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Selenoprotein P-neutralizing antibodies improve
insulin secretion and glucose sensitivity in type 2
diabetes mouse models
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Takahiro Nagamura1, Yuki Kuzuhara3, Kumi Inagaki1, Miki Iwasaki1, Hirofumi Misu4, Masaya Ikegawa3,

Toshinari Takamura4, Noriko Noguchi1 & Yoshiro Saito 1

Selenoprotein P (SeP) functions as a selenium (Se)-supply protein. SeP is identified as a

hepatokine, promoting insulin resistance in type 2 diabetes. Thus, the suppression of Se-

supply activity of SeP might improve glucose metabolism. Here, we develop an anti-human

SeP monoclonal antibody AE2 as with neutralizing activity against SeP. Administration of AE2

to mice significantly improves glucose intolerance and insulin resistance that are induced by

human SeP administration. Furthermore, excess SeP administration significantly decreases

pancreas insulin levels and high glucose-induced insulin secretion, which are improved by

AE2 administration. Epitope mapping reveals that AE2 recognizes a region of human SeP

adjacent to the first histidine-rich region (FHR). A polyclonal antibody against the mouse SeP

FHR improves glucose intolerance and insulin secretion in a mouse model of diabetes. This

report describes a novel molecular strategy for the development of type 2 diabetes ther-

apeutics targeting SeP.
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Selenoprotein P (SeP; encoded by SELENOP) is a heavily
glycosylated extracellular protein produced mainly by the
liver1, 2. SeP contains the essential trace element selenium

(Se) as selenocysteine (Sec), which is encoded by UGA, formerly
known as a stop codon in mRNA3, 4. Sec-containing proteins are
termed selenoproteins, and the 'P' in SeP denotes its presence in
plasma. SeP functions as an Se transporter to deliver Se from the
liver to other tissues, playing an essential in vivo role to maintain
appropriate Se levels in tissues5–7. Lipoprotein receptors such as

apolipoprotein E receptor-2 (ApoER2) and megalin have been
identified as receptors for SeP8, 9. Very recently, we have reported
low-density lipoprotein (LDL) receptor-related protein 1 (LRP1)
as a novel receptor for SeP10. SeP is considered to bind to cell
surface receptor proteins and then to supply Se via endocytosis.
Se is necessary for the synthesis of antioxidative selenoproteins,
such as glutathione peroxidases (GPxs) and thioredoxin reduc-
tases (TrxRs)4. Thus, SeP plays an important role in the cellular
antioxidative system via the maintenance of these selenoproteins.
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Fig. 1 Identification of antibodies inhibiting the binding and selenium supply of SeP. a Inhibitory effects of monoclonal antibodies on the interaction between
undifferentiated C2C12 cells and human SeP. C2C12 cells were incubated with purified human SeP (hSeP) protein (0.5 µg/mL) in the absence (left panel)
or the presence (right panel) of each mAb (10 µg/mL) at 4 °C, and then SeP binding was analysed (n= 3, means± s.d.). ***P< 0.001, Student's t-test (left
panel), *P< 0.05, vs. control IgG, Tukey-ANOVA (right panel). b Schematic representation of limited proteolysis of human SeP by plasma kallikrein. The
sequential limited proteolysis of full-length-hSeP (FL-hSeP) by plasma kallikrein (R235-Q236 and R242-D243) resulted in the generation of N-terminal
(hSeP-NF) and C-terminal fragments (hSeP-CF). c Immunoreactivity of each mAb against hSeP-NF and hSeP-CF was determined by direct ELISA (n= 3,
means± s.d.). Relative binding, hSeP-NF immunoreactivity/FL-hSeP immunoreactivity and hSeP-CF immunoreactivity/FL-hSeP immunoreactivity, is shown.
d Differentiated C2C12 myocytes were treated with each concentration of sodium selenite (Se) and hSeP for 24 h, as described in the Methods, and then
whole-cell lysates were analysed by western blotting with anti-hSeP Ab BD1, anti-GPx1 Ab and anti-TrxR1 Ab KB12. e Effects of monoclonal antibodies for
Se-supply activity of human SeP in C2C12 myocytes. C2C12 myocytes were treated with hSeP (0.5 µg/mL) in the presence of each mAb (10 µg/mL) for 24
h. Human SeP and GPx1 levels in whole-cell lysates were determined by western blotting (n= 3, means± s.d.). The band intensity of hSeP was only
evaluated in hSeP-treated cells. **P< 0.01, *P< 0.05, vs. control IgG of hSeP-treated cells, Tukey-ANOVA
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Furthermore, SeP possesses multifunctional properties such as
GPx-like enzyme activity, peroxynitrite scavenging and metal
binding activity11–13. SeP is composed of two domains: one
possesses GPx-like enzyme activity containing one Sec residue in
the N-terminal region and the other functions as an Se supplier
containing nine Sec residues in the C-terminal region14. These
domains are connected by a bridge containing two regions that
are rich in histidine, which has the typical heparin-binding motif
XBBXB (B is a basic amino acid)3, 15.

We have previously found that SeP serves as a hepatokine, a
liver-derived secretory protein, causing glucose intolerance and
insulin resistance in type 2 diabetes16. SeP is up-regulated in the
liver of type 2 diabetes patients and in rodent models of the
disease, such as KKAy mice and mice fed a high-fat, high-sucrose
diet (HFHSD)16. Injection of human SeP corresponding with an
incremental change of SeP serum levels found in patients with
type 2 diabetes significantly induces glucose intolerance and
insulin resistance in treated mice16. High levels of SeP impair
insulin signalling and dysregulate glucose metabolism both in
liver and muscle via the inactivation of adenosine
monophosphate-activated protein kinase (AMPK)16. We have
recently reported that deficiency of muscle LRP1 abolishes SeP-
induced suppression of AMPK phosphorylation during exercise
and enhances responsiveness to exercise training in mice10. Taken
together, previous studies suggest that increased SeP is a specific

therapeutic target for type 2 diabetes16–18; however, therapeutic
agents targeting SeP have not yet been developed.

These lines of evidence suggest that inhibition of SeP binding
and Se-supply activity would improve insulin resistance and
glucose metabolism. Based on this hypothesis, we evaluate the
effects of SeP blockade on glucose intolerance using SeP-
neutralizing antibodies (Abs). We show that administration of
SeP-neutralizing Ab could improve insulin secretion and glucose
sensitivity in mouse models of type 2 diabetes. This report
describes a novel molecular strategy for the development of type 2
diabetes therapeutics targeting SeP.

Results
Identification of neutralizing antibody for human SeP. To
develop SeP-neutralizing Ab, we first investigated the cell surface
binding of purified human SeP protein (hSeP) by using cultured
cells. To avoid the effects of endogenous SeP, cells with low levels
of expression of SELENOP were used (Supplementary Fig. 1a). In
preliminary experiments using undifferentiated C2C12 cells,
significant binding of hSeP was detected (Fig. 1a). We next
incubated undifferentiated C2C12 cells with hSeP and each
monoclonal antibody (mAb). We found that mAbs such as AE2
and BD1 significantly inhibited the binding of hSeP to C2C12
cells (Fig. 1a). We also observed significant binding of hSeP and

Muscle
Muscle

PBS

FL
NF

GPx1

3.0

G
P

x1
/G

A
P

D
H

hS
eP

-N
F

/G
A

P
D

H2.5
2.0
1.5
1.0
0.5

1.0
0.8

0.4
0.2
0.0

Control
IgG

AE2 Control
IgG

AE2

* *
0.6

1.2
1.0
0.8

0.4
0.2
0.0

0.6

1.2

0.0

GPx1

GAPDH

kD
50

20

37

*

kD
50

20

37

hSeP (+)

PBS hSeP (+)

Serum Muscle Liver
600

500

90 1600
1400
1200
1000
800
600
400
200

0

80
70
60
50
40
30
20
10
0

400

S
er

um
 S

e 
(n

g/
m

L)

S
e 

(n
g/

g 
tis

su
e)

S
e 

(n
g/

g 
tis

su
e)

300

200

100

0

hSeP (+)

hSeP-NF

Control IgG AE2
hSeP

FL
NF

GPx1

GPx1

G
P

x1
/G

A
P

D
H

GAPDH

hSeP

C
on

tr
ol

Ig
G

C
on

tr
ol

Ig
G

A
E

2

A
E

2

PBS hSeP (+)

C
on

tr
ol

Ig
G

C
on

tr
ol

Ig
G

A
E

2

A
E

2

hSeP (+)

C
on

tr
ol

Ig
G

C
on

tr
ol

Ig
G

A
E

2

A
E

2

PBSPBS hSeP (+)

a b

c

Fig. 2 Effects of AE2 mAb on cellular uptake and Se-supply activity of SeP in vivo. a Following the scheme shown in Supplementary Fig. 4a, C57BL/6 J mice
(female, 9 weeks old) were injected twice with purified hSeP (1 mg/kg intraperitoneally) or vehicle control (PBS intraperitoneally) 12 and 2 h before
sampling. After perfusion with saline, excised skeletal muscle tissues were homogenized and protein samples were analysed by western blotting with anti-
hSeP Ab BD1 and anti-GPx1 Ab (n= 3, means± s.e.m.). b, c AE2 and control rat IgG1 (20mg/kg intraperitoneally) were administered 2 h before the first
injection of hSeP. Two hours after the second injection of hSeP, muscle tissues were homogenized and protein samples were analysed by western blotting
(b, n= 11–13, means± s.e.m.). *P< 0.05, Student's t-test (a, b). Se was assayed in serum and homogenate samples of muscle and liver, as described in the
Methods (c, n= 5–7, means± s.e.m.)
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inhibitory effects of several mAbs in Jurkat cells (Supplementary
Figs. 1b and 1c).

The treatment of full-length hSeP (FL-hSeP) with plasma
kallikrein results in sequence-limited proteolysis (Arg-235–Gln-
236 and Arg-242–Asp-243)14, which generated N-terminal
(hSeP-NF) and C-terminal fragments (hSeP-CF) (Fig. 1b).
Binding-inhibitory Abs such as AE2, BD1, BF2 and DH9 had

immunoreactivity with hSeP-NF, while AA3 had hSeP-CF
(Fig. 1c). DC12 did not show distinct immunoreactivity against
either fragment, suggesting that DC12 only recognizes intact hSeP
(Fig. 1c).

To examine the effects of mAbs on the cellular uptake and
supply of Se by hSeP, we incubated differentiated C2C12
myocytes with various concentrations of hSeP and sodium
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Fig. 3 The SeP-neutralizing Ab improved glucose metabolism impaired by excess SeP. a, b Neutralizing mAb AE2 improved glucose tolerance impaired by
human SeP administration in vivo. After the administration of AE2 and hSeP following the scheme of Supplementary Fig. 4a, glucose (1.5 g/kg) was
administered, and then blood glucose was determined (a, n= 6–8, means± s.e.m.). Open triangle, PBS/control IgG; green square, PBS/AE2; red circle,
hSeP(+)/control IgG; blue circle, hSeP(+)/AE2. **P< 0.01, when compared hSeP(+)/control IgG group with other groups, Tukey-ANOVA. Area under the
curve for blood glucose levels is shown in b (n= 6–8, means± s.e.m.). *P< 0.05, Student's t-test. c–e Neutralizing mAb AE2 improved insulin resistance
impaired by SeP administration in vivo. After the administration of AE2 and hSeP following the scheme shown in Supplementary Fig. 4a, insulin (0.5 U/kg)
was administered, and blood glucose was determined (c, n= 5–8, means± s.e.m.). **P< 0.01, ***P< 0.001, Tukey-ANOVA. Area under the curve for blood
glucose levels is shown in d (n= 5–8, means± s.e.m.). ***P< 0.001, Student's t-test. Effect of AE2 mAb administration on phosphorylation of insulin
receptor (IR) and Akt in skeletal muscle (e). In AE2- and hSeP-treated mice, muscle tissues were excised 15 min after insulin administration (0.5 U/kg),
and analysed by western blotting (n= 5–8, means± s.e.m.). *P< 0.05, Student's t-test. f Blood insulin levels were significantly decreased by human SeP
administration. Blood insulin levels were determined 2 h after second hSeP or PBS administration under feeding conditions (n= 5, means± s.e.m.). **P<
0.01, Student's t-test. g Blood insulin levels were significantly increased by AE2 administration under feeding conditions (n= 5, means± s.e.m.). *P< 0.05,
**P< 0.01, Tukey-ANOVA. h Blood insulin levels were significantly increased during a glucose-tolerance test. At each designated time, blood insulin was
determined (n= 7–8, means± s.e.m.). *P< 0.05, **P< 0.01, Tukey-ANOVA (c, h). Closed circle, hSeP(+)/control IgG; open circle, hSeP(+)/AE2
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selenite. We found that the levels of cellular selenoproteins, such
as GPx1 and TrxR1, increased in an hSeP- and sodium selenite-
concentration-dependent manner (Fig. 1d), suggesting that these
levels of selenoproteins, particular GPx1 levels, were indicators of
Se-supply. We also found a concentration-dependent increase in
hSeP levels in whole-cell lysates of hSeP-treated C2C12 myocytes
(Fig. 1d). We have confirmed that in our experimental condition,
LRP1 functions as an SeP receptor of C2C12 myocytes by using
LRP1-siRNA (Supplementary Fig. 2a). We developed a similar
system to analyse hSeP uptake and Se-supply using Jurkat cells
(Supplementary Fig. 2b), and found that hSeP immunoreactivity
was mainly inside of hSeP-treated cells (Supplementary Fig. 2c).
These results suggest that the hSeP level in whole-cell lysates
could be an indicator of hSeP uptake even though the precise
contribution of hSeP-binding to the cell surface could not be
evaluated by this method.

We next investigated the effects of mAb co-incubation on the
cellular uptake and Se-supply of hSeP. Addition of several mAbs
decreased the cellular levels of hSeP and GPx1 (Fig. 1e and
Supplementary Fig. 2d). The strongest inhibitor of hSeP uptake
and Se-supply was the anti-hSeP mAb clone AE2 (AE2).
AE2 significantly inhibited the cellular uptake of hSeP in Jurkat
cells (Supplementary Fig. 3a).

hSeP treatment results in a significant increase in insulin
resistance of C2C12 myocytes16. We further evaluated the effects
of hSeP on cellular redox status and the inhibitory effects of AE2
on insulin signal, and found that AE2 significantly suppressed the
elevation of reduced glutathione (GSH) levels induced by hSeP
(Supplementary Fig. 3b). We also found that AE2 treatment
significantly increased Akt phosphorylation induced by insulin in
hSeP-treated C2C12 myocytes, suggesting that AE2 significantly
improved insulin resistance (Supplementary Fig. 3c). These
results suggest that AE2 inhibits uptake and Se-supply activity
of SeP, acting as a neutralizing Ab for hSeP in vitro.

Effects of human SeP-neutralizing antibody in vivo. Next, we
investigated the inhibitory activity of AE2 for hSeP in vivo.
Female C57BL/6J mice were twice administered purified hSeP (1
mg/kg body weight) intraperitoneally (ip), 12 and 2 h before
sampling times as described in Supplementary Fig. 4a, in which
insulin signalling and glucose metabolism are impaired16. We
determined the uptake of hSeP by several tissues in treated mice
by western blotting using mAb specific for hSeP after perfusion of
saline. We observed bands corresponding to FL-hSeP and hSeP-
NF in the skeletal muscle of treated mice (Fig. 2a), and a sig-
nificant increase of GPx1 levels in this condition (Fig. 2a). Next,
we confirmed that the serum concentration of anti-hSeP Ab was
sustained 24 h after either ip or intravenous administration
(Supplementary Fig. 4b). A concentration-dependent study of
AE2 using C2C12 myocytes suggested that a 50% inhibitory effect
of AE2 was reached at around 2.5–5 µg/mL AE2, which is 5- to
10-fold volume (g/g) of hSeP (Supplementary Fig. 4c). Thus, AE2
(20 mg/kg body weight, 20-fold volume of hSeP) was adminis-
tered 2 h before the first hSeP treatment. As shown in Fig. 2b,
hSeP-NF and GPx1 levels significantly decreased after adminis-
tration of AE2. These results suggest that AE2 inhibits uptake and
Se-supply activity of SeP, acting as a neutralizing Ab for hSeP
in vivo.

To evaluate the effects of hSeP- and AE2 treatment on Se
homoeostasis, the Se content of serum, skeletal muscle, and liver
was determined 2 h after the second administration of hSeP. The
serum Se content in hSeP- and AE2-treated mice tended to
increase; however, no significant difference between each group
was observed in serum, skeletal muscle, and liver (Fig. 2c). To
understand the change of Se metabolism in hSeP-treated mice,

serum levels of administered hSeP and endogenous mouse SeP
(mSeP) were further evaluated. We found hSeP-specific bands in
the serum of hSeP-treated mice, while endogenous mSeP was
decreased significantly (Supplementary Fig. 5a). These results
suggest that the small difference in serum Se levels between PBS-
and hSeP-treated mice might be caused by a decrease in the
amount of endogenous mSeP.

Effects of SeP-neutralizing Ab AE2 on glucose metabolism. We
examined the effects of SeP neutralizing AE2 on glucose meta-
bolism impaired by administration of hSeP in vivo. AE2 and
purified hSeP were administered as described above, and then a
glucose tolerance test was conducted. Treated animals were fasted
12 h before the glucose tolerance test (Supplementary Fig. 4a).
Neither AE2 nor control IgG affected blood glucose levels in
untreated control mice (Fig. 3a), while AE2 treatment of hSeP-
treated mice significantly suppressed elevation of blood glucose
(Fig. 3a, b), which suggests that AE2 improves glucose tolerance
impaired by hSeP treatment.

We next conducted an insulin tolerance test to determine the
effects of AE2 on insulin sensitivity. We fasted hSeP-treated mice
4 h before the insulin tolerance test (Supplementary Fig. 4a) and
found that basal blood glucose levels markedly decreased in mice
administered AE2 compared with hSeP-treated mice adminis-
tered control IgG at time 0 (Fig. 3c). Administering AE2 signi-
ficantly decreased blood glucose levels in hSeP-treated mice
during the insulin tolerance test (Fig. 3c, d), while administering
AE2 alone or control IgG to PBS-treated mice did not influence
blood glucose levels so much (Supplementary Fig. 5b). Next, we
evaluated the change in insulin signalling molecules such as
phosphorylation of insulin receptor (IR) and Akt following the
scheme of the insulin tolerance test. We found significant
elevation of insulin-stimulated phosphorylated Akt in the skeletal
muscle of AE2-treated mice, suggesting that AE2 administration
improves insulin resistance impeded by hSeP treatment (Fig. 3e).
The effects of AE2 injection on levels of hepatic lipid, such as total
cholesterol and triglyceride, were evaluated; however, no
significant difference was observed between groups (Supplemen-
tary Table 1).

Next, we determined the effects of AE2 on insulin secretion.
We first examined the sole effect of hSeP treatment on blood
insulin levels, and we found that in the absence of Ab
administration, hSeP treatment resulted in a significant decrease
in blood insulin of fed mice (Fig. 3f). Decreased insulin levels as a
result of hSeP treatment were improved by AE2 administration in
fed mice (Fig. 3g). Furthermore, in a glucose tolerance test, blood
insulin levels were increased significantly by administering AE2 at
time 0, and high levels of insulin were sustained (Fig. 3h). These
results suggest that hSeP neutralizing Ab AE2 improves insulin
levels impeded by hSeP treatment.

Effects of excess SeP and its neutralizing Ab on pancreas. We
further investigated the effects of AE2 on insulin and hSeP levels
in the pancreas of hSeP-treated mice. As shown in Supplementary
Fig. 5c, a band specifically corresponding to hSeP-NF was
detected in the pancreas of hSeP-treated mice. A non-specific
band was detected around the band of FL-hSeP, and the deter-
mination of FL-hSeP levels was difficult. We found a significant
decrease in insulin levels in the pancreas of hSeP-treated mice
(Supplementary Fig. 5c). By contrast, AE2 treatment significantly
increased insulin levels in the pancreas of hSeP-treated mice
(Fig. 4a). AE2 treatment also significantly decreased SeP-NF
levels in the pancreas (Fig. 4a). Immunohistochemical analysis of
pancreatic islets using anti-insulin Ab showed a reduction of the
size of the islets in hSeP-treated mice and suggested the protective
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effects of AE2 administration (Fig. 4b; Supplementary Fig. 6a).
Quantitative analysis of the islet area in each pancreas showed a
significant decrease in the area of the islets in hSeP-treated mice

and protective effects of AE2 administration (Fig. 4c). Further, we
could immunohistochemically determine the distribution of hSeP
in pancreatic islets, and its inhibitory effects of AE2 on the
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distribution (Fig. 4b). Collectively, these results suggest that
excess hSeP induces a reduction of insulin levels in pancreatic β-
cells and that AE2 prevent the effects of hSeP. Pancreatic islet

morphology was further assessed by using haematoxylin and
eosin (HE) staining and immunostaining with a marker for α-
cells. The islets of hSeP-treated mice showed a disturbed
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morphology with irregular shape and a concomitant decrease of
α-cells with β-cells (Fig. 4d). The effects of hSeP treatment were
partly rescued by AE2 administration.

The effects of excess hSeP on pancreatic islets were further
evaluated by isolating the islets. We found that treatment with
excess hSeP for 24 h significantly decreased the insulin secretion

induced by high levels of glucose (Fig. 4e). Furthermore, in hSeP-
treated groups, AE2 treatment significantly increased insulin
secretion by the isolated pancreatic islets (Fig. 4f). To explore the
mechanism of islet disorder induced by excess SeP, an equimolar
amount of Sec to hSeP was added to isolated pancreatic islets as
selenocystine, and then we evaluated the effects on insulin
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secretion. We found that addition of excess selenocystine
significantly decreased insulin secretion by isolated islets
(Supplementary Fig. 6b), suggesting that Se-supply from excess
SeP is related to the decrease in insulin secretion by islets.

Effects of excess SeP and its neutralizing Ab on MIN6 cells. To
investigate the effects of SeP on insulin secretion by pancreatic β-
cells, MIN6 cells, a model of β-cells, were used for further
experiments. MIN6 cells were incubated with excess hSeP at 37 °
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C, and the cellular uptake of hSeP and supply of Se were deter-
mined by western blotting. We found that the levels of hSeP and
cellular selenoprotein GPx1 increased in a time-dependent
manner (Fig. 5a). We also found that cellular insulin levels of
MIN6 cells were significantly decreased by excess hSeP for the 48
h treatment (Fig. 5a). Furthermore, excess hSeP treatment
resulted in a decrease in insulin secretion induced by high levels
of glucose (Fig. 5b). Selenocystine treatment of MIN6 cells also
significantly decreased insulin secretion (Supplementary Fig. 6c).
These findings suggest that supply of Se by excess hSeP was
related to the decrease in insulin secretion.

The mRNA expression of SeP receptor genes such as ApoER2,
LRP1, and megalin was observed in MIN6 cells, and the level of
expression of ApoER2 was higher than that of others (Supple-
mentary Fig. 6d). Treatment of MIN6 cells with ApoER2-siRNA
resulted in slight, but significant reduction of ApoER2 levels and
hSeP levels, suggesting that ApoER2 plays, at least in part, a role
for uptake of hSeP by MIN6 cells (Supplementary Fig. 7a). The
addition of AE2 significantly decreased in the levels of cellular
hSeP (Fig. 5c). AE2 addition also significantly suppressed the
decrease of cellular insulin induced by excess hSeP (Fig. 5c).
Inhibitory effects of AE2 on hSeP uptake in MIN6 cells were
observed by immunohistochemical analysis (Fig. 5d). We found
that AE2 addition significantly increased insulin secretion
induced by high levels of glucose in MIN6 cells treated with
excess hSeP (Fig. 5e).

Epitope mapping and preparation of mouse SeP-neutralizing
Ab. To identify the epitope of the neutralizing Abs, we transiently
transfected HEK293 cells with green fluorescence protein-tagged
hSeP deletion construct, and lysates of the cells were analysed by
western blotting (Fig. 6a). Epitope mapping demonstrates that
AE2 only recognizes a deletion construct (No. 5) containing
sequences adjacent to the first histidine-rich region (FHR)
(Fig. 6b). Another mAb, BD1, which inhibits binding, showed
immunoreactivity with fragment Nos 5, 6, and 7, while non-
inhibitory AH5 recognized fragment Nos 4 and 5 (Supplementary
Fig. 7b). These results suggest that AE2 recognizes amino acid
sequences, including those adjacent the FHR. The histidine-rich
region of SeP has been identified as a heparin-binding site, and
lipoprotein receptors play a role responsible for the cellular
uptake of SeP3, 15, 19. Therefore, we investigated the effects of
heparin and LDL on cellular uptake of hSeP by C2C12 myocytes.
As shown in Supplementary Fig. 7c, addition of heparin (1 mg/
mL) inhibited the cellular uptake of hSeP, as reported pre-
viously19. By contrast, addition of LDL (100 µg/mL) at 10% serum
concentration did not show obvious inhibitory effects for cellular
uptake of hSeP (0.5 µg/mL), equivalent to 10% serum con-
centration, by C2C12 myocytes (Supplementary Fig. 7c).

Sequence homology around the FHR between three species is
shown in Fig. 6c. Because AE2 did not show any immunor-
eactivity against mSeP, we prepared neutralizing Abs for mSeP
using the amino-acid sequence adjacent to the mouse FHR as an
immunogen. Polyclonal Abs against mSeP FHR (mFHR pAb)
reacted with mSeP specifically, and we observed disappearance of
the mSeP band in the serum of SeP knockout mice (Fig. 6d).
mFHR pAb recognized mSeP, but not SeP from other animal
species (Fig. 6d). The immunoreactivity of mFHR pAb for
undenatured mSeP was confirmed by immunoprecipitation of
mSeP in mouse serum (Fig. 6e). The supply of Se by mSeP
and inhibitory effects of mFHR pAb was studied using
mouse serum and C2C12 myocytes based on the cellular protein
levels of GPx1. Addition of mFHR pAb (10 µg/mL) decreased
GPx1 levels, suggesting suppression of the supply of Se by mSeP
(Fig. 6f).

Effects of mouse SeP-neutralizing Ab on KKAy mice. We
examined the effects of mSeP-neutralizing mFHR pAb on a
mouse model of diabetes. Time-dependent change of mSeP, body
weight and blood glucose concentration in KKAy mice was
determined. The body weight of KKAy mice increased sig-
nificantly compared with control KK mice from 7 weeks of age
(Fig. 7a). A significant increase in blood glucose was observed at
9 weeks, but not at 5 weeks (Fig. 7a). Serum mSeP levels were
significantly elevated in KKAy mice after 9 weeks (Fig. 7b). These
observations indicate that in KKAy mice, mSeP levels increase
with body weight and blood glucose.

Next, mFHR pAb was administered to KKAy mice at 9 weeks
of age when serum mSeP levels were elevated (Fig. 7b), and then
glucose- and insulin-tolerance tests were conducted, following the
scheme shown in Supplementary Fig. 8a. Administration of
mFHR pAb did not influence fasting blood glucose levels;
however, mFHR pAb treatment significantly suppressed the
elevation of blood glucose in the glucose tolerance test (Fig. 7c, d).
In an insulin tolerance test, basal glucose levels tended to decrease
in KKAy mice administrated mFHR pAb compared with control
IgG at time 0, but the difference was not significant (Fig. 7e).
Administering mFHR pAb significantly decreased blood glucose
levels in KKAy mice during the insulin tolerance test (Fig. 7e, f).
We found significant elevation of insulin-stimulated phosphor-
ylation of Akt in the skeletal muscle of mFHR pAb-treated KKAy
mice (Fig. 7g). Insulin-stimulated phosphorylation of IR also
tended to increase (Fig. 7g). These results suggest that mFHR pAb
improves insulin resistance of KKAy mice. We further investi-
gated the effects of mFHR pAb on insulin secretion using a
glucose-tolerance test. We found that mFHR pAb administration
significantly elevated blood insulin levels induced by glucose
administration (Fig. 7h). These findings suggest that in addition
to the improvement of glucose intolerance and insulin resistance,
mFHR pAb improves the insulin secretion in KKAy mice.

The effects of mFHR pAb on the metabolic phenotype of
KKAy mice were further evaluated. The Se contents in serum,
skeletal muscle, and liver of mFHR pAb-injected KKAy mice
were not significantly changed (Supplementary Fig. 8b). By
contrast, administration of mFHR pAb significantly decreased
hepatic total cholesterol (Supplementary Table 2). Hepatic
triglyceride also tended to decrease. These results suggest beneficial
effects of mFHR pAb on hepatic lipid metabolism in KKAy mice.

To evaluate whether the effects of mSeP-neutralizing Ab are
specific to the mouse model of diabetes, mFHR pAb were
administered to C57BL/6J mouse controls, and then glucose- and
insulin-tolerance tests were conducted. No significant effects of
mFHR pAb on either glucose tolerance or insulin sensitivity were
observed in the control mice (Supplementary Figs. 9a and b).
These results suggest that under these experimental conditions,
mSeP-neutralizing Ab does not affect glucose metabolism
significantly in control C57BL/6 J mice.

Effects of mouse SeP-neutralizing Ab on mice fed an HFHSD.
We next examined the effects of mSeP-neutralizing mFHR pAb
on mice fed with an HFHSD. Body weight significantly increased
from 2 weeks after HFHSD feeding, blood glucose levels sig-
nificantly increased from 3 weeks, and then mSeP levels sig-
nificantly increased from 10 weeks (Fig. 8a; Supplementary
Fig. 10a). At 11 weeks after HFHSD feeding, a significant increase
in serum Se levels was found (Fig. 8b). Next, mFHR pAb was
administered to the mice fed an HFHSD at 11 weeks after
HFHSD feeding, and glucose- and insulin-tolerance tests were
conducted (Supplementary Fig. 8a). Administration of mFHR
pAb did not influence fasting blood glucose levels in mice fed an
HFHSD, while mFHR pAb treatment significantly suppressed the
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elevation of blood glucose levels in the glucose-tolerance test
(Fig. 8c, d). In the insulin-tolerance test, mFHR pAb tended to
improve the sensitivity of mice fed an HFHSD to insulin (Fig. 8e)
and significantly decreased the area under the curve of insulin-
tolerance test was observed (Fig. 8f). We also investigated the
effects of mFHR pAb on insulin secretion during the glucose-
tolerance test, and we found that mFHR pAb administration
significantly elevated blood insulin levels induced by glucose
administration (Fig. 8g). These findings suggest that mFHR pAb

improves glucose intolerance, insulin sensitivity, and insulin
secretion in mice fed an HFHSD.

We determined hepatic lipid levels in mice fed an HFHSD. We
found that hepatic total cholesterol and triglyceride levels tended
to decrease, but no significant difference was observed (Supple-
mentary Table 3). The change of Se levels in serum, skeletal
muscle and liver was determined; however, no significant
difference between mice administrated control Ab- or mFHR
pAb were observed (Supplementary Fig. 10b).
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Fig. 8 Improvement of glucose metabolism in HFHSD-fed mice by SeP-neutralizing Ab. a Time-dependent change of plasma mSeP level in mice fed a high-
fat, high-sucrose diet (HFHSD) and a normal diet (ND). CBB staining was used as a control for protein loading. Graphs display the results of densitometric
quantification, normalized to the major protein (albumin, indicated by black arrowhead) stained with CBB (n= 3, means± s.e.m.). *P< 0.05, Tukey-
ANOVA. b Elevation of plasma Se levels in mice fed an HFHSD. Plasma Se in mice fed an HFHSD and ND at 11 weeks was determined (n= 5, means± s.e.
m.). *P< 0.05, Student's t-test. c, d Improvement of glucose tolerance in mice fed an HFHSD treated with mSeP-neutralizing Ab. Mouse SeP-neutralizing
mFHR pAb or control rabbit IgG (25 mg/kg ip) was administered 24 h before glucose-tolerance tests following the scheme shown in Supplementary
Fig. 8a. Glucose (0.3 g/kg body weight) was administered intraperitoneally, and blood glucose was determined at the indicated times (c, n= 5, means± s.
e.m.). *P< 0.05, **P< 0.01, Tukey-ANOVA. Area under the curve for blood glucose levels is shown in d (n= 5, means± s.e.m.). **P< 0.01, Student's t-
test. e, f Improvement of insulin sensitivity in mice fed an HFHSD treated with mSeP-neutralizing Ab. Mouse SeP-neutralizing mFHR pAb was administered
48 h before insulin tolerance tests following the scheme shown in Supplementary Fig. 8a. Insulin (10 U/kg ip) was administered, and then blood glucose
was determined at the indicated times (e, n= 5, means± s.e.m.). The area under the curve for blood glucose levels is shown (f, n= 5, means± s.e.m.). *P
< 0.05, Student's t-test. g Improvement of insulin secretion in mice fed an HFHSD by mSeP-neutralizing Ab administration. Blood insulin levels were
determined during glucose tolerance tests (n= 5, means± s.e.m.). *P< 0.05, **P< 0.01, Tukey-ANOVA. Closed circle, control IgG; open circle, mFHR pAb
(c, e, g)
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Discussion
In the present study, we have isolated SeP-neutralizing Abs that
improve glucose intolerance, insulin resistance and insulin
secretion in vitro and in vivo. We determined the site on SeP that
might be important for its interaction with cells and tissues,
suggesting a specific molecular target for therapeutic agents to
treat type 2 diabetes.

Cellular GPx1 level is a suitable marker of cellular Se status20.
We found that in the concentration-dependent study of sodium
selenite and hSeP in C2C12 myocytes and Jurkat cells (Fig. 1d;
Supplementary Fig. 2b), GPx1 levels reached a maximum around
100 nM sodium selenite in both cells, while maximal GPx1 levels
were achieved by 5 µg/mL hSeP in C2C12 myocytes and 50 ng/
mL in Jurkat cells, respectively. In addition, the levels of GPx1 in
hSeP- and AE2-treated cells suggest that the efficacy of AE2
might be higher in C2C12 myocytes than it is in Jurkat cells
(Fig. 1e and Supplementary Fig. 3a). Collectively, these results
suggest the possibility that the efficacy of Se-supply of SeP and
SeP-neutralizing Ab differs depending on the type of cells.
Immunoreactivity for hSeP was detected mainly inside of hSeP-
treated cells, and immunohistochemistry and western blotting of
whole-cell lysates indicated that AE2 inhibits cellular uptake of
hSeP. Because differenciated C2C12 myocytes are easily detached
by incubation at 4 °C for a few hours, which might be a char-
acteristic of these cell types, immunohistochemistry and binding
assays using C2C12 myocytes were not successful. However, in
western blotting of whole-cell lysates of C2C12 myocytes and
binding assays using undifferentiated C2C12 cells, we found that
AE2 could inhibit binding and incorporation of hSeP. Taken
together, these experimental results in vitro strongly suggest that
AE2 inhibits binding, cellular uptake and Se-supply by hSeP.

Se levels in serum and skeletal muscle of hSeP- and AE2-
treated mice were not significantly changed even though seleno-
protein levels in these biological samples were changed sig-
nificantly (Fig. 2). The decrease in endogenous mSeP by hSeP
treatment is considered a reason for the small difference in serum
Se levels, suggesting an increase in mSeP excretion or a decrease
of mSeP expression in liver, or both. Se content of standard
laboratory mouse food in the present study was 0.4 mg Se/kg diet,
which is higher than the established dietary requirement by mice
of 0.1 mg Se/kg diet21. The Se content of HFHSD was 0.2 mg Se/kg
diet. It appears that a high basal Se might also be a reason for non-
significant changes of Se levels in biological samples. These results
imply that in this experimental condition, unfavourable effects of
excess SeP on glucose metabolism might be mediated by a part of
selenoproteins, which contribute a minor portion of total Se.

hSeP-transgenic (TG) mice models, such as hSeP-TG mSeP−/−

mice and WT mice treated with a hepatic overexpression plasmid
encoding hSeP, have been established17, 22; however, changes in
glucose metabolism in these TG mice have not been investigated
in detail. We have already established experimental conditions
under which injection of purified hSeP protein resulted in
impairment of glucose and insulin tolerances16. Therefore, we
employed hSeP-injection experiments in the present study. Our
results demonstrate that hSeP treatment lowered insulin levels in
both the blood and the pancreas, and that AE2 administration
ameliorated hSeP-mediated hyperglycaemia and decrease in
insulin levels. Although the sequence and interrelationship of
biological events in the pancreas and skeletal muscle remain to be
elucidated, SeP may disrupt glucose homoeostasis, not only by
increasing insulin resistance, but also by impairing insulin
secretion. To our knowledge, this study provides the first evidence
suggesting that increased SeP impairs cellular insulin levels and
insulin secretion in pancreatic β-cells. The protective effects of
SeP-neutralizing Abs and hindering effects of excess selenocystine
suggest a role for Se-supply in the failure of pancreas function by

excess SeP. Pancreatic β-cells continuously synthesize and secrete
insulin, which requires strict disulfide bond formation23. This
task would make β-cells vulnerable to disorders of the redox
environment, particularly protein folding in the endoplasmic
reticulum, which could be induced not only by oxidative stress
but also by an excessively reducing environment, such as found
under high concentrations of dithiothreitol23–25. The present
study suggests that SeP-neutralizing Ab could suppress the ele-
vation of both GPx1 and reduced GSH levels, namely, the
acceleration of a cellular redox environment, induced by SeP. It is
likely that excessively reducing conditions relate to the inhibited
insulin secretion caused by excess SeP. Several isoforms of SeP,
such as N- and C-terminal fragments and truncated forms of SeP,
have been reported1, 14, 26, and we have previously reported that
Se content of purified FL-hSeP protein is 6.3, which is lower than
that of theoretical value 1027. Nine Sec in the C-terminal part of
SeP plays a major role in the supply of Se14, and it appears that an
SeP isoform containing C-terminal Sec, such as FL-SeP or C-
terminal fragment, might importantly influence the function of
pancreatic β-cells. Mice expressing the SeP-fragment have been
established28, 29; however, glucose metabolism in these mice has
not been investigated in detail. In addition, details of SeP frag-
ments in diabetes patients have not been fully elucidated, which
need to be addressed in future studies.

In the islets of hSeP-treated mice, we found that the volume of
both α- and β-cells decreased. Recent autopsy studies suggest that
β-cell volume is reduced in patients with type 2 diabetes30,
whereas alteration in α-cell volume remains controversial. The α-
cell volume is reported to be reduced31 or unchanged with
increased ratio to β-cell volume32–34 in type 2 diabetic islets. Our
findings in the present study are in concert with our previous
observation in patients with type 2 diabetes that glucagon
secretion concomitantly decreases with insulin secretion35. It is
interesting to note that abnormal cellular arrangement of α-cells
in the core of the islets was clearly observed in the hSeP-treated
islets partially rescued by AE2, whereas β-cells in the core of islets
were surrounded by α-cells in the control mice (Fig. 4d). These
findings suggest that hSeP treatment not only reduces the volume
of both β- and α-cells, but also disturbs islet structures consisting
of β- and α-cells. It is known that the arrangement of α- and β-
cells in the islets is disturbed in diabetes model mice such as db/
db mice36. One possible mechanism underlying such islet disar-
rangement might be transdifferentiation from β-cells to α-cells37,
which should be a significant issue that needs to be elucidated in
the future by testing the effects of excess SeP on cell differentia-
tion and fate by using lineage tracing experiments.

Whether elevation of circulating SeP in type 2 diabetes is a
cause or an effect of hyperglycaemia is controversial38. We and
other groups found a positive correlation between blood con-
centrations of SeP and hyperglycaemia in people with type 2
diabetes16, 38, 39. These data raise the possibility that elevation of
SeP is only an effect of hyperglycaemia in type 2 diabetes.
However, the current data reveal that SeP-neutralizing Ab ame-
liorates insulin secretion and hyperglycaemia in rodent models of
type 2 diabetes. Furthermore, genetic deletion or RNAi-mediated
knockdown of SeP improves insulin resistance and hyperglycae-
mia in mice with obesity and type 2 diabetes16. Collectively, these
data strongly suggest that overproduction of SeP functions as a
causal factor for hyperglycaemia in type 2 diabetes by inducing
both insulin resistance and impaired insulin secretion, at least in
rodents. Overproduction of SeP and hyperglycaemia might con-
tribute to a vicious positive feedback cycle that leads to the onset
of more severe hyperglycaemia in type 2 diabetes. Prospective
clinical studies are needed to determine whether high con-
centrations of blood SeP predict the future onset of type 2 dia-
betes in humans.
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Several meta-analysis and a Cochrane review have questioned
the basic paradigm between excess Se with risk for type 2 dia-
betes40, and baseline Se levels are thought to be a reason for the
discrepancies observed in the human trials, which are dependent
on several kinds of factors including food intake41, 42. We pre-
viously found that SELENOP expression is regulated via an
AMPK–FoxOs axis, and metformin, a drug widely used for the
treatment of type 2 diabetes, suppresses SeP expression via an
AMPK–FoxO3a pathway18, 43, 44. Because conditions of high
glucose and high lipid culture inhibit AMPK activity, these
nutritional factors are thought to up-regulate SeP expression in
hepatocytes. Production of SeP by hepatocytes plays a central role
in Se homoeostasis and distribution of Se from the liver to per-
ipheral tissues45, 46. As with other Sec-containing proteins, the
synthesis of SeP is greatly influenced by Sec incorporation, which
is significantly affected by Se status, the availability of sec-tRNA
[ser]sec and post-transcriptional factors45–47. Dietary Se incorpo-
rated into the liver is converted to sec-tRNA[ser]sec or excretory
metabolites such as selenosugars, and the syntheses of these seleno-
metabolites compete with each other48. sec-tRNA[ser]sec in the liver
is used for the synthesis of cellular selenoproteins or SeP. There-
fore, it is considered that adequate Se supply to maintain sec-tRNA
[ser]sec levels alone does not fully explain the high levels of serum
SeP protein seen in mouse models of diabetic and in patients with
type 2 diabetes. These results and previous reports suggest that
both sufficient Se and an increase of SeP mRNA levels might be the
key to the increase in serum SeP levels observed in diabetes.

The results of the present study showed clear changes in the
levels of endogenous mSeP in the presence of exogenous hSeP
(Supplementary Fig. 5a), and this phenomenon has also been
suggested in a previous study17. These observations lead us to
speculate that injection with hSeP reduced production of endo-
genous mSeP in the liver and/or increased excretion of mSeP into
urine in mice. These speculations suggest that an unknown
sensor-like system of SeP might be present to maintain whole-
body Se homoeostasis, and that SeP receptors might be related to
this system. The elucidation of this sensor-like system of SeP
might be noteworthy for understanding not only the physiolo-
gical control of SeP levels in blood but also the pathological
change of SeP levels including type 2 diabetes.

The epitope of neutralizing Abs indicates the site in SeP that is
important for the interaction with the cell surface27, 49. Heparin-
binding properties of SeP have been known to mediate endocy-
tosis of SeP, and lipoprotein receptors such as ApoER2, megalin
and LRP1 have been identified as receptors for SeP8–10, 15, 50. The
YWTD β-propeller domain of ApoER2 has been identified as an
SeP-binding site, while the C-terminal domain of SeP alone can
bind to ApoER251. Furthermore, FL-SeP and its SeP-CF, but not
its SeP-NF, can supply Se to cells7, 14. Results in the present study
suggest that His-rich regions, particularly the first consecutive-
His, should be molecular targets for inhibiting SeP binding and
supply of Se. Addition of heparin inhibited the cellular uptake of
hSeP in C2C12 myocytes, while we found indistinct effects of
LDL addition on hSeP uptake in C2C12 myocytes (Supplemen-
tary Fig. 7c). Both LRP1 and LDLR are expressed in C2C12
myocytes10. The indistinct effects of LDL addition might be
caused by the expression of multiple lipoprotein receptors. By
contrast, Abs recognizing SeP-CF, such as AA3, also inhibit Se-
supply of hSeP (Fig. 1e). Although we could not identify the
epitope, the C-terminal domain of SeP is thought to be another
molecular target to inhibit Se-supply activity. Reelin, a ligand of
ApoER2, binds to the very-low-density-lipoprotein receptor, and
the expression of these receptors changes the affinity of reelin to
the cell surface, and subsequent signal transduction52. In accor-
dance with previous reports7, 10, 16, 51, 53, we observed that the
efficiency of supply of Se by SeP differs considerably between

different cell types (Fig. 1d and Supplementary Fig. 2b). Further
characterization of mediators of interactions between SeP and
cells may provide further insight into the action of SeP.

mSeP-neutralizing pAb improved glucose tolerance in KKAy
and HFHSD-fed mice, but not in control C57BL/6J mice. There
are several speculations about these results. First, because control
C57BL/6J mice showed normal glucose tolerance, mSeP-
neutralizing Ab might not further reduce blood levels of glu-
cose to the hypoglycaemia range by the action of counter-
regulatory hormones of insulin, such as glucagon, adrenaline and
cortisol54, in the normal mice. Second, because the concentration
of mSeP in the blood has been reported to be 5.5-fold higher than
that of hSeP55, the action of mSeP-neutralizing pAb might not be
sufficient to neutralize endogenous mSeP and to induce hypo-
glycemia in the control mice. On the other hand, we have pre-
viously reported that treatment with hSeP in serum levels of 0.5–1.5
µg/mL, which correspond to the incremental changes of SeP in
people with normal glucose tolerance to those with type 2 diabetes,
causes hyperglycema in control C57BL/6 J mice16. Thus, we spec-
ulate that mSeP-neutralizing pAb attenuated hyperglycaemia in
KKAy and HFHSD-fed mice only by neutralizing the incremental
changes of blood SeP in type 2 diabetic mice from those in nor-
moglycemic mice. Further experiments using mSeP-neutralizing Ab
in a dose-dependent manner are needed to prove these speculations.

SeP-neutralizing Ab improved intrahepatic levels of total
cholesterol and triglycerides in KKAy mice, suggesting a ther-
apeutic benefit of SeP-neutralizing Ab for fatty liver disease as
well as type 2 diabetes. However, injection with hSeP did not alter
hepatic lipid levels directly in C57BL6/J mice (Supplementary
Table 1). It is presumed that SeP-neutralizing antibody might
decrease hepatic lipid contents by suppressing lipids efflux from
the adipose tissue to the liver in KKAy mice; however, it is still
unclear whether SeP acts on the adipose tissue. Additional studies
using cultured adipocytes treated with hSeP will provide insights
into the actions of SeP in the adipose tissue.

In hSeP- and AE2-treated mice, a change of basal blood glu-
cose levels was observed in fasting procedure of an insulin-
tolerance test (Fig. 3c). hSeP treatment induced the increase of
insulin resistance and the decrease of insulin secretion, while AE2
administration improved these unfavourable effects. Thus, we
consider that the effects of hSeP- and AE2 administration on
insulin resistance and insulin secretion, at least in part, might be
related to differences in basal blood glucose in this experimental
model. By contrast, we found positive effects of mSeP-
neutralizing Ab, mFHR pAb, on insulin resistance and insulin
secretion in KKAy mice; however, a significant change of basal
glucose levels during fasting procedure was not observed (Fig. 7).
Therefore, we suggest that acute treatment with hSeP might be a
reason for the change of basal glucose levels seen in hSeP-treated
mice. Because AE2 administration lowered baseline glucose levels
in the insulin-tolerance test, effects of AE2 on insulin resistance
in vivo cannot be adequately evaluated in the hSeP-treated mouse
model, although insulin-induced Akt phosphorylation in skeletal
muscle was significantly increased by AE2 administration.
Therefore, we tested the effects of mSeP-neutralizing Ab on
glucose intolerance and insulin resistance in KKAy mice. Our
findings suggested that increased mSeP chronically impairs glu-
cose metabolism, insulin resistance and insulin secretion in KKAy
mice, and that mSeP-neutralizing Ab ameliorate hyperglycaemia
in KKAy mice, at least in part, by improving insulin resistance
and insulin secretion. Excess hSeP treatment of C2C12 myocytes
results in a decrease in glucose uptake16, and we consider that
skeletal muscle, at least in part, enhances clearance of blood
glucose in mice administered with SeP-neutralizing Ab. Fur-
thermore, the positive effects of mSeP-neutralizing Ab adminis-
tration in mice fed an HFHSD strongly suggest the effectiveness
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of this strategy. These findings suggest that suppression of
increased SeP is a promising strategy for the therapeutic treat-
ment of type 2 diabetes. To our knowledge, we also present the
first evidence that the critical epitope of SeP targeted by effective
Abs is conserved between humans and mice. This finding may
provide a useful strategy in development of therapeutic antibody-
based treatments targeting SeP.

In conclusion, the present study showed that administration of
SeP-neutralizing Ab could improve, at least in KKAy mice model,
glucose metabolism, insulin resistance and insulin secretion
in vivo, and suggested a strategy of targeting SeP for treatment of
type 2 diabetes. This report further provides evidence indicating
that increased levels of SeP is a potent target that may allow
therapies for type 2 diabetes to be developed.

Methods
Reagents. Dulbecco’s modified Eagle’s medium (DMEM), penicillin and strepto-
mycin, and horse serum (HS) were obtained from Invitrogen (Thermo Fisher
Scientific, Carlsbad, CA, USA). RPMI-1640 medium, glucose solution and 3,3′,5,5′-
tetramethylbenzidine (TMB) were purchased from Merck (Darmstadt, Germany).
Insulin was obtained from Eli Lilly (Indianapolis, IN, USA). Fetal bovine serum
(FBS; Hyclone) and control rabbit IgG (02-6102) were purchased from Thermo
Fisher Scientific (Logan, UT, USA). Control rat IgG1 mAb (MAB005) was obtained
from R&D systems (Minneapolis, MN, USA). Human LDL (BT-903) was pur-
chased from Alfa Aesar (Lancashire, UK). Heparin sodium (085-00134) was pur-
chased from WAKO (Tokyo, Japan). Vitamin E isoform, α-tocopherol, was kindly
provided by Eisai (Tokyo, Japan). Human SeP was purified from human plasma27.
Human plasma was mixed with polyethylene glycol, and then proteins in the
supernatant were separated by heparin-Sepharose CL-6B column, Q-Sepharose
Fast Flow and Ni-NTA-agarose, respectively. Buffer of hSeP was changed by using
PD-10 gel filtration column equilibrated with the desired buffer. Fragments of hSeP
were prepared by using purified hSeP and human plasma kallikrein14. Purified
hSeP was treated with plasma kallikrein, and then hSeP-NF and -CF were separated
by Ni-NTA-agarose column chromatography. Human frozen plasma was kindly
provided from Japanese Red Cross Kinki Block Blood Center (No. 25J0012). All
other chemicals used were of the highest quality commercially available.

Cell culture. MIN6 cells were originally from Miyazaki et al.56. All other cell lines
used were obtained from the American Type Culture Collection (Manassas VA,
USA). Mycoplasma contamination was not tested in the cells. MIN6 cells were
routinely maintained in DMEM containing 10% heat-inactivated FBS, antibiotics
(100 U/mL penicillin, 100 µg/mL streptomycin), 70 µM 2-mercaptoethanol and 40
mM sodium bicarbonate. Mouse myoblast C2C12 cells, Chinese hamster ovary
(CHO) cells, human neuroblastoma SH-SY5Y cells and human glioma HTB14 cells
were routinely maintained in DMEM containing 10% heat-inactivated FBS and
antibiotics. Human T-cell lymphoma Jurkat cells were maintained in RPMI-1640
medium containing 10% heat-inactivated FBS and antibiotics. All cell lines were
cultured at 37 °C under an atmosphere of 95% air and 5% CO2. To induce myo-
genic differentiation, the C2C12 cells were subsequently maintained in DMEM
containing 0.5% HS and antibiotics.

Real-time PCR analysis. Total RNA was extracted from each cultured cell using
Tripure isolation reagent (Roche), and then reverse-transcribed using a Prime-
Script RT reagent kit (TaKaRa Bio, Kyoto, Japan). Quantitative real-time PCR was
performed using Power SYBR Green PCR Master Mix (Invitrogen) with the
7900HT Fast Real Time PCR System (Applied Biosystems) according to the
manufacturer’s instructions. The housekeeping gene of ribosomal protein L32
(RPL32) was used as an endogenous control. The primers for amplification were as
follows: human SELENOP, 5′-TGT GGA GCT GCC AGA GTA AAG-3′ (forward),
5′-CCA CAT TGC TGG GGT TGT CCT AT-3′ (reverse); human RPL32, 5′-CCC
CTT GTG AAG CCC AAG A-3′ (forward), 5′-TGA CTG GTG CCG GAT GAAC-
3′ (reverse); mouse SELENOP, 5′-ACT CGT CAA AAG TCG TCC GT-3′ (for-
ward), 5′-ACC ACT GTC ACT TTG CCC TC-3′ (reverse); mouse RPL32, 5′-GAA
ACT GGC GGA AAC CCA-3′ (forward), 5′-GGA TCT GGC CCT TGA ACC
TTC-3′ (reverse); mouse ApoER2, 5′-CCT TGG TGT GGA GAT GCG AT-3′
(forward), 5′-ACA CTC TTC ACT GGA GCA CG-3′(reverse); mouse LRP1, 5′-
CAC AAC CTC AAC GTC ATC CTG-3′ (forward), 5′-AGC ACA TTG TAC TCC
TGG ATC-3′ (reverse); mouse megalin, 5′-TGC CTA AAG GGT TAC CCA CG-3′
(forward), 5′-TTG CTG GAT TTT GTC CTG GAG-3′ (reverse); mouse LDLR, 5′-
CAT CCT CGG ACA TCC ACC C-3′ (forward), 5′-TTC GGT CGT GGC ACA
AGA AC-3′ (reverse); mouse VLDLR, 5′-GAG TCT GAC TTC GTG TGC AAA-3′
(forward), 5′- GAA CCG TCT TCG CAA TCA GGA-3′ (reverse).

Selenoprotein P binding assay. Undifferentiated C2C12 cells were incubated with
0.5 µg/mL purified hSeP in the presence of 10 µg/mL each anti-hSeP mAb for 1 h at
4 °C in DMEM containing 0.1% bovine serum albumin (BSA), 0.1% NaN3 and 50

mM HEPES (pH 7.4). Subsequently, treated cells were washed three times with ice-
cold PBS (+), then incubated with 15 μg/mL rabbit anti-hSeP pAb for 1 h at 4 °C,
and then fluorescein-conjugated anti-rabbit IgG (H+L) (Jackson Immuno
Research, West Grove, PA, USA) for 1 h at 4 °C. The fluorescence was determined
using a FLUOstar Galaxy microplate reader (BMG Labtech, Offenburg, Germany).

In the case of Jurkat cells, cells were cultured in the Se- and serum-free RPMI
medium containing 2 µM α-tocopherol, 2.5 mg/mL BSA, 5 μg/mL human insulin,
5 μg/mL human transferrin and 92 nM FeCl3 for 24 h57. The cells at a density of
3 × 106 cells/mL were further incubated with 5 μg/mL hSeP in the presence of 15
μg/mL each anti-SeP mAb for 1 h at 4 °C in a total volume of 1 mL of phosphate-
buffered saline (PBS) containing 0.1% BSA and 0.1% NaN3. After washing, the cells
were subsequently incubated with 15 μg/mL anti-hSeP pAb for 1 h at 4 °C, and
then fluorescein-conjugated anti-rabbit IgG (H+L) (Jackson Immuno Research,
West Grove, PA, USA) for 1 h at 4 °C. The fluorescence was analysed using a BD
FACSAria IITM cell sorter (BD Bioscience, Franklin Lakes, NJ, USA). Data were
collected from at least 10,000 events.

Direct enzyme-linked immunosorbent assay (ELISA). Ninety-six-well microtitre
plates were coated with each hSeP proteins (200 ng/mL), such as FL-hSeP, hSeP-
NF and hSeP-CF, in 50 mM sodium bicarbonate buffer (pH 9.6) for 1 h at room
temperature. The wells were washed three times with wash buffer (PBS containing
0.05% Tween 20), and incubated at 37 °C with Blocking buffer (PBS containing
0.1% BSA) for 1 h. After washing, each anti-hSeP mAb (100 ng/mL in PBS con-
taining 0.05% Tween 20 and 0.1% BSA) was added, and incubated at 37 °C for 1 h.
After washing, horseradish peroxidase-conjugated anti-Rat IgG (H+L) or anti-
mouse IgG (H+L) (Jackson Immuno Research) (400 ng/mL in PBS containing
0.05% Tween 20 and 0.1% BSA) was added, and incubated at 37 °C for 1 h. Finally,
the plates were washed, and TMB was added. The enzyme-substrate reaction was
allowed to proceed for 30 min. The reactions were stopped by the addition of 1M
H2SO4 to each well. The absorbance was read at 450 nm on an OPTImax plate
reader (Molecular Devices, Sunnyvale, CA, USA).

Western blotting. To obtain whole-cell lysates, treated cells were suspended in
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 1%
sodium deoxycholic acid with a cocktail of protease inhibitor (Nacalai Tesque,
Kyoto, Japan) and phosphatase inhibitor (PhosSTOP, Roche, Mannheim, Ger-
many) at 4 °C for 30 min. Nuclei and unlysed cellular debris were removed by
centrifugation at 15,000 × g for 5 min. The protein concentration was determined
by using a bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL,
USA) with BSA as the standard. The protein samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to
western blotting with appropriate antibodies. In the case of western blotting of
insulin, Tricine SDS-PAGE was used for the protein separation58, and cathode
buffer (1 M Tris-Tricine pH 8.25, 1% SDS) and anode buffer (2M Tris HCl, pH
8.9) were used for electrophoresis. Rat anti-hSeP mAbs (Clone AB1, AE2, AH5,
BD1, BD3, BF2, DH9, AA3 and DC12)59, mouse anti-hSeP mAbs (Clone C18, C21
and C23) and rat anti-TrxR1 mAb KB1260 were used at 1 µg/mL for western
blotting. Rabbit anti-hSeP pAb was prepared using purified hSeP as immunogen.
We determined the cross-reactivity of AE2 and BD1 with mSeP; however, obvious
immunoreactivity of these mAbs against mSeP was not observed. Reactivity of
other mAbs against other species SeP was not evaluated. The following antibodies
were used for western blotting: rabbit anti-GPx1 pAb (for mouse samples, ab22604;
Abcam, Cambridge, MA, USA), mouse anti-GPx1 mAb (for human samples, clone
GPX-347, M015-3; Medical Biological Laboratories, Nagoya, Japan), mouse anti-β-
actin mAb (clone AC-15; Merck), mouse anti-GAPDH mAb (ab9484; Abcam),
rabbit anti-phospho IR β (Tyr1146) pAb (#3021; Cell Signaling Technology,
Beverly, MA, USA), rabbit anti-IR β pAb (#3027; CST), rabbit anti-phospho Akt
(Ser473) pAb (#9271; CST), rabbit anti-Akt pAb (#9272; CST), chicken anti-insulin
pAb (ab14042; Abcam), mouse anti-insulin mAb (clone L6B10, #8138; CST), and
mouse anti-GFP mAb (Clone B-2, Sc-9996; Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The dilution of each Ab was determined according to the instruction. The
full blot or gel corresponding to the main figures are shown in the Supplementary
Figure as follows: Supplementary Fig. 11, Figs. 1d, e and 2a, b; Supplementary Fig. 12,
Figs. 3e, 4a and 5a; Supplementary Fig. 13, Figs. 5c and 6b; Supplementary Fig. 14,
Fig. 6d–f; Supplementary Fig. 15, Fig. 7b, g; Supplementary Fig. 16, Fig. 8a.

Selenoprotein P uptake and Se-supply assay. SeP uptake and Se-supply activ-
ities were examined by the western blot analysis of hSeP and GPx1 levels in the
whole lysate of treated cells, respectively. In the case of C2C12 cells, differentiation
to myocytes were induced by DMEM containing 0.5% HS for 72 h, which resulted
in the undetectable levels of SeP and GPx1. Differentiated C2C12 myocytes were
treated with indicated concentration of hSeP or sodium selenite for 24 h, and then
cells were washed and whole-cell lysates were subjected to western blotting. To
assess the inhibitory activity of each mAb, hSeP (0.5 µg/mL) was incubated with
each Ab (10 µg/mL) at room temperature for 2 h, and then this reaction mixture
was added to differentiated C2C12 myocytes, and then cultured for 24 h. In the
case of mSeP, mouse serum was incubated with mFHR pAb at room temperature
for 2 h, and then this reaction mixture was added to differentiated C2C12 myo-
cytes, and cultured for 24 h.
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In the case of Jurkat cells, SeP uptake and Se-supply activities were examined by
the western blot analysis of hSeP and GPx1 levels in the whole lysate of treated
cells, respectively. Prior to this assay, Jurkat cells were cultured in the Se- and
serum-free RPMI medium for 24 h, which resulted in the undetectable levels of SeP
and GPx1. Serum- and Se-free Jurkat cells were treated with indicated
concentration of hSeP or sodium selenite for 24 h, and then cells were washed and
whole-cell lysates were subjected to western blotting. To assess the inhibitory
activity of each mAb, hSeP (0.5 µg/mL) was incubated with each Ab (10 µg/mL) at
room temperature for 2 h, and then this reaction mixture was added to serum- and
Se-free Jurkat cells, and then cultured for 24 h.

Transfection of small interfering RNA. The mouse LRP1-small interfering RNAs
(siRNA) and the mouse ApoER2-siRNA were designed and manufactured by
Dharmacon and Thermo Fisher Scientific, according to the current guidelines for
effective knockdown by this method, respectively. The target sequences for
mLRP1-siRNA (catalogue number D-040764-04-0050) and mApoER2-siRNA
(catalogue number 5690369) were used. The siRNA were transfected into C2C12
cells by Lipofectamine RNAi MAX (Thermo Fisher Scientific). After transfection,
myogenic differentiation of C2C12 cells was induced and used for further
experiments. In the case of MIN6 cell, the siRNA were transfected into cells twice
every second day by Lipofectamine RNAi MAX. MIN6 cells were used for further
experiments 3 days after final transfection.

Glutathione assay. Intracellular reduced glutathione (GSH) content was determined
by using high-performance liquid chromatography conjugated with an electro-
chemical detector (ECD-100; Eicom). GSH content was calculated using reduced
GSH as the standard. The results were shown as nmol GSH per mg of total protein.

Animals. All animal experiments described in this study fully confirmed to the
guidelines outlined in the Guide for the Care and Use of Laboratory Animals of
Japan and were approved by the Animal Care Committee of the Doshisha Uni-
versity (approval no. A14032). Eight-week-old female C57BL/6J mice were
obtained from Shimizu Laboratory Supplies (Kyoto, Japan). Five-week-old female
KKAy mice were obtained from CLEA Japan (Tokyo, Japan). HFHSD (F2HFHSD)
was purchased from Oriental Yeast (Tokyo, Japan). All animals were housed under
a 12 h light/dark cycle and allowed free access to food and water.

Injection of purified SeP and neutralizing Ab into mice. As described in Sup-
plementary Fig. 4a, 9-week-old female C57BL/6J mice were injected twice with
purified hSeP protein (1 mg/kg intraperitoneally ip)16. Control mice were injected
ip with an identical volume of PBS (vehicle control). Treatment hSeP was made 12
and 2 h before tolerance tests or tissue sampling. Tissue samples were taken for
western blotting after perfusion with saline. AE2 mAb (rat IgG1) and control IgG
(20 mg/kg body weight) were administered 2 h before the first injection of SeP.
Control rat IgG1 mAb (R&D systems) was used as a control.

Mouse models of diabetes were treated as described in Supplementary Fig. 8a.
Nine-week-old male KKAy mice or 9-week-old male C57BL/6J mice fed HFHSD
for 11 weeks were injected ip with mFHR pAb and control rabbit IgG (25 mg/kg
body weight), and then underwent a glucose tolerance test (24 h after Ab injection),
insulin tolerance test (48 h after Ab injection) and had tissue sampling (72 h after
Ab injection). Control rabbit IgG (Thermo Fisher Scientific) was used as a control.

Se assay. Levels of Se in serum and in tissues were determined according to the
fluorometric method of Bayfield and Romalis61.

Lipid analysis. Total cholesterol and triglyceride contents were determined by
using cholesterol E-test wako and triglyceride E-test wako Kit (439–17501 and 432-
40201; WAKO), respectively. The results were shown as mg of each lipid per g of
total protein. The protein concentration was determined by using a bicinchoninic
acid protein assay kit (Pierce Biotechnology) with BSA as the standard.

Glucose and insulin tolerance test in mice. The study design is described in the
scheme presented in Supplementary Figs. 4a and 8a. For glucose tolerance tests,
mice were fasted for 12 h. After fasting, glucose was administered intraperitoneally,
and blood glucose levels were measured at indicated times. The amount of glucose
injected into C57BL/6J mice was 1.5 g/kg, while 0.3 g/kg glucose was injected into
KKAy mice and mice fed an HFHSD. Blood glucose and insulin levels were
determined using a glucose oxidase method (Glutest Sensor; Sanwa Kagaku, Kyoto,
Japan) and Mouse Insulin ELISA Kit [T-type] (Shibayagi, Shibukawa, Japan),
respectively. For insulin tolerance tests, mice were fasted for 4 h. Insulin (0.5 U/kg
ip) was administered to C57BL/6J mice, while 10 U/kg insulin was administered ip
to KKAy mice and mice fed an HFHSD. Blood glucose levels were measured at
indicated times.

Immunohistochemistry. The pancreas of treated mice were fixed in PBS con-
taining 4% paraformaldehyde for 1 h, and then embedded in OCT compound
(Sakura Finetek, Tokyo, Japan) and stored at −80 °C. The specimens were sectioned
at 7 μm using a cryostat microtome. For morphometric analysis, three to four non-

overlapping sections from each pancreas were used for each analysis. All analyses
were conducted on at least three animals per treatment condition. To determine β-
cell mass, sections were incubated with anti-insulin mAb (clone L6B10, #8138;
CST), and then bound Abs were visualized with Alexa 568-conjugated anti-mouse
IgG (Molecular Probes, Eugene, OR, USA). Hoechst 33342 dye (Dojindo, Kuma-
moto, Japan) was used to stain cell nuclei. Injected hSeP in the pancreas was
visualized by using rat anti-hSeP mAb BD1 (5 µg/mL) and Alexa 488-conjugated
anti-rat IgG (Molecular Probes). Anti-glucagon mAb (clone K79bB10, G2654;
Sigma) and pAb (SAB4501137; Sigma) were used. The dilution of each Ab was
determined according to the instruction. Cultured cells were fixed in PBS con-
taining 4% paraformaldehyde for 1 h, and then immunostained. Specimens were
observed using a laser-scanning confocal fluorescence microscope (LSM 710
ConfoCor 3; Carl Zeiss, Thornwood, NY, USA) equipped with Zeiss Efficient
Navigation 2009 software. The total pancreatic area and insulin positive area of
each section was measured using ImageJ software.

Isolation of islets. Isolation of rat pancreatic islets was performed according to de
Groot et al.62. Briefly, rat pancreas (Wister rat, male, 10 weeks old) were perfused and
digested by collagenase, and then islets were handpicked and cultured in 24-well
plates (10 islets/well) in RPMI-1640 culture medium supplemented with 10% FBS
and antibiotics. After 2 h incubation, hSeP and selenocystine were added to isolated
islets and incubated for 24 h. Treated cells were assayed for insulin release in vitro.

In vitro insulin release assay. Insulin secretion analyses were performed
according to Spegel et al63. Briefly, islets and MIN6 cells were preincubated for 30
min at 37 °C in a Krebs-Ringer bicarbonate buffer (KRB) composed of (in mM)
11.5 NaCl, 0.47 KCl, 0.12 KH2PO4, 0.12 MgSO4, 0.256 CaCl2, 20 NaHCO3, 10
HEPES, and supplemented with 5.6 mM glucose and 0.1% BSA (fatty acid free).
Subsequently, islets and MIN6 cells were incubated at 37 °C for 1 h in KRB sup-
plemented with 2.8 and 16.7 mM glucose, and then the supernatant was collected
to determine insulin concentration using an ELISA.

Epitope mapping. To map the epitope of each mAb, a series of expression con-
structs were generated. Fragments of human SEPP1 were amplified by PCR and
reinserted into the HindIII site of pEGFP-N1 (Invitrogen) using an In-Fusion HD
Cloning Kit (Clontech TaKaRa Bio). Fragment number and amino acids are as
follows: No. 1, Y60-S299; No. 2, Y60-V107; No. 3, S108-T155; No. 4, F156-P203;
No. 5, F156-H217; No. 6, H204-R254; No. 7, H204-R261; and No. 8, D262-S299.
Constructs were transfected into CHO cells using Lipofectamine 2000 (Invitrogen)
transfection reagent. Cells were collected 48 h after initial transfection and lysed as
described above. Total proteins (5–15 µg) were subjected to western blotting.

Preparation of mFHR polyclonal antibody. Rabbit pAb against mFHR was pre-
pared using a chemically synthesized peptide corresponding to the amino acid
sequence around the FHR of mSeP (N-terminal 196-KTAEPSEVHSHHKHHNKH
GC-C-terminal 215) as an immunogen. Keyhole limpet haemocyanin (KLH)-
conjugated mFHR peptide was injected to rabbits, and then blood was collected.
Obtained serum was fractionated by ammonium sulfate precipitation and then
separated by affinity chromatography to mFHR peptide. Purified mFHR pAb was
dialysed against PBS and used for further experiments after filter sterilization.

Statistical analysis. Data are shown as the mean± s.d. (in vitro) or s.e.m.
(in vivo). Statistical analyses were performed using Excel software and IBM SPSS.
The sample size was chosen based on trial experiments or experiments performed
previously. In animal experiments, statistical methods were not used to determine
sample size. We did not randomize animals, and we performed all experiments
without blinding to the investigator, with the exception that the mice in the
experiments with time-dependent change of blood mSeP levels in KKAy mice and
HFHSD-fed mice were randomly assigned. All groups in the current experiments
showed normal variance. Differences between the two groups were assessed using a
two-tailed unpaired Student's t-test. Data involving more than two groups were
assessed by analysis of variance (ANOVA) as described in the figure legends.
P< 0.05 was considered to indicate significant differences.

Data availability. All relevant data are available from the authors upon reasonable
request.

Received: 1 June 2016 Accepted: 20 October 2017

References
1. Burk, R. F. & Hill, K. E. Selenoprotein P-expression, functions, and roles in

mammals. Biochim. Biophys. Acta 1790, 1441–1447 (2009).
2. Saito, Y. & Takahashi, K. Selenoprotein P. Selenoproteins Mimics 5, 77–88

(2012).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01863-z ARTICLE

NATURE COMMUNICATIONS |8:  1658 |DOI: 10.1038/s41467-017-01863-z |www.nature.com/naturecommunications 15

www.nature.com/naturecommunications
www.nature.com/naturecommunications


3. Burk, R. F. & Hill, K. E. Selenoprotein P: an extracellular protein with unique
physical characteristics and a role in selenium homeostasis. Ann. Rev. Nutr. 25,
215–235 (2005).

4. Labunskyy, V. M., Hatfield, D. L. & Gladyshev, V. N. Selenoproteins: molecular
pathways and physiological roles. Physiol. Rev. 94, 739–777 (2014).

5. Hill, K. E. et al. Deletion of selenoprotein P alters distribution of selenium in the
mouse. J. Biol. Chem. 278, 13640–13646 (2003).

6. Schomburg, L. et al. Gene disruption discloses role of selenoprotein P in
selenium delivery to target tissues. Biochem. J. 370, 397–402 (2003).

7. Saito, Y. & Takahashi, K. Characterization of selenoprotein P as a selenium
supply protein. Eur. J. Biochem. 269, 5746–5751 (2002).

8. Olson, G. E., Winfrey, V. P., Nagdas, S. K., Hill, K. E. & Burk, R. F.
Apolipoprotein E receptor-2 (ApoER2) mediates selenium uptake from
selenoprotein P by the mouse testis. J. Biol. Chem. 282, 12290–12297 (2007).

9. Olson, G. E., Winfrey, V. P., Hill, K. E. & Burk, R. F. Megalin mediates
selenoprotein P uptake by kidney proximal tubule epithelial cells. J. Biol. Chem.
283, 6854–6860 (2008).

10. Misu, H. et al. Deficiency of the hepatokine selenoprotein P increases
responsiveness to exercise in mice through upregulation of reactive oxygen
species and AMP-activated protein kinase in muscle. Nat. Med. 23, 508–516
(2017).

11. Takebe, G. et al. A comparative study on the hydroperoxide and thiol specificity
of the glutathione peroxidase family and selenoprotein P. J. Biol. Chem. 277,
41254–41258 (2002).

12. Sies, H. & Arteel, G. E. Interaction of peroxynitrite with selenoproteins and
glutathione peroxidase mimics. Free Radic. Biol. Med. 28, 1451–1455 (2000).

13. Yoneda, S. & Suzuki, K. T. Equimolar Hg-Se complex binds to selenoprotein P.
Biochem. Biophys. Res. Commun. 231, 7–11 (1997).

14. Saito, Y. et al. Domain structure of bi-functional selenoprotein P. Biochem. J.
381, 841–846 (2004).

15. Hondal, R. J., Ma, S., Caprioli, R. M., Hill, K. E. & Burk, R. F. Heparin-binding
histidine and lysine residues of rat selenoprotein P. J. Biol. Chem. 276,
15823–15831 (2001).

16. Misu, H. et al. A liver-derived secretory protein, selenoprotein P, causes insulin
resistance. Cell Metab. 12, 483–495 (2010).

17. Ishikura, K. et al. Selenoprotein P as a diabetes-associated hepatokine that
impairs angiogenesis by inducing VEGF resistance in vascular endothelial cells.
Diabetologia 57, 1968–1976 (2014).

18. Takayama, H. et al. Metformin suppresses expression of the selenoprotein P
gene via an AMP-activated kinase (AMPK)/FoxO3a pathway in H4IIEC3
hepatocytes. J. Biol. Chem. 289, 335–345 (2014).

19. Kurokawa, S., Hill, K. E., McDonald, W. H. & Burk, R. F. Long isoform mouse
selenoprotein P (Sepp1) supplies rat myoblast L8 cells with selenium via
endocytosis mediated by heparin binding properties and apolipoprotein E
receptor-2 (ApoER2). J. Biol. Chem. 287, 28717–28726 (2012).

20. Brigelius-Flohe, R. & Maiorino, M. Glutathione peroxidases. Biochim. Biophys.
Acta 1830, 3289–3303 (2013).

21. Sunde, R. A. & Raines, A. M. Selenium regulation of the selenoprotein and
nonselenoprotein transcriptomes in rodents. Adv. Nutr. 2, 138–150 (2011).

22. Renko, K. et al. Hepatic selenoprotein P (SePP) expression restores selenium
transport and prevents infertility and motor-incoordination in Sepp-knockout
mice. Biochem. J. 409, 741–749 (2008).

23. Stoy, J. et al. Insulin gene mutations as a cause of permanent neonatal diabetes.
Proc. Natl Acad. Sci. USA 104, 15040–15044 (2007).

24. Oyadomari, S. & Mori, M. Roles of CHOP/GADD153 in endoplasmic
reticulum stress. Cell Death Differ. 11, 381–389 (2004).

25. Bashan, N., Kovsan, J., Kachko, I., Ovadia, H. & Rudich, A. Positive and
negative regulation of insulin signaling by reactive oxygen and nitrogen species.
Physiol. Rev. 89, 27–71 (2009).

26. Ma, S., Hill, K. E., Caprioli, R. M. & Burk, R. F. Mass spectrometric
characterization of full-length rat selenoprotein P and three isoforms shortened
at the C terminus. Evidence that three UGA codons in the mRNA open reading
frame have alternative functions of specifying selenocysteine insertion or
translation termination. J. Biol. Chem. 277, 12749–12754 (2002).

27. Saito, Y. et al. Selenoprotein P in human plasma as an extracellular
phospholipid hydroperoxide glutathione peroxidase. Isolation and enzymatic
characterization of human selenoprotein p. J. Biol. Chem. 274, 2866–2871
(1999).

28. Hill, K. E. et al. The selenium-rich C-terminal domain of mouse selenoprotein
P is necessary for the supply of selenium to brain and testis but not for the
maintenance of whole body selenium. J. Biol. Chem. 282, 10972–10980 (2007).

29. Bosschaerts, T. et al. Alternatively activated myeloid cells limit pathogenicity
associated with African trypanosomiasis through the IL-10 inducible gene
selenoprotein P. J. Immunol. 180, 6168–6175 (2008).

30. Butler, A. E. et al. Beta-cell deficit and increased beta-cell apoptosis in humans
with type 2 diabetes. Diabetes 52, 102–110 (2003).

31. Maclean, N. & Ogilvie, F. R. Quantitative estimation of the pancreatic islet
tissue in diabetic subjects. Diabetes 4, 367–376 (1955).

32. Sakuraba, H. et al. Reduced beta-cell mass and expression of oxidative stress-
related DNA damage in the islet of Japanese Type II diabetic patients.
Diabetologia 45, 85–96 (2002).

33. Yoon, K. H. et al. Selective beta-cell loss and alpha-cell expansion in patients
with type 2 diabetes mellitus in Korea. J. Clin. Endocrinol. Metab. 88,
2300–2308 (2003).

34. Henquin, J. C. & Rahier, J. Pancreatic alpha cell mass in European subjects with
type 2 diabetes. Diabetologia 54, 1720–1725 (2011).

35. Tsuchiyama, N. et al. Possible role of alpha-cell insulin resistance in
exaggerated glucagon responses to arginine in type 2 diabetes. Diabetes Care 30,
2583–2587 (2007).

36. Kharouta, M. et al. No mantle formation in rodent islets—the prototype of islet
revisited. Diabetes Res. Clin. Pract. 85, 252–257 (2009).

37. Talchai, C., Xuan, S., Lin, H. V., Sussel, L. & Accili, D. Pancreatic beta cell
dedifferentiation as a mechanism of diabetic beta cell failure. Cell 150,
1223–1234 (2012).

38. Mao, J. & Teng, W. The relationship between selenoprotein P and glucose
metabolism in experimental studies. Nutrients 5, 1937–1948 (2013).

39. Misu, H. et al. Inverse correlation between serum levels of selenoprotein P and
adiponectin in patients with type 2 diabetes. PLoS ONE 7, e34952 (2012).

40. Rees, K. et al. Selenium supplementation for the primary prevention of
cardiovascular disease. Cochrane Database Syst. Rev. pub2. http://doi.org/
10.1002/14651858.CD009671 (2013).

41. Rayman, M. P. & Stranges, S. Epidemiology of selenium and type 2 diabetes:
can we make sense of it? Free Radic. Biol. Med. 65, 1557–1564 (2013).

42. Stranges, S., Navas-Acien, A., Rayman, M. P. & Guallar, E. Selenium status and
cardiometabolic health: state of the evidence. Nutr. Metab. Cardiovasc. Dis. 20,
754–760 (2010).

43. Wang, D. S. et al. Involvement of organic cation transporter 1 in hepatic and
intestinal distribution of metformin. J. Pharmacol. Exp. Ther. 302, 510–515
(2002).

44. Shu, Y. et al. Effect of genetic variation in the organic cation transporter 1
(OCT1) on metformin action. J. Clin. Invest. 117, 1422–1431 (2007).

45. Hill, K. E. et al. Production of selenoprotein P (Sepp1) by hepatocytes is central
to selenium homeostasis. J. Biol. Chem. 287, 40414–40424 (2012).

46. Schweizer, U. et al. Hepatically derived selenoprotein P is a key factor for
kidney but not for brain selenium supply. Biochem. J. 386, 221–226 (2005).

47. Carlson, B. A. et al. 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 (2004).

48. Kobayashi, Y. et al. Selenosugars are key and urinary metabolites for selenium
excretion within the required to low-toxic range. Proc. Nat. Acad. Sci. USA 99,
15932–15936 (2002).

49. Burk, R. F., Hill, K. E., Boeglin, M. E., Ebner, F. F. & Chittum, H. S.
Selenoprotein P associates with endothelial cells in rat tissues. Histochem. Cell
Biol. 108, 11–15 (1997).

50. Arteel, G. E., Franken, S., Kappler, J. & Sies, H. Binding of selenoprotein P to
heparin: characterization with surface plasmon resonance. Biol. Chem. 381,
265–268 (2000).

51. Kurokawa, S., Bellinger, F. P., Hill, K. E., Burk, R. F. & Berry, M. J. Isoform-
specific binding of selenoprotein P to the beta-propeller domain of
apolipoprotein E receptor 2 mediates selenium supply. J. Biol. Chem. 289,
9195–9207 (2014).

52. Herz, J. & Chen, Y. Reelin, lipoprotein receptors and synaptic plasticity. Nat.
Rev. Neurosci. 7, 850–859 (2006).

53. Hill, K. E. et al. Deletion of selenoprotein P alters distribution of selenium in
the mouse. J. Biol. Chem. 278, 13640–13646 (2003).

54. Sandoval, D. A. & D’Alessio, D. A. Physiology of proglucagon peptides: role of
glucagon and GLP-1 in health and disease. Physiol. Rev. 95, 513–548 (2015).

55. Suzuki, Y., Sakai, T. & Furuta, N. Isolation of selenoprotein-P and
determination of Se concentration incorporated in proteins in human and
mouse plasma by tandem heparin affinity and size-exclusion column HPLC-
ICPMS. Anal. Sci. 28, 221–224 (2012).

56. Miyazaki, J. et al. Establishment of a pancreatic beta cell line that retains
glucose-inducible insulin secretion: special reference to expression of glucose
transporter isoforms. Endocrinology 127, 126–132 (1990).

57. Saito, Y., Yoshida, Y., Akazawa, T., Takahashi, K. & Niki, E. Cell death caused
by selenium deficiency and protective effect of antioxidants. J. Biol. Chem. 278,
39428–39434 (2003).

58. Schagger, H. Tricine-SDS-PAGE. Nat. Protoc. 1, 16–22 (2006).
59. Saito, Y., Watanabe, Y., Saito, E., Honjoh, T. & Takahashi, K. Production and

application of monoclonal antibodies to human selenoprotein P. J. Health Sci.
47, 346–352 (2001).

60. Yarimizu, J., Nakamura, H., Yodoi, J. & Takahashi, K. Efficiency of
selenocysteine incorporation in human thioredoxin reductase. Antioxid. Redox
Signal 2, 643–651 (2000).

61. Bayfield, R. F. & Romalis, L. F. PH Control in the fluorometric assay for
selenium with 2,3-diaminonaphthalene. Anal. Biochem. 144, 569–576 (1985).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01863-z

16 NATURE COMMUNICATIONS | 8:  1658 |DOI: 10.1038/s41467-017-01863-z |www.nature.com/naturecommunications

http://dx.doi.org/10.1002/14651858.CD009671
http://dx.doi.org/10.1002/14651858.CD009671
www.nature.com/naturecommunications


62. de Groot, M. et al. Rat islet isolation yield and function are donor strain
dependent. Lab. Anim. 38, 200–206 (2004).

63 Spegel, P. et al. Unique and shared metabolic regulation in clonal beta-cells and
primary islets derived from rat revealed by metabolomics analysis.
Endocrinology 156, 1995–2005 (2015).

Acknowledgements
This work was supported in part by Adaptable and Seamless Technology Transfer
Program through Target-driven R&D (A-STEP) Grant Numbers AS242Z00291Q,
AS2414066P 15im0302407), AS262Z01586Q from Japan Science and Technology
Agency (JST) and Japan Agency for Medical Research and Development (AMED),
KAKENHI Grant Number 25292078 and 17H03821 from the Japan Society for the
Promotion of Science (JSPS), and Ministry of Education, Culture, Sports, Science and
Technology (MEXT)-Supported Program for the Strategic Research Foundation at Pri-
vate Universities. We acknowledge the contribution of Maya Suetsugu and Junko Nar-
itomi for technical support. We also acknowledge the contribution of Kazuhiko
Takahashi and Yasuko Watanabe in Department of Hygienic Chemistry, Graduate
School of Pharmaceutical Sciences, Hokkaido University for the support of antibody
preparation.

Author contributions
Y.M., H.M., M.I., T.T., N.N. and Y.S. designed experiments and wrote the manuscript. Y.
M., K.N., S.I., Y.K. and K.I. performed experiments related to animal models. Y.M., K.N.,
S.I., Y.N., Y.Y., N.S., K.S., T.N. and M.I. performed experiments related to cultured cells.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01863-z.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01863-z ARTICLE

NATURE COMMUNICATIONS |8:  1658 |DOI: 10.1038/s41467-017-01863-z |www.nature.com/naturecommunications 17

http://dx.doi.org/10.1038/s41467-017-01863-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Selenoprotein P-neutralizing antibodies improve insulin secretion and glucose sensitivity in type 2 diabetes mouse models
	Results
	Identification of neutralizing antibody for human SeP
	Effects of human SeP-neutralizing antibody in�vivo
	Effects of SeP-neutralizing Ab AE2 on glucose metabolism
	Effects of excess SeP and its neutralizing Ab on pancreas
	Effects of excess SeP and its neutralizing Ab on MIN6 cells
	Epitope mapping and preparation of mouse SeP-neutralizing Ab
	Effects of mouse SeP-neutralizing Ab on KKAy mice
	Effects of mouse SeP-neutralizing Ab on mice fed an HFHSD

	Discussion
	Methods
	Reagents
	Cell culture
	Real-time PCR analysis
	Selenoprotein P binding assay
	Direct enzyme-linked immunosorbent assay (ELISA)
	Western blotting
	Selenoprotein P uptake and Se-supply assay
	Transfection of small interfering RNA
	Glutathione assay
	Animals
	Injection of purified SeP and neutralizing Ab into mice
	Se assay
	Lipid analysis
	Glucose and insulin tolerance test in mice
	Immunohistochemistry
	Isolation of islets
	In vitro insulin release assay
	Epitope mapping
	Preparation of mFHR polyclonal antibody
	Statistical analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




