
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

3:
44

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Selenoprotein Se
aSchool of Pharmaceutical Science, Liaonin

E-mail: chenchanglanbio@aliyun.com; F

62202192
bSchool of Life Science, Liaoning University,
cResearch Center for Natural Product Pha

110036, China
dResearch Center for Computer Simulatin

macromolecules of Liaoning Province, Sheny

Cite this: RSC Adv., 2017, 7, 35038

Received 12th May 2017
Accepted 2nd July 2017

DOI: 10.1039/c7ra05379g

rsc.li/rsc-advances

35038 | RSC Adv., 2017, 7, 35038–350
lK increases the secretion of
insulin from MIN6 b cells

Xue-Lian Meng,a Hui-Ling Zhang,b Lin-Lin Feng,b Man-Ling Chen,a Ying-Ying Liu,a

Xia Yu,a Feng-Ning Huan,a Jing Lu,a Dan Wang,c Hong-Sheng Liud

and Chang-Lan Chen *a

The trace element selenium has an insulin-like effect on humans and animals. In this study, the effect and

mechanism of mouse selenoprotein K (mSelK) on the secretion of insulin from mouse MIN6 b cells were

investigated. An adenovirus vector, Ad-mSelK, was used to over-express the mSelK gene in the MIN6

b cells. Likewise, a lentivirus vector, LV-mSelK-RNAi, was used to knockdown mSelK expression in the

MIN6 b cells. It was shown that the over-expression/knockdown of mSelK could increase/decrease the

insulin secretion from MIN6 b cells. Meanwhile, the cytosolic free Ca2+ level and inositol trisphosphate

receptor type 3 (IP3R3) expression were also increased/decreased significantly as a consequence of the

over-expression/knockdown of mSelK in MIN6 b cells. Over-expression/knockdown of mSelK did not

affect the expression of glutathione peroxidase 1 (GPx1) in the MIN6 b cells. Further studies revealed that

the mSelK expression and insulin release levels were increased significantly by treatment of MIN6 b cells

with selenium supplement (sodium selenite, Na2SeO3). In addition, mSelK protein levels were also up-

regulated significantly in MIN6 b cells by adding glucose. These results suggest that mSelK plays a vital

role in the process of trace element selenium promoting the secretion of insulin from MIN6 b cells. The

expression of mSelK may increase the secretion of insulin by improving the expression of IP3R3 on the

endoplasmic reticulum (ER), which elevated the cytosolic free Ca2+ level by enhancing the release of

Ca2+ from the ER.
1 Introduction

The trace element selenium (Se) has wide physiological effects:
controlling the onset of human Kaschin–Beck disease and
Keshan disease, boosting the innate immune system, main-
taining thyroid function, preventing the occurrence of cardio-
vascular disease and Alzheimer's disease, increasing fertility,
and preventing cancer etc.1,2 Most functions of selenium are
implemented through selenoproteins. There are currently 25
known selenoproteins in the human proteome.3 Sixteen sele-
noproteins exist in the cytosol and exhibit antioxidative or other
physiological effects.4 Nine mammalian selenoproteins are
located in the endoplasmic reticulum (ER), including deiodi-
nase 1, 2, and 3 (DIO1, DIO2, and DIO3), the 15 kDa seleno-
protein (Sep15), and selenoproteins K, M, S, N, and T.2 They all
have different physiological functions in cells.
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The insulin-like effect and the antidiabetic effect of Se have
attracted increasing attention in recent years, although some
researches proved that high level of selenium in humans and
animals could increase the risk of type 2 diabetes (T2D).5–11 The
inuences of selenoproteins, such as glutathione peroxidase 1
(GPx1) and selenoprotein P (SePP), on the occurrence and
development of T2D have been studied by many
researchers.12–17 Among these studies, the surveys, which were
reported that supplement of selenium increased the risk of T2D,
were mostly obtained from the United States and other areas of
the world in which the soils contain high selenium.18 However,
in most parts of the world, soils are decient in selenium.1,2

Therefore, it is of great signicance to moderately supply sele-
nium for the prevention and treatment of T2D in these regions.

Studies have demonstrated that selenium could regulate
insulin-mediated metabolism and exert insulin-like effect, and
thus decrease the level of blood glucose.19–23 The mechanisms
by which selenium reduces the risk of T2D were investigated
from the relationship between selenoproteins and glucose
metabolism. Selenoprotein M (SelM) was demonstrated to
regulate the calcium signaling and prevent the oxidative stress
in the islets cells.24 SelM deciency in mice leads to adult-onset
body to gain weight and increase adiposity, suggesting SelM has
an important role in obesity.25 It has been shown that, in T2D
This journal is © The Royal Society of Chemistry 2017
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patients, selenoprotein S (SelS) mRNA expression in subcuta-
neous adipose tissue is increased aer insulin infusion,
whereas no effect was seen in nondiabetic subjects.26 In addi-
tion, it was demonstrated that, in isolated human adipocytes,
SelS expression is also up-regulated aer insulin stimulation,
which supports a role for SelS in the development of metabolic
disease, especially in the context of insulin resistance.27 Sele-
noprotein T (SelT) was found to be up-regulated by pituitary
adenylate cyclase-activating polypeptide (PACAP) in b-pancre-
atic cells, and it potentiated insulin secretion, which suggested
that SelT may take part in glucose homeostasis.28 Conditional
knockout of SelT in islet b cells leads to defective insulin
secretion, suggesting SelT is vital to the function of b cells.
However, the physiological functions of SelK in the secretion of
insulin and the prevention of T2D are still unclear.

The increase of Ca2+ level in the cytoplasm can trigger
insulin secretion from the b cells.29–33 Insulin release and
glucose homeostasis are closely associated with the subtle
changes in calcium dynamics.34 Although the changes in
calcium homeostasis play an important role in insulin secretion
and insulin resistance, little is known about the relationship
between the secretion of insulin and selenoproteins which can
affect the intracellular Ca2+ level. In our previous studies, it was
shown that selenoprotein SelK in Drosophila S2 cells and human
gastric cancer BGC 823 cells could increase the expression of
inositol trisphosphate receptor (IP3R) on the ER, which
increased the level of intracellular free calcium by promoting
the release of Ca2+ from ER to cytosol.35,36 And this effect has
been veried by others.37,38 Further studies revealed that the
stable expression of IP3R needs the palmitoylation of the
protein, which requires the catalysis by an enzyme complex
composed of DHHC6 (letters represent the amino acids aspartic
acid, histidine, and cysteine in the catalytic domain) and sele-
noprotein SelK. The DHHC6/Selk interactions in the ER
membrane depended on Src-homology 3 (SH3)/SH3 binding
domain interactions of the two proteins. Therefore, an original
DHHC6/SelK enzyme complex is vital for the regulation of
stable expression level of IP3R.39

Thus, we consider that SelK may play an important role in
the process which trace element selenium promotes islet b cells
to secrete insulin. In this paper, the inuence of the over-
expression/knockdown of mSelK on the insulin secretion from
MIN6 b cells was studied. And the mechanism of the above
inuence was explored by analyzing the variation of cytosolic
Ca2+ level and IP3R expression in the cells aer the over-
expression/knockdown of mSelK. Moreover, the effect of sele-
nium supplement (sodium selenite, Na2SeO3) on the expression
of mSelK and the release of insulin was also investigated.

2 Materials and methods
2.1 b cells culture

The mouse MIN6 b cell line was a kind gi from Dr Qiu-Yu
Wang (Liaoning University, Liaoning, China). The cells were
cultured in Dulbecco's modied Eagle's medium (DMEM,
Hyclone, Logan, UT, USA) containing 10% fetal bovine serum
(FBS, Gibco, GrandIsland, NY, USA), penicillin (100 U mL�1),
This journal is © The Royal Society of Chemistry 2017
streptomycin (100 mg mL�1), 0.5% b-mercaptoethanol, and
10 mM L-glutamine at 37 �C in a fully humidied incubator with
5% CO2.

2.2 Adenovirus vectors and adenovirus infection

An adenovirus vector, Ad-mSelK, was used to over-express
mSelK gene in the MIN6 b cells. mSelK over-expression
adenovirus vector (Ad-mSelK) and blank adenovirus vector
(Ad) were constructed by HanBio Technology (Shanghai,
China). MIN6 b cells were seeded at 2 � 104 cells per well in 96-
well plates, or 1� 106 cells per well in 6-well plates for 24 h, and
then treated with the above adenovirus vectors for 24 h. The
medium was then transferred to fresh medium without
adenovirus vectors. Aer incubated for 24 h, the infected b cells
were used for further experiments.

2.3 Lentivirus vectors and lentivirus infection

A lentivirus vector, LV-mSelK-RNAi, was used to knockdown the
expression of mSelK gene in the MIN6 b cells. mSelK knock-
down lentivirus vector (LV-mSelK-RNAi) and blank lentivirus
vector (LV) were constructed by GeneChem Company
(Shanghai, China). MIN6 b cells were seeded at 1 � 104 cells per
well in 96-well plates, or 5� 105 cells per well in 6-well plates for
24 h, and then treated with the above lentivirus vectors for 24 h.
The medium was then transferred to fresh medium without
lentivirus vectors. Aer incubated for 48 h, the infected b cells
were used for further experiments.

2.4 Cell viability assay by MTT

The cell viability was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Gibco) assay. MIN6 b cells treated with Na2SeO3 (0.1–300 mM)
for 24 h were used to detect the cell viability. MIN6 b cells were
transfected with 2.5–20 multiplicity of infection (MOI) of the
above vectors, and the cell viability was then evaluated by MTT
assay. Briey, the medium was removed and the cells were
incubated with 0.25 mg mL�1 MTT for 4 h at 37 �C. The for-
mazan crystals were dissolved in dimethyl sulfoxide (DMSO),
and the absorbance was measured at 490 nm by a microplate
reader (TECAN, Switzerland). Cell viability was expressed as the
percentage values taking the non-infection control group (Con)
as 100%.

2.5 Western blot analysis

MIN6 b cells transfected with the above vectors (15 MOI) were
harvested to detect the expression of mSelK, GPx1, and IP3R3
proteins by western blot assay. MIN6 b cells treated with
Na2SeO3 (1–100 mM) or glucose (2.5–25 mM) for 24 h were also
used to test the expression of mSelK protein by western blot
assay. Briey, mouse MIN6 b cells were lysed in ice-cold radio
immunoprecipitation assay (RIPA) lysis buffer (Beyotime,
Shanghai, China) supplemented with protease inhibitors (1 mM
phenylmethyl-sulfonyluoride, 1 mg mL�1 pepstatin, 1 mg mL�1

leupeptin, and 1 mg mL�1 aprotinin) for 1 h at 4 �C. And total
proteins in the supernatant uids were collected. Then proteins
RSC Adv., 2017, 7, 35038–35047 | 35039
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were boiled in loading buffer and separated on SDS-PAGE gels,
followed by being transferred onto polyvinylidene uoride
membrane (PVDF, Millipore, Bedford, MA). Aer blocking,
blots were incubated with primary antibodies against mouse
mSelK (Sigma-Aldrich, St. Louis, MO, USA), GPx1 (Abcam,
Cambridge, MA), IP3R3 (Santa Cruz, CA, USA), or mouse b-actin
(Abcam), followed by being incubated with anti-rabbit (Sigma)
or anti-goat (Santa Cruz) secondary antibodies. The membranes
were processed with the enhanced chemiluminescence (ECL)
reagents (Tanon, Shanghai, China) and visualized with a Tanon
5200 Multi Chemiluminescent System (Tanon).

2.6 ELISA assay

The enzyme-linked immunosorbent assay (ELISA) kit for mouse
insulin was from Lvye Biotechnology (Jiangshu, China). ELISA
was performed according to manufacturer's instructions. Aer
the preparation of reagents, the diluted supernatant uids of
infected b cells and non infected standard samples were added
to the ELISA plate at 37 �C. Aer incubated for 30 min, the plate
was washed and added standard enzyme reagent for 30 min at
37 �C. The plate was washed again and incubated in colored
solution for 30 min. Aer the addition of the stop solution, the
absorbance was tested by the microplate reader.

2.7 Measurement of cytosolic free Ca2+ level by ow
cytometry

MIN6 b cells transfected with the above vectors (15 MOI) were
harvested to detect the cytosolic Ca2+ level by loading the cells
with Fluo-3/AM followed by ow cytometry analysis. The Fluo-3-
Ca2+ complex were able to give an increased green uorescence
with the excitation. Specic method was as follows: treated cells
were digested using 0.25% trypsin, harvested by centrifugation,
and washed thrice with ice-cold phosphate-buffered saline
(PBS). Then the cells were re-suspended with 300 mL DMEM
medium without serum and antibiotic, subsequently, hatched
with 5 mM Fluo-3/AM for 30 min at 37 �C. Aer that, they were
washed twice with PBS, re-suspended with 300 mL of PBS, and
immediately analyzed by a FACScan ow cytometer (Becton-
Dickinson, San Jose, CA, USA).

2.8 Real-time polymerase chain reaction (PCR) assay

MIN6 b cells transfected with the above vectors (15 MOI) were
harvested to detect the mRNA expression of IP3 receptor type 1,
2, or 3 (IP3R1, IP3R2, or IP3R3) by real-time PCR. MIN6 b cells
treated with Na2SeO3 (10 mM) for 24 h were also used to detect
the mRNA expression of mSelK by real-time PCR assay. Briey,
total RNA was extracted from MIN6 b cells in TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to manufacturer's
instructions. Total RNA (1 mg) was reverse transcribed into
complementary DNA (cDNA) in reaction volumes of 20 mL using
a PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa,
Japan). The cDNA was then analyzed by real-time PCR. Real-
time PCR amplication was performed on a 7500 Fast Real-
Time PCR System (Applied Biosystems). Expression of genes
was quantied by real-time PCR using a SYBR Premix Ex
TaqTMII (TaKaRa) and 0.1 mg of cDNA in each reaction. The
35040 | RSC Adv., 2017, 7, 35038–35047
following primers were used for amplication: mSelK forward,
50-AAA AGA AAG AGG CTA CGG G-30; mSelK reverse, 50-TTA CCT
TCC TCA TCC ACC-30; actin forward, 50-TTC CTT CTT GGG TAT
GGA AT-30; actin reverse, 50-GAG CAA TGA TCT TGA TCT TC-30;
IP3R1 forward, 50-AAG CGG ATG GAC CTG GTG TTA GAA CTG-
30; IP3R1 reverse, 50-AAT TTG TGC TGT GTG CTT CGC GTA GAA
CT-30; IP3R2 forward, 50-CTG TTC TTC TTC ATC GTC ATC ATC
ATC G-30; IP3R2 reverse, 50-GAA ACC AGT CCA AAT TCT TCT
CCG TGA-30; IP3R3 forward, 50-CTT CTT TAT CGT CAT CAT CAT
CGT GTT G-30; IP3R3 reverse, 50-AGG TTC TTG TTC TTG ATC
ATC TGA GCC A-30. For data analysis, the raw threshold cycle
value of each sample was rst normalized to that of actin. Thus,
we calculated DCt for each sample and then the normalized DCt.
Ratio ¼ 2�DDCt
2.9 Statistical analysis

SPSS 19.0 soware was used to compare means by the Student's
t-test between two groups or by one-way ANOVA among three or
more groups. Data were represented as the means � SEM of
three experiments.
3 Results and discussion
3.1 Effect of mSelK on the insulin secretion from MIN6
b cells

Selenium has insulin-like effect.5–8 Most functions of selenium
are implemented through selenoproteins. The inuences of
selenoproteins on the occurrence and development of T2D have
been studied previously.22–28 However, the inuence of seleno-
protein SelK on T2D risk or insulin secretion has not been
elucidated. In this study, the effect of SelK on insulin secretion
in b cells line was reported for the rst time.

In order to eliminate the inuence of the transfection of
different vectors on the cell viability, the effect of various vectors
on the viability of MIN6 b cells was rst detected by MTT
method (Fig. 1A and B). Aer being transfected with above
adenovirus vectors for 48 h or being transfected with above
lentivirus vectors for 72 h in the concentration of 2.5–20 MOI,
the viability of MIN6 b cells had no signicant change
compared to the blank control group (Con). This suggested that
the over-expression or knockdown of mSelK did not affect the
viability of the b cells.

The inuence of the transfection of Ad vector (blank
adenovirus vector), Ad-mSelK vector (mSelK over-expression
adenovirus vector), LV vector (blank lentivirus vector), and LV-
mSelK-RNAi vector (mSelK knockdown lentivirus vector) on
the expression of mSelK protein in the b cells was detected by
western blot assay (Fig. 1C and D). The results indicated that the
expression of mSelK protein was increased in the b cells
transfected with Ad-mSelK vector (Fig. 1C), while the expression
of mSelK was decreased by the transfection of LV-mSelK-RNAi
vector compared to the blank control group (Fig. 1D). More-
over, the blank adenovirus vector (Ad) and blank lentivirus
vector (LV) did not show signicant inuence on the mSelK
protein (Fig. 1C and D). These results conrmed the efficiency
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effect of mSelK on the insulin secretion from MIN6 b cells. (A and B) Viability of b cells transfected with the blank adenovirus vector (Ad),
mSelK over-expression adenovirus vector (Ad-mSelK), blank lentivirus vector (LV), mSelK knockdown lentivirus vector (LV-mSelK-RNAi), or non-
transfected cells (Con) was tested by MTT assay. (C and D) The expression of mSelK and b-actin protein in MIN6 b cells transfected with Ad, Ad-
mSelK, LV, LV-mSelK-RNAi, or non-transfected cells (Con) was analyzed by western blot. (E and F) Insulin release level of MIN6 b cells transfected
with with Ad, Ad-mSelK, LV, LV-mSelK-RNAi, or non-transfected cells (Con) was analyzed by ELISA. *P < 0.05, **P < 0.01, ***P < 0.001 as
compared with the Con group.
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of over-expression/knockdown of mSelK gene by transfecting
cells with Ad-mSelK/LV-mSelK-RNAi vectors.

The inuence of the over-expression/knockdown of mSelK on
the release of insulin from the MIN6 b cells was then tested by
ELISA experiment. And it was shown that the level of insulin
released from MIN6 b cells transfected with Ad-mSelK vector was
signicantly elevated compared to the control group (Con) in
a MOI-dependent manner (Fig. 1E). In contrast, insulin level
released from the b cells transfected with LV-mSelK-RNAi was
declined signicantly, and also in a MOI-dependent manner
(Fig. 1F). The Ad and LV groups did not show signicant variation
(Fig. 1E and F). These data strongly suggested that the release of
insulin is closely related to the expression ofmSelK inMIN6 b cells.

Since the increased insulin level in islet b cells was asso-
ciated with the elevated level of selenoprotein GPx1, an
This journal is © The Royal Society of Chemistry 2017
antioxidant enzyme existed in cytosol,12,40–42 the inuence of
the over-expression/knockdown of mSelK on the expression
of GPx1 in the MIN6 b cells was investigated. The result
showed that the expression of GPx1 was not altered in the
transfected cells, indicating that over-expression/knockdown
of mSelK did not affect the GPx1 in the MIN6 b cells (data not
shown).

3.2 Effect of mSelK on the intracellular free Ca2+ level in
MIN6 b cells

Glucose and other nutrients promote islet b cells to release
insulin by increasing intracellular ATP/ADP ratio, resulting in
the closure of the KATP channel, cell membrane depolarization,
and calcium inux. The increase of Ca2+ level in the cytoplasm
can trigger insulin secretion.29–33 In our previous studies, it is
RSC Adv., 2017, 7, 35038–35047 | 35041
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shown that selenoprotein SelK in Drosophila S2 cells and
human gastric cancer BGC 823 cells can increase the level of
cytosolic free Ca2+ by promoting the release of Ca2+ from the
ER to cytosol.35,36 In order to illustrate the inherent mechanism
of the increased insulin secretion, the inuence of the over-
expression and knockdown of mSelK on the cytosolic free
Ca2+ level in MIN6 b cells was also investigated. It was shown
by ow cytometry that cytosolic free Ca2+ level was elevated by
the over-expression of mSelK and declined by the knockdown
of mSelK in MIN6 b cells compared to the control group (Con)
(Fig. 2A and B), just like the results in Drosophila S2 cell line
and human gastric cancer BGC 823 cell line by our group35,36

and in T cells, neutrophils, and macrophages by Verma et al.37

And it was shown that aer the over-expression/knockdown of
mSelK, the intracellular free Ca2+ level was increased/
decreased to 149%/70% compared to the blank control
group (taking blank control group as 100%), which suggested
that the variation of free Ca2+ level in MIN6 b cells by the over-
expression/knockdown of mSelK was similar to that of the
release of insulin.
Fig. 2 Effect of mSelK on the intracellular free Ca2+ level in MIN6 b cells
mSelK, or non-transfected cells (Con). (B) The cytosolic free Ca2+ level
cells (Con). The intracellular free Ca2+ levels were detected by flow cytom
as compared with the Con group.

35042 | RSC Adv., 2017, 7, 35038–35047
3.3 Effect of mSelK on the IP3R expression level in MIN6
b cells

The basic molecular function of SelK is increasing the stable
expression of IP3R by catalyzing the palmitoylation of IP3R.38

The increased expression of IP3R by the SelK up-regulation
stimulates the release of Ca2+ from the ER calcium store to
the cytosol of the cells.35,36 IP3R is a ligand-gated ion channel
protein presented on ER and nuclear envelope, which was
originally identied in mouse pancreas cells. IP3R is classied
in ve types, among which IP3R types 1, 2, and 3 (IP3R1, IP3R2,
and IP3R3) are expressed in islet b cells and IP3R3 is the most
abundant in this gland.33

In this study, the effect of mSelK on the mRNA transcription
of IP3R1, IP3R2, or IP3R3 in MIN6 b cells was investigated by
real-time PCR. As shown in Fig. 3A–C, in mSelK knockdown
cells, the mRNA expression of IP3R1 and IP3R2 had no signif-
icant change, while the mRNA level of IP3R3 decreased signif-
icantly. On the other hand, as shown in Fig. 3D–F, the mRNA
expression of IP3R1 and IP3R2 in mSelK over-expressed cells
also had no signicant change, while the IP3R3 mRNA level was
. (A) The cytosolic free Ca2+ level in the b cells transfected with Ad, Ad-
in the b cells transfected with LV, LV-mSelK-RNAi, or non-transfected
etry after the cells were loaded with Fluo-3/AM. *P < 0.05, ***P < 0.001

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of mSelK on the IP3R expression level in MIN6 b cells. Transcript levels of IP3R1 (A), IP3R2 (B), and IP3R3 (C) in MIN6 b cells
transfected with LV, LV-mSelK-RNAi, or non-transfected cells (Con) were assessed by real-time PCR. Transcript levels of IP3R1 (D), IP3R2 (E), and
IP3R3 (F) in MIN6 b cells transfected with Ad, Ad-mSelK, or non-transfected cells (Con) was assessed by real-time PCR. **P < 0.01, ***P < 0.001.
(G) The expression of IP3R3 and b-actin protein in MIN6 b cells transfected with Ad, Ad-mSelK, or non-transfected cells (Con) was analyzed by
western blot.
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increased signicantly. Since only the transcript level of IP3R3
was signicantly inuenced by the over-expression/knockdown of
mSelK, the expression level of IP3R3 protein was detected by
western blot, and it was shown that the expression of IP3R3
protein was also signicantly increased in mSelK over-expressed
MIN6 b cells (Fig. 3G). SelK has been demonstrated to increase
the expression of IP3R in macrophage, BGC823, and other
mammalian cells.35,36,43 This is the rst report for the potent
enhancement effect of mSelK on the expression of IP3R3 in the
b cells. These data strongly suggest that the expression of mSelK
up-regulates IP3R3 mRNA transcription followed by increasing
IP3R3 protein production in MIN6 b cells. Thus, our results pre-
sented here indicated that mSelKmay acts to enhance the insulin
secretion from MIN6 b cells by increasing the cytosolic free Ca2+

level resulted from the up-regulated IP3R3 expression. The stable
expression of IP3R needs the palmitoylation of the protein, which
requires the catalysis of an enzyme complex composed of DHHC6
and SelK on the ER membrane.39 Therefore, an original DHHC6/
SelK enzyme complex is vital for the regulation of stable expres-
sion level of the IP3R. Further studies are required in order to
understand whether mSelK acts to regulate the IP3R3 expression
by the palmitoylation of the protein in MIN6 b cells.
This journal is © The Royal Society of Chemistry 2017
3.4 Effect of trace element selenium on the expression of
mSelK and the release of insulin

Studies have demonstrated that trace element selenium has
insulin-like effect, and moderate selenium supplements can
reduce the T2D risk.5,19,20 Although the increased expression of
SelK by selenium supplements has been studied in hep-
atocarcinoma cell,44 lung cancer cells, prostate cancer cells,
colon cancer cells,45 and muscle cells,46 the inuence of sele-
nium supplements on the expression of SelK in islet b cells has
not been studied. In this study, aer treatment of mouse MIN6
b cells with different concentrations of Na2SeO3 in vitro for 24 h,
the expression of mSelK was assessed by real-time PCR and
western blot, and the release level of insulin was measured by
ELISA.

According to the result of cytotoxicity test, treatment of MIN6
b cells with Na2SeO3 (0.1–10 mM) did not affect the cell viability.
The toxicity was found when the cells were treated with Na2SeO3

at the concentration of 30–300 mM (Fig. 4A).
The result of real-time PCR analysis showed that the mSelK

mRNA expression is increased in the presence of Na2SeO3 (10
mM). The relative mSelK mRNA expression efficiency of Na2SeO3

treated group was 226 � 8% (Fig. 4C). Further studies by
RSC Adv., 2017, 7, 35038–35047 | 35043
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Fig. 4 Effect of trace element selenium on the expression of mSelK and the release of insulin. (A) Viability of MIN6 b cells treated with Na2SeO3

(0.1–300 mM) for 24 h was tested by MTT assay. (B) Insulin release level of MIN6 b cells treated with Na2SeO3 (1–10 mM) for 24 h was analyzed by
ELISA. (C) Transcript level of mSelK in MIN6 b cells treated with Na2SeO3 (10 mM) for 24 h was assessed by real-time PCR. (D) The expression of
mSelK and b-actin protein in MIN6 b cells treated with Na2SeO3 (1–100 mM) for 24 h was assayed by western blot. *P < 0.05, **P < 0.01, ***P <
0.001 as compared with the Con group.

Fig. 5 Effect of glucose on the expression of mSelK in MIN6 b cells.
Expression of mSelK and b-actin protein in MIN6 b cells treated with
glucose (2.5–25 mM) for 24 h was assayed by western blot.
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western blot showed that the levels of mSelK protein in MIN6
b cells was markedly up-regulated aer Na2SeO3 (1–100 mM)
treatment for 24 h. The effects of Na2SeO3 on the expression of
SelK in human hepatoma cell lines (HepG2, Huh7 and HCC)
had been assessed previously in vitro, and the results showed
that the increase observed for the SelK expression is correlated
with the increase of Na2SeO3.47,48 The results obtained here in
MIN6 b cells are consistent with those reports.47,48 Moreover,
when the cells were treated with excess amounts of Na2SeO3 (30
and 100 mM), the mSelK expression levels were decreased
obviously compared to the Na2SeO3 (1–10 mM) groups (Fig. 4D).
One of the reasons for this phenomenon could be that excessive
Na2SeO3 (30 and 100 mM) might induce oxidative stress and
lesions of ER membrane, resulting in declined mSelK expres-
sion on the ER of cells.

As shown in Fig. 4B, Na2SeO3 (1, 3, and 10 mM) could
signicantly increase the insulin release level in a concentra-
tion-dependent manner, which was consistent with the
previous report.49

These data indicated that Na2SeO3 could increase the
expression of mSelK and the release of insulin in MIN6 b cells.
Our results revealed that mSelK may be an important seleno-
protein for trace element selenium exerting their potential roles
in the prevention and treatment of T2D by triggering the insulin
secretion from islet b cells.
35044 | RSC Adv., 2017, 7, 35038–35047
3.5 Effect of glucose on the expression of mSelK in MIN6
b cells

It is well known that the insulin secretion from islet b cells can
be increased by glucose supply.50,51 Glucose administration
revealed that SelT-knockout mice display impaired glucose
tolerance, which showed that SelT is involved in the control of
glucose homeostasis.28 SePP levels were decreased in isolated
murine islets cultured in high-glucose medium, which might
contribute to glucotoxicity in islets b cells.52 Moreover, serum
SelS levels have been demonstrated to be negatively correlated
with fasting plasma glucose.53 However, the effect of glucose on
the expression of SelK is still unclear.

In order to test the effect of glucose on mSelK expression in
the b cells, mouse MIN6 b cells were treated with low glucose (2.8
mM), normal glucose (5.6 mM, the glucose concentration in the
DMEM medium applied for MIN6 cell culture), or high glucose
This journal is © The Royal Society of Chemistry 2017
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(12.8 and 25 mM) for 24 h, and the expression of mSelK protein
was assessed by western blot. The result showed that mSelK
expression is obviously increased by glucose supply (Fig. 5). This
suggested that, in MIN6 b cells, mSelK expression and insulin
release might have a close association. mSelK may act as a regu-
lator in the process of glucose regulating insulin secretion from
MIN6 b cells. Further studies are required to clarify the role of
mSelK in the prevention and/or treatment of diabetes.
4 Conclusion

In summary, our data indicate a novel role of SelK in insulin
secretion of MIN6 b cells. It is demonstrated that mSelK acts to
enhance the secretion of insulin from MIN6 b cells by
increasing the cytosolic free Ca2+ level resulted from the up-
regulated IP3R3 expression, and mSelK plays a vital role in
the process of trace element selenium promoting the insulin
secretion. These results suggest that mSelK may be an impor-
tant selenoprotein for selenium exerting their functions in the
prevention and/or treatment of T2D by enhancing the insulin
secretion from islet b cells.
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O. Zehtab, R. Guigó and V. N. Gladyshev, Characterization of
mammalian selenoproteomes, Science, 2003, 300, 1439–
1443.

4 R. Pillai, J. H. Uyehara-Lock and F. P. Bellinger, Selenium
and selenoprotein function in brain disorders, IUBMB Life,
2014, 66, 229–239.

5 O. Bozkurt, S. Haman Bayari, M. Severcan, C. Kra, J. Popp
and F. Severcan, Structural alterations in rat liver proteins
due to streptozotocin-induced diabetes and the recovery
effect of selenium: Fourier transform infrared
microspectroscopy and neural network study, J. Biomed.
Opt., 2012, 17, 076023.
This journal is © The Royal Society of Chemistry 2017
6 X. Q. Sheng, K. X. Huang and H. B. Xu, New experimental
observation on the relationship of selenium and diabetes
mellitus, Biol. Trace Elem. Res., 2004, 99, 241–253.

7 S. Roy, S. K. Dontamalla, A. K. Mondru, S. Sannigrahi and
P. R. Veerareddy, Downregulation of apoptosis and
modulation of TGF-b1 by sodium selenate prevents
streptozotocin-induced diabetic rat renal impairment, Biol.
Trace Elem. Res., 2011, 139, 55–71.

8 J. Zhou, K. Huang and X. G. Lei, Selenium and diabetes–
evidence from animal studies, Free Radical Biol. Med.,
2013, 65, 1548–1556.

9 P. Faure, O. Ramon, A. Favier and S. Halimi, Selenium
supplementation decreases nuclear factor-kappa B activity
in peripheral blood mononuclear cells from type 2 diabetic
patients, Eur. J. Clin. Invest., 2004, 34, 475–481.

10 S. S. Pillai, J. K. Sugathan and M. Indira, Selenium
downregulates RAGE and NFkB expression in diabetic rats,
Biol. Trace Elem. Res., 2012, 149, 71–77.

11 G. M. Barakat, M. E. Moustafa and A. B. Bikhazi, Effects of
selenium and exendin-4 on glucagon-like peptide-1
receptor, IRS-1, and Raf-1 in the liver of diabetic rats,
Biochem. Genet., 2012, 50, 922–935.

12 J. P. McClung, C. A. Roneker, W. Mu, D. J. Lisk, P. Langlais,
F. Liu and X. G. Lei, Development of insulin resistance and
obesity in mice overexpressing cellular glutathione
peroxidase, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 8852–
8857.

13 X. Chen, T. O. Scholl, M. J. Leskiw, M. R. Donaldson and
T. P. Stein, Association of glutathione peroxidase activity
with insulin resistance and dietary fat intake during
normal pregnancy, J. Clin. Endocrinol. Metab., 2003, 88,
5963–5968.

14 H. Steinbrenner, B. Speckmann, A. Pinto and H. Sies, High
selenium intake and increased diabetes risk: experimental
evidence for interplay between selenium and carbohydrate
metabolism, J. Clin. Biochem. Nutr., 2011, 48, 40–45.

15 L. Schomburg and J. Köhrle, On the importance of selenium
and iodine metabolism for thyroid hormone biosynthesis
and human health, Mol. Nutr. Food Res., 2008, 52, 1235–
1246.

16 H. Misu, T. Takamura, H. Takayama, H. Hayashi,
N. Matsuzawa-Nagata, S. Kurita, K. Ishikura, H. Ando,
Y. Takeshita, T. Ota, M. Sakurai, T. Yamashita,
E. Mizukoshi, T. Yamashita, M. Honda, K. Miyamoto,
T. Kubota, N. Kubota, T. Kadowaki, H. J. Kim, I. K. Lee,
Y. Minokoshi, Y. Saito, K. Takahashi, Y. Yamada,
N. Takakura and S. Kaneko, A liver-derived secretory
protein, selenoprotein P, causes insulin resistance, Cell
Metab., 2010, 12, 483–495.

17 S. J. Yang, S. Y. Hwang, H. Y. Choi, H. J. Yoo, J. A. Seo,
S. G. Kim, N. H. Kim, S. H. Baik, D. S. Choi and
K. M. Choi, Serum selenoprotein P levels in patients with
type 2 diabetes and prediabetes: implications for insulin
resistance, inammation, and atherosclerosis, J. Clin.
Endocrinol. Metab., 2011, 96, E1325–E1329.

18 S. Stranges, J. R. Marshall, R. Natarajan, R. P. Donahue,
M. Trevisan, G. F. Combs, F. P. Cappuccio, A. Ceriello and
RSC Adv., 2017, 7, 35038–35047 | 35045

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05379g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

3:
44

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
M. E. Reid, Effects of long-term selenium supplementation
on the incidence of type 2 diabetes: a randomized trial,
Ann. Intern. Med., 2007, 147, 217–223.

19 D. Hwang, S. Seo, Y. Kim, C. Kim, S. Shim, S. Jee, S. Lee,
M. Jang, M. Kim, S. Yim, S. K. Lee, B. Kang, I. Jang and
J. Cho, 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, J. Biosci., 2007,
32, 723–735.

20 Y. J. Hei, S. Farahbakhshian, X. Chen, M. L. Battell and
J. H. McNeill, Stimulation of MAP kinase and S6 kinase by
vanadium and selenium in rat adipocytes, Mol. Cell.
Biochem., 1998, 178, 367–375.

21 A. Pinto, B. Speckmann, M. Heisler, H. Sies and
H. Steinbrenner, Delaying of insulin signal transduction in
skeletal muscle cells by selenium compounds, J. Inorg.
Biochem., 2011, 105, 812–820.

22 A. Pinto, D. T. Juniper, M. Sanil, L. Morgan, L. Clark, H. Sies,
M. P. Rayman and H. Steinbrenner, Supranutritional
selenium induces alterations in molecular targets related
to energy metabolism in skeletal muscle and visceral
adipose tissue of pigs, J. Inorg. Biochem., 2012, 114, 47–54.

23 S. S. Kim, J. H. Koo, I. S. Kwon, Y. S. Oh, S. J. Lee, E. J. Kim,
W. K. Kim, J. Lee and J. Y. Cho, Exercise training and
selenium or a combined treatment ameliorates aberrant
expression of glucose and lactate metabolic proteins in
skeletal muscle in a rodent model of diabetes, Nutr. Res.
Pract., 2011, 5, 205–213.

24 L. Ozcan, A. S. Ergin, A. Lu, J. Chung, S. Sarkar, D. Nie,
M. G. Myers Jr and U. Ozcan, Endoplasmic reticulum
stress plays a central role in development of leptin
resistance, Cell Metab., 2009, 9, 35–51.

25 M. A. Reeves, F. P. Bellinger and M. J. Berry, The
neuroprotective functions of selenoprotein M and its role
in cytosolic calcium regulation, Antioxid. Redox Signaling,
2010, 12, 809–818.

26 H. K. Karlsson, H. Tsuchida, S. Lake, H. A. Koistinen and
A. Krook, Relationship between serum amyloid A level and
Tanis/SelS mRNA expression in skeletal muscle and
adipose tissue from healthy and type 2 diabetic subjects,
Diabetes, 2004, 53, 1424–1428.

27 M. Olsson, B. Olsson, P. Jacobson, D. S. Thelle, J. Björkegren,
A. Walley, P. Froguel, L. M. Carlsson and K. Sjöholm,
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