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Selenium acts as an insulin-like molecule for the down-regulation
of diabetic symptoms via endoplasmic reticulum stress and insulin
signalling proteins in diabetes-induced non-obese diabetic mice
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To investigate whether selenium (Sel) treatment would impact on the onset of diabetes, we examined serum
biochemical components including glucose and insulin, endoplasmic reticulum (ER) stress and insulin signalling
proteins, hepatic C/EBP-homologous protein (CHOP) expression and DNA fragmentation in diabetic and nondiabetic conditions of non-obese diabetic (NOD) mice. We conclude that (i) Sel treatment induced insulin-like effects
in lowering serum glucose level in Sel-treated NOD mice, (ii) Sel-treated mice had signiﬁcantly decreased serum
biochemical components associated with liver damage and lipid metabolism, (iii) Sel treatment led to the activation of
the ER stress signal through the phosphorylation of JNK and eIF2 protein and insulin signal mechanisms through the
phosphorylation of Akt and PI3 kinase, and (iv) Sel-treated mice were signiﬁcantly relieved apoptosis of liver tissues
indicated by DNA fragmentation assay in the diabetic NOD group. These results suggest that Sel compounds not only
serve as insulin-like molecules for the downregulation of glucose level and the incidence of liver damage, but may also
have the potential for the development of new drugs for the relief of diabetes by activating the ER stress and insulin
signalling pathways.
[Hwang H, Seo S, Kim Y, Kim C, Shim S, Jee S, Lee S, Jang M, Kim M, Yim S, Lee S, Kang B, Jang I and Cho J 2007 Selenium acts as an insulinlike molecule for the down-regulation of diabetic symptoms via endoplasmic retculum stress and insulin signalling proteins in diabetes-induced
non-obese degbetic mice; J. Biosci. 32 723–735]

1.

Introduction

Selenium (Sel), long known as a ubiquitous trace element
in nature, has been proven to be essential for animal
and human health (Wilber 1980). This element has been
Keywords.

also demonstrated to be required for normal growth and
reproduction during spermatogenesis (Smith and Picciano
1986). Furthermore, its deﬁciency was demonstrated to
induce several diseases associated with oxidative damage,
an endemic fatal cardiomyopathy in Keshan, China (Yang
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et al 1984) as well as muscular dystrophy in patients
subjected to long-term unsupplemented parenteral nutrition
(Van Rij et al 1979). It is also well known that Sel deﬁciency
can be partially replaced with vitamin E (Schwarz and Folz
1957; Reddy et al 1987).
Sel, an important dietary antioxidant, is now recognized
as an essential component of the active site of a number of
selenoenzymes (Behn et al 1995; Stadtman 1996), and has
insulin-like effects both in vitro and in vivo. Incubation of
rat adipocytes with Sel stimulated glucose transport activity,
due to the translocation of two types of glucose transporters,
cAMP phosphodiesterase activity and ribosomal S6
protein phosphorylation (Ezaki 1990). Furthermore, Sel
regulated the activity of various enzymes involved in
the processes of glycolysis and gluconeogenesis in rats
with streptozotocin-induced diabetes, but the regulation
of these enzyme activities was not induced by a change
in insulin level (McNeill et al 1991; Ghosh et al 1994;
Beaker et al 1996; Battell et al 1998; Ghose et al 2001).
Ayaz et al (2002 and 2004) reported that Sel treatment may
prevent and alleviate the symptoms of disease in diabetes
animal models involving heart, kidney and platelet defects.
Also, Sel treatment has been reported to show insulin-like
actions during glucose metabolism due to the stimulation
of tyrosine kinase in the insulin signalling pathway (Hei
et al 1998; McKenzie et al 2002). However, few studies
have been conducted to investigate whether Sel treatment
of NOD mice, as a classical diabetes model, signiﬁcantly
alleviates the symptoms of diabetes including decreased
hepatic DNA apoptosis via the change in the signalling
proteins involved in the ER stress and insulin signalling
pathways.
As demonstrated by our data, signiﬁcant changes
were observed in the signalling proteins of the ER stress
and insulin pathways, and apoptosis in the liver of Seltreated mice in response to Sel. The data presented here
provide strong evidence that Sel would be a powerful
candidate for the prevention or alleviation of diabetesrelated disease.
2.
2.1

Materials and methods
Care and use of NOD mice

The animals were handled in an accredited Korea FDA animal
facility in accordance with the AAALAC International
Animal Care policies (Accredited Unit—Korea Food and
Drug Administration: Unit Number-000996). All mice were
housed in cages under a strict light cycle (light on at 06:00
h and off at 18:00 h), given a standard irradiated chow diet
(Purina Mills Inc.) ad libitum and maintained in a speciﬁed
pathogen-free state. The 25–27-week-old NOD mice used in
this study were purchased from Jackson Laboratories. These
J. Biosci. 32(4), June 2007

mice were divided into 2 groups according to their plasma
glucose levels; a diabetes (>250 mg/dl for 2 weeks) and a
non-diabetes (<250 mg/dl for 2 weeks) group.
2.2

Treatment with Sel and detection of glucose level

Sodium selenite (Na2SeO3) obtained from Sigma (S5261,
USA) was dissolved in distilled water to give a ﬁnal
concentration of 0.2 µmol/µl. Diabetic and non-diabetic
animals were randomly divided into two subgroups
per group. The ﬁrst group of diabetic and non-diabetic
animals received a comparable volume of daily water via
intraperitoneal injections (untreated diabetes and nondiabetes group), while the second group received 5 µmol/kg
body weight/day of sodium selenite via intraperitoneal
injections for 3 weeks (sodium selenite-treated mice in
both the diabetic and non-diabetic NOD groups). The serum
glucose level from mice was detected after 24 h fasting using
the sensitive strip of the blood glucose monitoring system
(I-sens Co., Korea).
2.3

Serum biochemical analysis

After the ﬁnal administration of Sel, all mice were kept
fasting for 24 h and blood was collected from the abdominal
vein of the mice. Serum was obtained by centrifugation of
blood incubated for 30 min at room temperature. Serum
biochemical components were assayed by the Automatic
Serum Analyzer (HITACHI 747, Japan). All assays were
conducted in duplicate on fresh serum using standard
enzymatic methods.
2.4

Western blot

Proteins prepared from the tissue of diabetic and nondiabetic mice were separated for 3 h using electrophoresis
in a 4–20% SDS-PAGE gel, and then transferred to
nitrocellulose membranes for 2 h at 40 v. Each membrane
was separately incubated overnight at 4oC with the primary,
anti-ATF6α (SantaCruz), anti-IRE1β (SantaCruz), anti-JNK
(SantaCruz), anti-p-JNK (SantaCruz), anti-eIF2α (Cell
Signalling), anti-p-eIF2α (Cell Signalling), anti-GADD15
(CHOP) (SantaCruz), anti-Akt (SantaCruz), anti-p-Akt
(SantaCruz), anti-PI3 kinase (Cell Signalling), anti-p-PI3
kinase (Cell Signalling) and anti-actin antibodies (Sigma,
A5316). The membranes were washed with washing buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4 and 0.05% Tween 20), and incubated at room
temperature for a further 2 h with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Zymed) in a 1:
1,000 dilution. Membrane blots were developed using a
chemiluminescence reagent plus kit (ECL, Pharmacia).
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2.5

Quantiﬁcation of insulin by ELISA

The level of insulin in sera from diabetic and non-diabetic
mice was detected using the ultra-sensitive assay procedure
and reagents in the Mercodia Rat Insulin ELISA kit
(Mercodia; Cat. 10-1137-01, Sweden). Sera and standards
were incubated in a plate shaker at 100–150 rpm at room
temperature for 2 h on antibody-coated plates. Wells were
then washed six times using an automatic plate washer
(Hoefer; PV100, USA). HRP conjugate was added to all the
plates, which were then incubated in a shaker for 30 min
at room temperature. The reaction was terminated by the
addition of 50 µl of stop solution (0.5 M H2SO4). The plates
were read at 450 nm using the Molecular Devices Vmax Plate
reader (Sunnyvale, CA, USA).
2.6

by electrophoresis on 1.2% agarose gel and a ladder-like
appearance visualized with EtBr.
2.8

2.7 DNA fragmentation assay
DNA fragmentation assay was performed using the methods
suggested by Gervais et al (1999). In brief, the frozen
tissues (100 mg) were chopped with a pair of scissors and
suspended in 100 µl of lysis buffer containing 0.6% SDS
and 10 mM EDTA (pH 7.5) and NaCl was added to give
a ﬁnal concentration of 1 M. After overnight incubation at
4°C, the resultant supernatant containing fragmented DNA
was separated by centrifugation at 15,000 rpm. The resultant
supernatant was then treated with 10 µg/ml RNAase at 37°C
for 40 min and phenol/chloroform solution added to remove
protein. The pellets were then incubated with isopropanol
and washed with 70% alcohol. Immediately after drying,
the fragmented DNA was loaded in a buffer containing
30% glycerol, 0.25% BPB and 0.25% XC, and determined

Statistical analysis

Tests for signiﬁcance between Sel-treated and non-treated
mice were performed using a one-way ANOVA test of
variance (SPSS for Windows, Release 10.10, Standard
Version, Chicago, IL). Also, tests for signiﬁcance between
the diabetic NOD and non-diabetic NOD groups were
performed using a post-hoc test of variance (SPSS for
Windows, Release 10.10, Standard Version, Chicago, IL)
and signiﬁcance levels were given in the text. All the values
are reported as the mean±standard deviation (sd). A P value
<0.05 was considered signiﬁcant.

Immunohistochemistry

Immunohistochemical analysis was performed as
previously described (Hwang et al 2001). Brieﬂy, for the
detection of CHOP using light microscopy, tissue was ﬁxed
in 5% formalin for 12 h, embedded in parafﬁn, and 4 µm
thick sections were prepared. These sections were deparafﬁnized with xylene, rehydrated and pretreated
for 30 min at room temperature with PBS-blocking
buffer, containing 10% goat serum. Next, the sections
were incubated with mouse anti-CHOP antibody, at a
dilution of 1:1,000 in PBS-blocking buffer. The antigen–
antibody complexes were visualized with biotinylated
secondary
antibody
(goat
anti-rabbit)-conjugated
HRP streptavidin (Zymed, Histostain-Plus Kit), at a
dilution of 1:1,500 in PBS-blocking buffer. CHO proteins
were detected using stable diaminobenzidine (DAB)
(ResGen, Invitrogen Corp.) and the Imazing Densitometer
(Model GS-690, Bio-Rad).
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3.
3.1

Results

Sel effects on body weight, serum glucose and insulin,
and serum biochemical proﬁles

In order to investigate whether Sel treatment would affect the
onset of diabetes, we measured serum glucose and insulin
levels, and other serum biochemical components in both the
diabetic and non-diabetic groups during the course of Sel
treatment. In the non-diabetic NOD group, the body weight
and levels of glucose and insulin in the Sel-treated mice were
unaffected compared with those in mice that had received no
treatment. In the diabetic NOD group, however, the body
weight of the Sel-treated mice was signiﬁcantly higher in
comparison with that of non-treated mice. The Sel-treated
mice also showed a signiﬁcant decrease in serum glucose
levels compared with the untreated mice, while insulin
remained at a constant level (table 1). These results suggest
that Sel treatment has a positive effect on maintaining body
weight and serum glucose during progression of diabetes in
diabetes-induced NOD mice.
Since Sel was also found to have several insulin-like
effects in the NOD mice, we investigated the level of
serum cholesterol (CHO), triglyceride (TG), high-density
lipoprotein (HDL) and low-density lipoprotein (LDL) to
see whether Sel treatment could affect lipid metabolism in
the NOD mice (ﬁgure 1). Serum biochemical components
were markedly raised in the diabetic NOD group by 2–3fold, compared with those in the non-diabetic NOD group.
Furthermore, the Sel-treated mice had remarkably decreased
levels of CHO, TG, HDL and LDL compared with untreated
mice in the diabetic NOD group. However, there was no
difference in the serum biochemical proﬁles between Seltreated and untreated mice in the non-diabetic NOD group
(ﬁgure 1). These results suggest that Sel treatment is highly
effective in reducing circulating lipid levels in diabetes.
J. Biosci. 32(4), June 2007
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Table 1. Selenium treatment signiﬁcantly decreased serum
glucose but not insulin level in the diabetic NOD group
NOD mice

Body weight
(g)

Blood glucose
(mg/dl)

Blood
insulin
(pmol/ml)

Non-diabetic NOD
Not treated

30.78±2.4

131±5.2

95±8.5

Sel-treated

30.29±2.5

126±4.5

98±7.8

Not treated

21.11±1.4*

310±28*

8.5±0.8*

Sel-treated

26.21±2.1*,**

160±15*,**

9.2±0.8*,**

Diabetic NOD

Mice were injected intraperitoneally with sodium selenite (5
µmol/kg body weight/day) for 3 weeks. The control group
received the vehicle only. Blood glucose and insulin levels
were estimated as described in Materials and methods. Values
are mean±SD, and the coefﬁcients of variation of glucose and
insulin in our serum samples were 5.2% and 2.4%, respectively.
Non-diabetic NOD group: diabetes phenotype non-induced
mice, Diabetic NOD group: diabetes phenotype-induced mice,
Sel treated groups: mice treated with sodium selenite for three
weeks. * P<0.05 is the signiﬁcance level compared with the
non-diabetic NOD group. ** P<0.05 is the signiﬁcance level
compared with the untreated mice.

To study whether Sel treatment could affect hepatic
damage or necrosis in the NOD mice, the levels of serum
alanine transaminase (ALT), aspartate aminotransferase
(AST) and alkaline phosphatase (ALP) were monitored in
all the groups of NOD mice. As shown in ﬁgure 2, these
biochemical parameters in mice in the diabetic NOD group
were signiﬁcantly different from those in the non-diabetic
NOD group; the diabetic NOD group showed a higher level
of these enzymes than the non-diabetic NOD group. In the
diabetic NOD group, the levels of ALT, AST and ALP were
signiﬁcantly lowered in the Sel-treated mice, while there
was no change in the non-diabetic NOD group (ﬁgure 2).
These results suggest that Sel treatment can effectively
alleviate liver damage caused by the progression of diabetes
among diabetic NOD mice.
3.2

Sel effects on IRE1 signalling pathway

To test whether Sel treatment can stimulate IRE1 signalling
in the ER stress pathway, the levels of IRE and JNK protein
were monitored in liver tissues from all groups of mice using
western blot with corresponding antibodies. The diabetic
NOD group showed a basically higher expression of IRE
protein than the non-diabetic NOD group. The expression
of this protein signiﬁcantly increased in Sel-treated mice
in the diabetic NOD group compared with untreated mice,
but remained unchanged in the non-diabetic NOD group. In
J. Biosci. 32(4), June 2007

addition, JNK protein was found to have a higher expression
level in the non-diabetic NOD group compared with the
diabetic group. In particular, the level of JNK protein in
Sel-treated mice of the diabetic NOD group signiﬁcantly
decreased compared with that in untreated mice. The
diabetic NOD group had a higher expression of p-JNK
protein than the non-diabetic NOD group. Sel-treated mice
in the diabetic NOD group also had signiﬁcantly increased
levels of p-JNK protein compared with untreated mice,
while in the non-diabetic NOD group it remained unchanged
(ﬁgure 3A). These results suggest that Sel treatment can
effectively induce an IRE1 signal transduction pathway in
the ER stress signalling system.
3.3

Sel effects on the PERK signalling pathway

To examine whether the eIF2α signal would be affected by
Sel in the NOD mice, the phosphorylation level of eIF2α
protein was measured in the liver of mice in the diabetic
and non-diabetic NOD groups. For the eIF2α protein, in
general, the diabetic NOD group showed a signiﬁcantly
lower level of eIF2α protein expression than the non-diabetic
group. When both the groups were treated with Sel, the
Sel-treated diabetic NOD group showed the low level of
eIF2α protein compared with untreated mice. With regard
to the p-eIF2α protein, however, the diabetic NOD group
showed a higher expression of p-eIF2α protein than the
non-diabetic group. As with eIF2α protein, only the diabetic
NOD group responded to Sel treatment; the resulting level
of p-eIF2α protein expression in the Sel-treated mice was
considerably increased compared with the untreated mice
(ﬁgure 3B). Our observations indicate that Sel treatment
in the diabetes-induced group can inﬂuence eIF2α and
p-eIF2α phosphorylation in the PERK signalling pathway.
3.4

Sel effects on CHOP activation

C/EBP homologous protein (CHOP, also known as
GADD153) encodes a small nuclear protein from the C/
EBP family, which was originally isolated from cultured
adipocytes. Although the cells are inactive under normal
conditions, the CHOP gene is markedly induced by a
variety of cellular stresses such as nutrient deprivation and
metabolic perturbations (Barone et al 1994; Nakagawa et
al 2000). Therefore, to determine whether the signalling
of ER stress by Sel treatment increases the level of CHOP
in the liver of the Sel-treated mice, CHOP expression was
detected by western blot analysis and immunostaining. The
expression of CHOP in the total, microsomal and nuclear
fractions of the liver in the non-diabetic NOD group was
higher compared with that in the diabetic NOD group
(ﬁgure 3C). In the non-diabetic NOD group, the level of
CHOP in the total and nuclear fractions was signiﬁcantly
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Figure 1. Selenium treatment is very effective in decreasing serum biochemical proﬁles related with lipid metabolism in 25–27-week-old
non-diabetic and diabetic NOD mice. Blood was collected from the abdominal vein of the mice, and serum levels of cholesterol, triglyceride,
HDL and LDL were analysed using a serum biochemical analyser. Three experiments were assayed in triplicate using serum biochemical
analysis. Values are mean±SD. Non-diabetic NOD group: diabetes phenotype non-induced mice, Diabetic NOD group: diabetes phenotypeinduced mice, Sel-treated group: mice treated with sodium selenite for three weeks. * P<0.05 is the signiﬁcance level compared with the
non-diabetic NOD group. ** P<0.05 is the signiﬁcance level compared with the untreated mice.

increased by Sel treatment, but remained unchanged in
the microsomal fraction. However, in the diabetic NOD
group, total CHOP protein level and that in the nuclear
fraction did not differ between Sel-treated and untreated
mice. The level of CHOP protein in only the microsomal
fraction signiﬁcantly increased in the Sel-treated mice

compared with that in untreated mice (ﬁgure 3C). CHOP
immunoreactivity in the liver and pancreas was then
analysed using a higher magniﬁcation of microscope. The
intensity of CHOP immunoreactivity was found to be
localized to the nuclear region of the liver in the Sel-treated
mice of both the diabetic and non-diabetic NOD groups.
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Figure 2. Selenium treatment alleviated liver damage during the progression of diabetes. Serum levels of AST, ALT and ALP in 25–27week-old non-diabetic and diabetic NOD mice were analysed using a serum biochemical analyser. Three experiments were assayed in
triplicate using serum biochemical analysis. Values are mean±SD. Non-diabetic NOD group: diabetes phenotype non-induced mice,
Diabetic NOD group: diabetes phenotype-induced mice, Sel-treated mice: mice treated with sodium selenite for three weeks. * P<0.05 is
the signiﬁcance level compared with the non-diabetic NOD group. ** P<0.05 is the signiﬁcance level compared with the untreated mice.

Furthermore, the diabetic NOD group showed a lower
expression of CHOP than the non-diabetic group (ﬁgure 4),
indicating that the induction of diabetes could signiﬁcantly
decrease the total level of CHOP in the liver and pancreas
of the NOD mice. In addition, Sel treatment stimulated the
translocation of CHOP from the microsome to the nuclear
zone in the livers of both the diabetic and non-diabetic NOD
groups.
3.5

Sel effects on the insulin signalling pathway

Insulin exerts profound metabolic and cellular growth
effects when it binds to its receptor at the cell membrane.
J. Biosci. 32(4), June 2007

Its receptor, in turn, exhibits a change in intrinsic kinase
activity. In the insulin signalling pathway, the response of
the insulin receptor is directly transmitted through IRS-1,
PI3-kinase and Akt-kinase in a cascade process of insulin
action (Kahn et al 2006). In order to study the effects of Sel
treatment on proteins associated with the insulin signalling
pathway, the phosphorylation level of PI3 and Akt proteins
was determined in the diabetic and non-diabetic groups
using western blot analysis. The expression level of Akt
and p-Akt proteins signiﬁcantly increased in Sel-treated
mice in the diabetic NOD group, but remained unchanged
in the non-diabetic group. In particular, the expression level
of p-Akt protein in Sel-treated diabetic mice was higher than
that in untreated diabetic mice (ﬁgure 5A). In the case of PI3
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Figure 3. The ER stress signalling pathway was signiﬁcantly changed by Sel treatment in the diabetic NOD group. (A) Protein expression
levels of IRE, JNK and p-JNK. (B) Protein expression level of eIF2α and p-eIF2α. (C) Expression level of CHO protein. Microsomal and
nuclear fractions were prepared from liver tissues of Sel-treated and untreated NOD mice, as described in Materials and methods. Fifty
micrograms of protein per sample were immunoblotted with antibodies for each protein. Three samples were assayed in triplicate using
western blotting. Values are the mean±SD. Non-diabetic NOD group: diabetes phenotype non-induced mice, Diabetic NOD group: diabetes
phenotype-induced mice, Sel-treated mice: mice treated with sodium selenite for three weeks. * P<0.05 is the signiﬁcance level compared
with the non-diabetic NOD group. ** P<0.05 is the signiﬁcance level compared with the untreated mice.

protein, Sel treatment signiﬁcantly decreased the level of PI3
protein; the level of PI3 protein increased only in the diabetic
NOD group. However, in the non-diabetic NOD group both
protein levels did not change in response to Sel treatment
(ﬁgure 5B). These results suggest that Sel treatment can
effectively activate the insulin signalling pathway through
the activation of Akt and PI3 phosphorylation.

3.6

Sel effects on DNA fragmentation

To test whether Sel affects apoptosis in the liver of NOD
mice, the DNA fragmentation pattern was examined in
both the NOD groups. As shown in ﬁgure 6, diabetic NOD
mice treated with Sel showed a signiﬁcant decrease in DNA
fragmentation compared with untreated mice, whereas there
J. Biosci. 32(4), June 2007
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Figure 4. The CHOP was translocated into the nuclear region in the liver tissues of the NOD mice. CHOP expression in the liver and
pancreas was detected with anti-CHOP primary antibody and horseradish peroxidase-conjugated goat anti-rabbit IgG as described in
Materials and methods. The intensity of the CHOP was calculated using an Imazing Densitometer. Values are the mean±SD. Non-diabetic
NOD group: diabetes phenotype non-induced mice, Diabetic NOD group: diabetes phenotype-induced mice, Sel-treated mice: mice treated
with sodium selenite for three weeks. * P<0.05 is the signiﬁcance level compared with the non-diabetic NOD group. ** P<0.05 is the
signiﬁcance level compared with the untreated mice.

was no difference in its laddering pattern in the non-diabetic
NOD group regardless of Sel treatment. These observations
suggest that Sel treatment appears to signiﬁcantly
suppress the progression of apoptosis in the liver of diabetic
NOD mice.
4.

Discussion

NOD mice were discovered in Japan during the late 1970s
(Makino et al 1980). They were inbred and distributed
worldwide, and then used to establish numerous colonies.
The frequency and age of onset of insulin-dependent
J. Biosci. 32(4), June 2007

diabetes mellitus (IDDM) differs widely among these
colonies (Pozzilli et al 1993) due to multiple environmental
factors. Diabetes usually appears at between 4 and 6 months
of age, and is much more frequently seen in females than
in males. In addition to diabetes, NOD mice also present
with thyroiditis (Bernard et al 1992) and sialitis, and with
autoimmune haemolytic anaemia later in life (Baxter and
Mandel 1991). Until now, numerous studies have suggested
that NOD mice are a good model for the study of diabetes
and related diseases. Therefore, in this study, NOD mice
were selected as a model of diabetes to study the effects
of Sel. In addition, in an effort to minimize the genetic
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Figure 5. The insulin signalling pathway was signiﬁcantly changed by Sel treatment in the diabetic NOD group. (A) Protein expression
level of AKT and p-AKT. (B) Protein expression level of PI3 and p-PI3. Fifty micrograms of protein per sample were immunoblotted with
antibodies for Akt, p-Akt, PI3, p-PI3 and β-actin. Three samples were assayed in triplicate using western blotting. Values are the mean±SD.
Non-diabetic NOD group: diabetes phenotype non-induced mice, Diabetic NOD group: diabetes phenotype-induced mice, Sel-treated mice:
mice treated with sodium selenite for three weeks. * P<0.05 is the signiﬁcance level compared with the non-diabetic NOD group. ** P<0.05
is the signiﬁcance level compared with the untreated mice.

variability of diabetic phenotype expression due to multiple
factors, we divided all NOD mice into two categories based
on the serum glucose level; NOD mice at 25–27 weeks of
age with a serum glucose level >250 mg/dl were categorized
as the diabetic NOD group and those with serum glucose
levels below this as the non-diabetic NOD group.
Sel exists naturally in both organic (e.g. selenomethionine,
selenocysteine) and inorganic forms (e.g. selenite, selenate,
selenide) (Birringer et al 2002; Schweizer et al 2004).
However, these compounds need to be catabolised into
an inorganic precursor before being inserted into proteins,
as the rare amino acid selenocysteine (Sec) is essential
for the catalytic function of selenoenzymes (Carlson et al
2004). The presence of Sel instead of sulphur increases
the activity of the respective enzymes by several orders
of magnitude, as Sel is more nucleophilic and selenols

are ionized at a physiological pH (Stadtman 1996; Zhong
and Holmegren 2000). Sec, the 21st proteinogenic amino
acid, was not initially recognized in the classical genetic
code, as it is encoded by the UGA "stop" codon. For Sec
to be inserted at UGA codons in the translation process, a
speciﬁc RNA stem loop structure is required, which resides
in eukaryotes in the 3’-untranslated region of the mRNA,
the so-called selenocysteine insertion sequence (SECIS)
(Berry et al 1991). Sel was also found to be an essential part
of mammalian enzymes such as glutathione peroxidase, and
the thyroid hormones deiodinase and thioredoxin reductase.
There have been several reviews on the role of Sel, with
emphasis on general health (Kohrle 2000; Kohrle et al 2000;
Rayman 2000), Sel biochemistry (Birringer et al 2002) and
selenoprotein biosynthesis (Hatﬁeld and Gladyshev 2002).
Inorganic forms of Sel such as selenite are better able to react
J. Biosci. 32(4), June 2007
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level compared with the non-diabetic NOD group. ** P<0.05 is the
signiﬁcance level compared with the untreated mice.

at pharmacological concentrations with intracellular thiol
groups than the organic compounds (e.g. selenomethione,
Stadtman 1996). However, dietary supplementation with
inorganic forms such as selenite could result in relatively
poor absorption from the intestinal tract and subsequently
poorer reserves of Sel in the body. Organic Sel, which also
has high antioxidant properties primarily in the form of
selenomethionine, can result in a higher bioavailability of
Sel in the body compared with inorganic Sel (Enjalbert et
al 1999).
J. Biosci. 32(4), June 2007

In this study, 5 µmol/kg body weight/day of sodium
selenite was injected into NOD mice to study the effect of
Sel on diabetic symptoms. The dose of sodium selenite used
in our study is very similar to that reported to be an effective
dose to improve the mechanical and electrical activity of
the heart in the diabetic rat by single-dose intraperitoneal
injection for 4 weeks (Ayaz et al 2004). However, the
dose of selenite given to the animals was such that it
may have some toxic effects if given for prolonged
periods. We were not able to measure plasma Sel levels
and thus it was not possible to determine accurately the
potential toxicity of the dose used. In a previously published
study, the serum selenium concentration in humans spanned
the following ranges: 400–30,000 µg/l associated with acute
toxicity, 500–1,400 µg/l associated with chronic toxicity,
and <1,400 µg/l free of toxicity; the category is determined
by the signs and symptoms in the patient (Nuttall 2006).
Serum CHO and TG levels are markedly inﬂuenced by
nutrition, endocrine and liver function. Raised levels are
directly associated with metabolic diseases such as diabetes
mellitus, chronic malfunction of the liver and hyperlipdaemia.
In CHO metabolism, LDL plays a key role in transporting
CHO to the tissues, whereas HDL acts as a scavenger of
CHO in various tissues. Therefore, a decrease in some serum
components such as TG, CHO and LDL cholesterol indicate
that Sel treatment may alleviate the symptoms of diabetes in
diabetic NOD mice. Furthermore, some serum biochemical
enzymes such as AST, ALT, lactate dehydrogenase (LDH)
and ALP are present in high concentrations in various organs
such as the liver, muscle, brain and placenta. Raised levels
of these enzymes in the blood indicates liver necrosis or
disease (McCarthy et al 1980; Murray et al 1990). Increased
serum LDH activity has been reported in animals deﬁcient in
antioxidant defence mechanisms, partly because of enhanced
liver damage by lipid peroxidation (Reddy et al 1987). As
seen in earlier studies, we observed a signiﬁcant decrease in
serum AST, ALT and ALP in the Sel-treated mice compared
with untreated mice.
It has been shown that obesity is associated with the
activation of cellular stress signalling and the inﬂammatory
pathway (Hirosumi et al 2002; Ozcan et al 2004; Yuan et al
2001). In response to this cellular stress, the ER, a membranous
network that functions in the synthesis and processing of
secretory and membrane proteins, has been shown to be
a key indicator (Berridge 2002). Some stress conditions
disrupt ER homeostasis, which leads to the accumulation of
unfolded or misfolded proteins in the ER lumen (Mori 2000;
Harding et al 2002). It has been also reported that ER stress
is particularly activated by glucose or nutrient deprivation,
viral infections, lipids and increased synthesis of secretory
proteins, as well as the expression of mutant or misfolded
protein (Ma and Hendershot 2001; Kaufman et al 2002). In
our study, we investigated the expression patterns of several
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molecular indicators of ER stress in the liver of NOD mice
both with and without Sel treatment. In the various ER stress
pathways, ATF6 signalling was not induced by Sel treatment
in either the diabetic or non-diabetic groups (data not show).
However, Sel treatment signiﬁcantly stimulated signalling
through the IRE1-JNK protein pathway in the diabetic group,
but not in the non-diabetic group. PERK-eIF2 signalling was
also activated by Sel treatment in the diabetic NOD group.
Thus, these results suggest the ER stress induced by diabetes
is effectively counteracted by Sel treatment through the JNK
and eIF2 signalling pathways.
In addition, the CHO protein, a key molecule of the
ER stress signal in the ﬁnal stage of the pathway, encodes
a small nuclear protein from the C/EBP family, which was
originally isolated from the culture of adipocytes. The CHOP
gene is markedly activated by a variety of cellular stresses,
including nutrient deprivation and metabolic perturbations
(Barone et al 1994). When we examined the effect of Sel
treatment on the induction and translocation of CHO protein
by western blot and immunostaining assay, the onset of
diabetes signiﬁcantly reduced the expression of CHO
protein in the total, and microsomal and nuclear fractions of
liver tissues in the NOD mice. Immunostaining of the CHOP
protein showed that Sel treatment markedly stimulated the
translocation of the CHOP protein from the cytosol to the
nuclear fraction in the non-diabetic group.
When insulin binds to its receptor at the surface of the
cell membrane, the insulin signal is transmitted through the
insulin receptor substrate (IRS)-1. Phosphorylation of IRS1 has been linked to signal transduction from the insulin
receptor to PI3-kinase. This leads to glucose transporter-4
(Glut-4) translocation and the subsequent stimulation of
glucose uptake. Preliminary studies have shown that the
enzyme PI3-kinase is correlated with glucose being absorbed
by the entire body. Akt has also been proposed as a key
step linking the activation of PI3-kinase to glucose uptake
(Kahn et al 2006). Furthermore, this signalling pathway
was disrupted by the ER stress signal in induced obesity
through the activation of IRE, JNK and IRS-1 proteins
(Ozcan et al 2004). In this study, we investigated the effects
of Sel treatment on the interaction between ER stress
signalling and insulin signalling. According to our data,
Sel treatment signiﬁcantly activated the insulin signalling
pathway through the induction of Akt expression and
phosphorylation only in the diabetic NOD group.
Finally, we investigated the effect of Sel treatment on
apoptosis in the liver of the NOD mice. The amount of
fragmented DNA increased slightly in diabetic NOD mice
compared with non-diabetic mice. In particular, Sel treatment
signiﬁcantly suppressed the fragmentation of genomic DNA
laddering in liver tissues of the diabetic group. However,
few studies have been carried out to investigate the effect
of Sel on the fragmentation pattern of liver genomic DNA
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in the diabetic NOD group. Our results suggest that Sel
treatment can relieve the symptoms of diabetes through
suppression of ER stress and insulin receptor signalling in
diabetic NOD mice.
Taken together, our results show that Sel lowered
serum glucose and biochemical proﬁles associated with
liver damage and lipid metabolism in diabetic NOD mice,
indicting that Sel can relieve or prevent the incidence of
complicated diabetes. It is postulated that Sel has a crucial
role in the regulation of diabetes via modulation of the
ER stress signal through the activation of IRE, p-JNK
and p-eIF2 proteins and insulin signalling through the
phosphorylation of Akt and PI3 kinase in the diabetic NOD
group. It seems that Sel compounds may not only serve as
insulin-like molecules for downregulation of the glucose
level, but also provide potential new drugs for the relief of
diabetes by modulating the ER stress and insulin signalling
mechanisms. Intensive work is still needed to deﬁne the role
of Sel in preventing diabetes mellitus in NOD mice.
Acknowledgements
We would like to thank B S Sun Mi Choi, animal technician,
for directing the Animal Facility and Care at the Laboratory
Animal Resources Team. This research was supported by a
grant from Scientiﬁc Research of the Korean FDA.
References
Ayaz M, Can B, Ozdemir S and Turan B 2002 Protective effect of
selenium treatment on diabetes-induced myocardial structural
alterations; Biol. Trace Elem. Res. 89 215–226
Ayaz M, Ozdemir S, Ugur M, Vassort G and Turan B 2004
Effects of selenium on altered mechanical and electrical cardiac
activities of diabetic rat; Arch. Biochem. Biophys. 426 83–90
Barone M V, Crozat A, Tabaee A, Philipson L and Ron D 1994
CHOP (GADD153) and its oncogenic variant, TLS-CHOP have
opposing effects on the induction of G1/S arrest; Genes Dev. 8
453–464
Battell M L, Delgatty H L and McNeill J H 1998 Sodium selenate
corrects glucose tolerance and heart function in STZ diabetic
rats; Mol. Cell Biochem. 179 27–34
Baxter A G and Mandel T E 1991 Hemolytic anemia in non-obese
diabetic mice; Eur. J. Immunol. 21 2051–2055
Beaker D J, Reul B, Ozcelikay A T, Buchet J P, Henquin J C and
Brichard S M 1996 Oral selenate improves glucose homeostasis
and partly reverses abnormal expression of liver glycolytic and
gluconeogenic enzymes in diabetic rats; Diabetologia 39 3–11
Behn D, Weiss-Nowak C, Kalcklosch M, Westphal C, Gessner
H and Kyriakopoulos A 1995 Studies on the distribution
and characteristics of new mammalian selenium-containing
proteins; Analyst 120 823–825
Bernard N F, Ertug F and Margolese H 1992 High incidence
of thyroiditis and anti-thyroid autoantibodies in NOD mice;
Diabetes 41 40–46
J. Biosci. 32(4), June 2007

734

Daeyoun Hwang et al

Berridge M J 2002 The endoplasmic reticulum: a multifunctional
signaling organelle; Cell Calcium 32 235–249
Berry M J, Banu L, Chen Y Y, Mandel S J, Kieffer J D, Harney J W
and Larsen P R 1991 Recognition of UGA as a selenocysteine
codon in type I deiodinase requires sequences in the 3'
untranslated region; Nature 353 273–276
Birringer M, Pilawa S and Flohe L 2002 Trends in selenium
biochemistry; Nat. Prod. Rep. 19 693–718
Carlson B A, Novoselov S V, Kumaraswamy E, Lee B J, Anver
M R, Gladyshev V N and Hatﬁeld D L 2004 Speciﬁc excision
of the selenocysteine tRNA[Ser]Sec (Trsp) gene in mouse liver
demonstrates an essential role of selenoproteins in liver
function; J. Biol. Chem. 279 8011–8017
Enjalbert F, Lebreton P, Salat O and Schelcher F 1999 Effects
of pre- or postpartum selenium supplementation on
selenium status in beef cows and their calves; J. Anim. Sci. 77
223–229
Ezaki O 1990 The insulin-like effects of selenate in rat adipocytes;
J. Biol. Chem. 265 1124–1128
Gervais F G, Xu D, Robertson G S, Vaillancourt J P, Zhu Y, Huang
J, LeBlanc A, Smith D, Rigby M, Shearman M S, Clarke E E,
Zheng H, Van Der Ploeg L H, Ruffolo S C, Thornberry N A,
Xanthoudakis S, Zamboni R J, Roy S and Nicholson D W 1999
Involvement of caspases in proteolytic cleavage of Alzheimer's
amyloid-beta precursor protein and amyloidogenic A beta
peptide formation; Cell 97 395–406
Ghosh R, Mukherjee B and Chatterjee M 1994 A novel effect of
selenium on streptozotocin-induced diabetic mice; Diabetes
Res. 25 165–171
Ghose A, Fleming J and Harrison P R 2001 Selenium and signal
transduction: roads to cell death and anti-tumor activity;
Biofactors 14 127–133
Harding H P, Calfon M, Urano F, Novoa I and Ron D 2002 Transcriptional and translational control in the mammalian unfolded
protein response; Annu. Rev. Cell Dev. Biol. 18 575–599
Hatﬁeld D L and Gladyshev V N 2002 How selenium has altered
our understanding of the genetic code; Mol. Cell Biol. 22
3565–3576
Hei Y J, Farahbakshian S, Chen X, Battell M L and McNeill
J H 1998 Stimulation of MAP kinase and S6 kinase by
vanadium and selenium in rat adipocytes; Mol. Cell Biochem.
178 367–375
Hirosumi J, Tuncman G, Chang L, Gorgun C Z, Uysal K T,
Maeda K, Karin M and Hotamisligil G S 2002 A central
role for JNK in obesity and insulin resistance; Nature 420
333–336
Hwang D Y, Chae K R, Shin D W, Hwang J H, Lim C H, Kim Y
J, Kim B J, Goo J S, Shin Y Y, Jang I S, Cho J S and Kim Y K
2001 Xenobiotic response in humanized double transgenic mice
expressing tetracycline-controlled transactivator and human
CYP1B1; Arch. Biochem. Biophys. 395 32–40
Kahn S E, Hull R L, Utzschneider K M 2006 Mechanisms linking
obesity to insulin resistance and type 2 diabetes. Nature 444
840–846
Kaufman R J, Scheuner D, Schroder M, Shen X, Lee K, Liu C
Y and Arnold S M 2002 The unfolded protein response in
nutrient sensing and differentiation; Nat. Rev. Mol. Cell Biol. 3
411–421
J. Biosci. 32(4), June 2007

Kohrle J 2000 The deiodinases family: selenoenzymes regulating
thyroid hormone availability and action; Cell. Mol. Life Sci. 57
1853–1863
Kohrle J, Brigelius-Flohe R, Bock A, Gartner R, Meyer O and Flohe
L 2000 Selenium in biology: facts and medical perspectives.
Biol. Chem. 381 849–864
Ma Y and Hendershot L M 2001The unfolding tale of the unfolded
protein response; Cell 107 827–830
Makino S, Kunimoto K, Muraoka Y, Mizushima Y, Katagiri K
and Tochino Y 1980 Breeding of a non-obese, diabetic strain of
mice; Exp. Anim. 29 1–13
McCarthy D M, Nicholson J A and Kim Y S 1980 Intestinal
enzyme adaptation to normal diets of different composition;
Am. J. Physiol. 239 445–451
McKenzie R C, Arthur J R, Miller S M, Rafferty T S and Beckett G
J 2002 Selenium and immune function; in Nutrition and immune
function (eds) P C Calder, C J Field and H S Gill (Wallingford:
CABI Publishing) pp 229–250
McNeill J H, Delgatty H L and Battell M L 1991 Insulin-like
effects of sodium selenite in streptozotocin-induced diabetic
rats; Diabetes 40 1675–1678
Murray R K, Mayers P K, Granner D K and Rodwell V W 1990
Chemical constituents of blood and body ﬂuids; in Harper's
biochemistry (22nd edition) (Connecticut: Appleton and Lange)
pp 679–693
Mori K 2000 Tripartite management of unfolded proteins in the
endoplasmic reticulum; Cell 101 451–454
Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner B A and
Yuan J 2000 Caspase-12 mediates endoplasmic-reticulumspeciﬁc apoptosis and cytotoxicity by amyloid-β; Nature 403
98–103
Nuttall K L 2006 Evaluating selenium poisoning; Ann. Clin. Lab.
Sci. 36 409–420
Ozcan U, Cag Q, Yilmaz E, Lee A H, Iwakoshi N N, Ozdelen E,
Tuncman G, Gorgun C, Gilmcher L H and Hotamisligil G S
2004 Endoplasmic reticulum stress links obesity, insulin action,
and type 2 diabetes; Science 306 457–461
Pozzilli P, Signore A, Williams A J and Beales P E 1993 NOD
mouse colonies around the world: recent facts and ﬁgures;
Immunol. Today 14 193–196
Rayman M P 2000 The importance of selenium to human health;
Lancet 356 233–241
Reddy P G, Morill J L, Minocha HC and Stevenson J S 1987
Vitamin E requirements of dairy calves; J. Dairy Sci. 70 993
Schwarz K and Folz C M 1957 Selenium as an integral part of
factor 3 against dietary necrotic liver degeneration; Nutrition
15 255–264
Schweizer U, Brauer A U, Kohrle J, Nitsch R and Savaskan N E
2004 Selenium and brain function: a poorly recognized liaison;
Brain Res. Rev. 45 164–178
Smith A M and Picciano M F 1986 Evidence for increased selenium
requirement for the rat during pregnancy and lactation; J. Nutr.
11 1068–1079
Stadtman T C 1996 Selenocysteine; Annu. Rev. Biochem. 65
83–100
Van Rij A M, Thomson C D, McKenzie J M and Robinson M F
1979 Selenium deﬁciency in total parenteral nutrition; Am.
J. Clin. Nutr. 32 2085–2086

The effect of selenium on onset of diabetes
Wilber C G 1980 Toxicology of selenium: a review; Clin. Toxicol.
17 171–230
Yang G, Chen J, Wen Z and Ge K 1984 The role of selenium in
Keshan disease; in Advances in nutritional research (eds) H H
Drapper (New York: Plenum Press) pp 203–231
Yuan M, Konstantopoulos N, Lee J, Hansen L, Li Z W, Karin M
and Shoelson S E 2001 Reversal of obesity- and diet-induced

735

insulin resistance with salicylates or targeted disruption of Ikbeta; Science 293 1673–1677
Zhong L and Holmgren A 2000 Essential role of selenium
in the catalytic activities of mammalian thioredoxin
reductase revealed by characterization of recombinant enzymes
with selenocysteine mutations; J. Biol. Chem. 275 18121–
18128

MS received 31 July 2005; accepted 13 February 2007
ePublication: 29 March 2007
Corresponding editor: VIDYANAND NANJUNDIAH

J. Biosci. 32(4), June 2007

