-state plasma glucose and insulin
levels in fasted and fed mice. The plasma glucose levels were
not changed upon Se supplementation (Fig. 2B). However,
there was a positive correlation between concentration of Se in
the diet and plasma insulin levels in fed mice (Fig. 2C). These
observations are consistent with previous reports showing
impaired insulin sensitivity and hyperinsulinemia in trans-
genic mice overexpressing GPx1 (22, 36), and suggest a possible
role for GPx1 and/or other selenoproteins in regulation of
glucose homeostasis.

Development of insulin resistance
in GPx1-overexpressing mice is accompanied
by elevated expression of several other selenoproteins

It was proposed that overproduction of GPx1 in pancre-
atic f§ cells of GPx1 transgenic mice leads to chronic insulin
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resistance through redox-regulated upregulation of insulin
production and secretion (36). It is possible that increased
dietary Se supplementation exerts its effect on insulin sensi-
tivity by solely increasing levels of GPx1 in pancreatic islets of
Langerhans. Another possibility is that GPx1 may serve as a
storage pool of Se for other selenoproteins (32-34). Because
GPx1 protein has a short half-life, mice overproducing GPx1
have Sec readily available for expression of other selenopro-
teins, which may affect insulin secretion and production. In-
creased levels of GPx1 may also affect redox homeostasis
resulting in altered expression of other selenoproteins. To test
these possibilities, we measured expression levels of seleno-
proteins in livers of GPx1 transgenic mice. When GPx1 protein
was overexpressed, we observed elevated levels of MsrB1,
SelS, and SelT selenoproteins (Fig. 3A). Moreover, increased
levels of MsrBl expression correlated with methionine-R-
sulfoxide activity measurements in livers and kidneys of
GPx1 transgenic mice, suggesting production of functionally
competent Sec-containing MsrB1 (Fig. 3B). These results fur-
ther reveal a possible and previously unanticipated role of
other selenoproteins in the development of insulin resistance
in mice that overexpress GPx1. To obtain further mechanistic
insights, we analyzed the selenoprotein expression pattern in
a GPx1-overexpressing cell line using metabolic labeling with
7>Se (Fig. 4A). Remarkably, almost all detected selenoproteins
showed increased levels in GPx1-overexpressing cells, except
TR1. By contrast, TR1 expression was significantly reduced in
GPx1-overexpressing cells compared to control cells. The
contrasting pattern of regulation of selenoproteins by GPx1

FIG. 2.
in mice fed high Se diet. (A) Impact of dietary Se supple-
mentation on insulin sensitivity in C57BL/6] mice. Male
C57BL/6] mice maintained on different Se diets for 3 months
were fasted overnight, intraperitoneally injected with insulin
(0.25mU/g body weight), and then plasma glucose levels
were measured at the indicated time points. Results are ex-
pressed as the percentage of the initial glucose levels. Shown
are the mean and SEM in each group (n=6-7; p<0.001 by
two-way ANOVA for 0 ppm vs. 0.4 ppm groups). Steady-state
plasma glucose (B) and insulin (C) levels were analyzed in
mice maintained on different Se diets during fasting (fasted) or
in fed state (fed). Results are represented as means+SEM
(n=3-10, p<0.01 by two-tailed t-test).
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overexpression was further confirmed by Western blotting
(Fig. 4B). Consistent with the results obtained in GPx1-over-
expressing mice, levels of selenoproteins SelS and SelT were
increased in cells overexpressing GPx1. However, expression
of TR1, a component of the thioredoxin system that is one of
the major antioxidant systems in the cell, was significantly
decreased. The contrasting pattern of regulation of TR1 sele-
noprotein provides evidence that GPx1 overexpression may
result in reductive stress (decreased ROS levels) as evident by
the lower expression of TR1.

Selenoprotein deficiency leads to dysregulation
of glucose homeostasis in i°A~ mutant Sec tRNA
transgenic mice

The above experiments used dietary interventions to
regulate expression of selenoproteins in mice, and we ob-
served a mild diabetic phenotype associated with increased
expression and activities of GPx1 and MsrB1 selenoproteins.
As mice were exposed to Se diets only for 3 months starting
from weaning, we examined whether constitutive alter-
ation of selenoprotein expression would result in a more
pronounced phenotype. We therefore utilized a transgenic
mouse model that overexpresses an i°’A~ mutant Sec tRNA,
thereby genetically changing expression of selenoproteins.
When these mice are fed an Se-adequate diet, the efficiency
of Sec insertion is decreased by the mutant tRNA, resulting
in lower expression of selenoproteins. As expected, we found
that expression levels of several selenoproteins, including
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FIG. 3. Effect of GPx1 overexpression on expression lev-
els of other selenoproteins in mice. (A) Liver extracts from
wild-type (WT) and GPx1-overexpressing (GPx1 OE) mice,
matched for sex and age, were probed by Western blotting
with polyclonal antibodies specific for GPx1, MsrB1, SelS,
SelT, or monoclonal f-actin-specific antibody as a loading
control. Expression of proteins is shown for two WT and two
GPx1 OE mice. (B) MsrB activity was analyzed in liver and
kidney of WT mice and mice overexpressing GPx1. Results
are represented as means+SEM (n=3).

GPx1 and MsrB1, were dramatically decreased in A~ mu-
tant Sec tRNA transgenic mice compared to wild-type mice
matched for sex and age (Fig. 5A). In addition, decrease in
GPx1 and MsrB1 protein expression was associated with a
concomitant drop in their enzymatic activities (Fig. 5Band C,
respectively). By contrast, expression of selenoprotein TR3
was decreased in i°A~ mutant Sec tRNA transgenic mice
only slightly.

As increased expression of GPx1 and MsrB1 selenoproteins
correlated with increased insulin production and insulin in-
tolerance in mice fed the Se-supplemented diet, we expected
improved insulin signaling in i°’A~ mutant Sec tRNA trans-
genic mice, which have lower expression of these selenopro-
teins compared to wild-type mice. Surprisingly, these mice
also demonstrated a diabetic phenotype. When i°A~ mutant
Sec tRNA transgenic mice were challenged with a high glu-
cose load, their blood glucose levels were increased more
dramatically (p <0.01) compared to wild-type mice, and were
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FIG. 4. Contrasting expression patterns of selenoproteins

in GPxl-overexpressing and control cell lines. (A), Control
cells and cells overexpressing GPx1 were labeled with 7*Se,
and selenoprotein expression patterns were analyzed by
SDS-PAGE followed by autoradiography. Migration of GPx1
and TR1 is shown with arrows. (B) Expression patterns of
GPx1, SelS, SelT, and TR1 were analyzed in control and
GPx1-overexpressing cell lines by Western blotting. Cell ly-
sates were also probed with monoclonal f-actin-specific an-
tibody as a loading control. The results shown are from two
independent experiments.

restored to background level at a later time (Fig. 5D). In ad-
dition, these mice had elevated (p <0.05) fasting plasma glu-
cose levels (Fig. 5E) and hyperinsulinemia in the fed state (Fig.
5F). However, we were not able to detect any changes in
morphological organization or insulin immunostaining in-
tensity in the Langerhans islets of A~ mutant Sec tRNA
transgenic mice (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertonline.com/ars), and their
mild diabetic phenotype did not progress with age (Supple-
mentary Figs. S2 and S3).

Taken together, these data indicate that both maximal ex-
pression of selenoproteins caused by chronic supranutritional
Se and selenoprotein deficiency caused by overexpression of
an i°A” mutant Sec tRNA lead to dysregulation of glucose
homeostasis in mice.

Discussion

We used two different mouse models to assess the role of Se
and selenoproteins in the adverse effects of long-term Se
supplementation. In the first model, dietary intervention was
used to regulate expression of selenoproteins, whereas in the
second model selenoprotein expression was genetically re-
duced by overproducing mutant Sec tRNA. Our data show
that availability of Se in the diet regulates expression and
activity of various selenoproteins. In particular, expression of
antioxidant selenoproteins GPx1 and MsrB1, which are in-
volved in degradation of intracellular hydrogen peroxide
and repair of oxidized methionine residues (methionine-R-
sulfoxide) in proteins, respectively, was dramatically increased
in liver and kidney of mice by changing dietary Se levels from
0 to 0.4ppm. In contrast, expression levels of selenoprotein
TR3 remained unchanged regardless of Se concentration. These
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FIG. 5. Selenoprotein deficiency leads to a dysregulation of glucose homeostasis in iA~ mutant Sec tRNA transgenic
mice. (A) Tissue extracts from WT or i°’A~ mutant Sec tRNA transgenic mice (I6A) were analyzed by SDS-PAGE and Western
blotting with polyclonal antibodies specific for GPx1, MsrB1, TR3, or monoclonal f-actin-specific antibody as a loading
control. Expression of proteins is shown for two WT and two I6A transgenic mice. (B) GPx1 activity was analyzed in liver and
kidney of WT and I6A transgenic mice. Results are represented as means+SEM (1=3; p<0.001 by two-tailed t-test). (C) MsrB
activity was analyzed in liver and kidney of WT and I6A transgemc mice. Results are represented as means+SEM (n=3;
"p<0.05; and “p<0.01 by two-tailed t-test). (D) Effect of an i°A~ mutant Sec tRNA overexpression on glucose tolerance. 10-
month-old WT and I6A males were given a single intraperitoneal injection of glucose (1mg/g), and plasma glucose levels
were measured at the indicated time points. Data are shown as means+SEM in each group (n=4-5; p<0.01; and “p<0.05 by
two-way ANOVA). (E) Fasting plasma glucose levels in WT and 16A mice. Results are represented as means+SEM (1 =4-5;
"p<0.05 by two-tailed t-test). (F) Steady-state plasma insulin levels in WT and I6A mice during fasting (fast) or in fed state
(fed). Results are represented as means+SEM (n=3; p<0.05 by two-tailed t-test).
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data are consistent with the known hierarchy of selenoprotein
synthesis. Previous studies have demonstrated that under
conditions of selenium deficiency selenoproteins respond
differently to Se availability, and different tissues are able to
retain Se to a different degree (1, 21). Particularly, seleno-
protein levels more rapidly decrease in liver, kidney, and
blood, whereas endocrine tissues and brain tend to retain Se
for a longer time after Se depletion. Together, these observa-
tions are consistent with the idea that two major groups of
selenoproteins exist: one group is easily regulated by Se levels
in the diet, which we have referred to as stress-related sele-
noproteins (among the best characterized stress-related sele-
noproteins are GPx1, GPx3, and MsrB1; other proteins in this
group include SelW, SelS and SelP), whereas another group—
housekeeping selenoproteins (e.g., TR3 and GPx4)—is less
regulated by Se availability (4). One possibility is that the
former group may be involved in adverse effects of long-term
Se supplementation in humans, including increased risk of
developing diabetes.

Consistent with the results of NPC trial, we observed
impaired insulin sensitivity and hyperinsulinemia in mice
supplemented with 0.4ppm Se, which approximately cor-
responds to the supplemented amounts of Se used in human
studies (200 ug/day). However, an increase in dietary Se
from 0 to 0.1 ppm (approximately corresponding to ~55 ug/
day in humans) resulted in only small changes in insulin
sensitivity and plasma insulin levels. Although our studies
cannot be directly applied to interpret the results of the hu-
man trials due to different forms of Se used as the inter-
vention agent (i.e., NPC trial utilized selenium-enriched
baker’s yeast and SELECT used selenomethionine) and dif-
ferent baseline Se intakes and optimal Se requirements in
humans, these data suggest the possibility that prolonged
exposure of human subjects to Se above adequate levels may
predispose them to the development of diabetes. Moreover,
there is a clear correlation between expression of stress-
related selenoproteins and decreased insulin sensitivity in
mice suggesting that these selenoproteins may, at least in
part, mediate a pro-diabetic effect of the supranutritional
dose Se in humans.
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The possible link between expression of stress-related se-
lenoproteins and diabetes is also supported by the recent re-
ports showing altered expression of SelS selenoprotein in P.
obesus, an animal model of metabolic syndrome and diabetes
(7, 35), and selenoprotein SelP in patients with type 2 diabetes
mellitus (24). Additionally, McClung et al. reported that
overexpression of GPx1 leads to development of insulin re-
sistance and obesity in mice (22). It has been proposed that
decreased levels of intracellular ROS caused by GPx1 over-
expression positively regulates expression and secretion of
insulin in pancreatic f§ cells (36). It is likely that overproduc-
tion of insulin in response to glucose would result in de-
creased insulin sensitivity in peripheral tissues. Our findings
are consistent with this hypothesis as dietary Se supplemen-
tation increased expression of GPx1. However, it cannot be
excluded that other selenoproteins may also contribute to the
development of insulin resistance by a different mechanism.
To test this possibility, we analyzed expression of other sele-
noproteins in mice overexpressing GPx1. Strikingly, expres-
sion of other selenoproteins, including MsrB1, SelS, and SelT,
was also increased in GPx1 transgenic mice. Together, these
findings suggest that, in addition to decreasing hydrogen
peroxide levels, GPx1 overexpression selectively upregulates
other selenoproteins, which may account for the observed
diabetic phenotype.

Interestingly, another group reported that increased
ROS levels caused by GPx1 deficiency led to improved in-
sulin sensitivity and attenuation of high-fat-diet-induced
obesity in GPx1 knockout mice (20). In this study, de-
creased levels of GPx1 did not alter insulin secretion, but
rather improved insulin signaling by ROS-mediated inhi-
bition of PTEN protein tyrosine phosphatase selectively in
muscle tissue.

To further test the role of selenoproteins in regulation of
glucose homeostasis, we genetically reduced selenoprotein
expression by overproducing mutant Sec tRNA. As expected,
we found decreased expression of GPx1 and other stress-
related selenoproteins in i°’A~ mutant Sec tRNA transgenic
mice fed normal chow diet, but expression of housekeeping
selenoproteins did not dramatically change. Since these mice
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[ Selenoprotein deficiency

FIG. 6. Model for the diabetogenic ef-
fect of dietary Se supplementation and
selenoprotein deficiency in mice. The
effect of supranutritional selenium on the
development of diabetes in our Se diet
mouse model can be mediated by ele-
vated expression of antioxidant seleno-
proteins, including GPx1. High GPx1
stimulates reductive stress and prevents
normal hydrogen peroxide signaling lead-
ing to hyperinsulinemia and decreased
insulin sensitivity. However, decreased
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expression of GPx1 and possibly other v y
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els of reactive oxygen species (ROS) pro-
duction and lead to oxidative stress-
induced insulin resistance.
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Impaired disulfide formation ?
ER stress 7

Glucose intolerance
Hyperinsulinemia
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also have decreased expression of GPx1 protein, we expected
that GPx1 deficiency caused by mutant tRNA overexpression
would improve insulin signaling. In contrast, i°A ~ mutant Sec
tRNA transgenic mice also developed glucose intolerance,
hyperglycemia, and hyperinsulinemia, hallmarks of type 2
diabetes mellitus.

Taken together, our data suggest that both high levels of
selenoprotein expression caused by dietary Se supplementa-
tion and selenoprotein deficiency caused by overexpression of
mutated Sec tRNA may lead to diabetes. To our knowledge,
this is the first report showing that decreased levels of seleno-
proteins can lead to dysregulation of glucose homeostasis and
promote a diabetes-like phenotype. On the surface, the results
from the mutant Sec tRNA transgenic model may appear to
contradict our mouse dietary model data and the results of
NPC and SELECT human clinical trials. However, it cannot be
excluded that selenoproteins may have opposing roles in pro-
moting diabetes. This possibility is indirectly supported by our
recent observations that selenoprotein deficiency as well as
high selenoprotein expression can inhibit tumorigenesis and by
contrasting roles of several selenoproteins in both cancer pre-
vention and promotion of cancer (26). What may account for
the observations involving different mouse models? Elevated
levels of stress-related selenoproteins as well as their deficiency
may have influenced glucose metabolism by disrupting redox
homeostasis. Reduced levels of GPx1 and possibly other sele-
noproteins in mice overexpressing mutant Sec tRNA may lead
to an increased production of hydrogen peroxide and oxidative
stress promoting insulin resistance. Although GPx1 can protect
cells against oxidative stress, excess of GPx1 expression caused
by supranutritional Se in the diet may, in turn, cause diabetes
by inducing reductive stress and eliminating hydrogen per-
oxide pools involved in normal oxidative signaling (12, 28). The
concept of reductive stress is further supported by a contrasting
pattern of TR1 regulation in GPx1-overexpressing cells, which
have lower levels of TR1 protein, a marker of reductive stress
(11). Thus, an appropriate redox balance/ROS flux must be
maintained to limit negative effects of either oxidative or re-
ductive stresses on glucose homeostasis and f cell function
(Fig. 6).

Recent studies suggest that redox homeostasis in the cell
is closely interlinked with protein folding, modification,
and quality control systems in the ER (23), and ROS pro-
duced by mitochondria are actively used to facilitate dis-
ulfide formation (38). It is an attractive possibility that
oxidative protein folding of insulin and/or insulin receptors
may be suppressed at either end of the selenoprotein spec-
trum (during both high selenoprotein expression and sele-
noprotein deficiency) by changed expression level of GPx1
required to maintain the optimal ROS levels for disulfide
formation.
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