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To determine the role of the endoplasmic reticulum
(ER) in diabetes, Akita mice, a mouse model of type 2
diabetes, were mated with either heterozygous knockout mice or two types of transgenic mice of 150-kDa
oxygen-regulated protein (ORP150), a molecular chaperone located in the ER. Systemic expression of ORP150
in Akita mice improves insulin intolerance, whereas the
exclusive overexpression of ORP150 in pancreatic ␤-cells
of Akita mice did not change their glucose tolerance.
Both an insulin tolerance test and hyperinsulinemiceuglycemic clamp revealed that ORP150 enhanced glucose uptake, accompanied by suppression of oxidized
protein. Furthermore, ORP150 enhanced the insulin
sensitivity of myoblast cells treated with hydrogen peroxide. These data suggest that ORP150 plays an important role in insulin sensitivity and is a potential target
for the treatment of diabetes. Diabetes 54:657– 663,
2005

H

yperglycemia occurs with the progressive failure of pancreatic ␤-cells to secrete sufficient
amounts of insulin to compensate for insulin
resistance (1). Mice lacking PKR-like endoplasmic reticulum kinase (PERK) or eukaryotic initiation
factor (eIF)-2␣ exhibited ␤-cell overload in pancreatic
␤-cells (2,3), which is observed during conditions such as
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hyperglycemia and obesity. Furthermore, nitric oxide induces apoptosis by endoplasmic reticulum (ER) stress via
the induction of C/EBP homologous protein (Chop), and
pancreatic islets from Chop knockout mice exhibit resistance to nitric oxide (4). The Akita mouse, which carries a
conformation-altering missense mutation (Cys96Tyr) in
Insulin 2, displays hyperglycemia without obesity (5,6).
During the development of diabetes in Akita mice, both
the transcriptional factor Chop and the molecular chaperone GRP78 in the ER were induced in the pancreas, and
targeted disruption of the Chop gene improved the glucose
intolerance of heterozygous Akita mice (7). These reports
show that ER plays an important role in insulin secretion
in ␤-cells of the pancreas.
ORP150 (150-kDa oxygen-regulated protein) is a molecular chaperone in the ER that has been identified in
cultured astrocytes exposed to hypoxia (8). The expression of ORP150 is essential for the maintenance of cellular
viability under hypoxia (9), and neurons overexpressing
ORP150 resist acute ischemic damage (10). ORP150 also
plays an important role in the secretion of vascular endothelial growth factor (VEGF) as a molecular chaperone
(11,12), and it is induced via the unfolded protein pathway
(13). Kobayashi et al. (14) showed that the strong expression of ORP150 protein by islets of pancreas tissue is
reduced by fasting, suggesting that ORP150 is involved in
the secretion of insulin. In contrast, polymorphism analysis revealed that some single nucleotide polymorphisms
(SNPs) in the ORP150 genome of Pima Indians are associated with insulin sensitivity and not the secretion of
insulin (15).
In this report, we show that the systemic overexpression of ORP150 delayed the onset of disease in heterozygous Akita mice and improved insulin sensitivity, whereas
heterozygous disruption of the ORP150 gene facilitated the
progress of diabetes and caused insulin resistance. Furthermore, the overexpression of ORP150 reduced oxidative stress and augmented insulin signaling in the liver and
skeletal muscle of Akita mice and in rat skeletal myoblast
cell lines, suggesting that ORP150 improves the insulin
sensitivity impaired by oxidative stress.
RESEARCH DESIGN AND METHODS
For Western blotting, anti-human ORP150 (1 g/ml) (9), anti–insulin receptor
substrate (IRS)-1 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phosphotyrosine (Calbiochem-Novabiochem, San Diego, CA), and anti–␤-actin Ab IgG
(Sigma Chemical, St. Louis, MO) were used. We used anti-human ORP150 IgG
(5 g/ml) (16) and anti-insulin IgG for immunohistochemical analysis. The
construct of the rat insulin promoter was a kind gift from Dr. Richard D.
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Palmiter at the University of Washington. L6 cells were purchased from
Japanese Collection of Research Bioresources (JCRB) Cell Bank (no.
IFO50364; Osaka, Japan).
All procedures involving animals were approved by the Animal Care and
Use Committee of Kanazawa University. ORP150 transgenic mice using a
cytomegalovirus immediate early enhancer-chicken ␤-actin hybrid (CAG)
promoter (16) were a kind gift from the HSP institute (17). ORP150 heterozygous knockout mice have been generated previously (18). Akita mice established from C57BL/6 mice were purchased from Japan SLC (Shizuoka, Japan).
Transgenic mice using insulin promoter were generated at the Genome
Information Research Center (Osaka University, Osaka, Japan) (10). The
genotype of the mutant mice was determined by Southern blot analysis and
PCR. These mice were crossed into the C57BL/6 background.
The levels of HbA1c were measured from tail-vein blood using a DCA2000
analyzer (Bayer Medical, Tokyo, Japan) (19). The concentration of insulin was
measured using an insulin enzyme-linked immunosorbent assay (ELISA) kit in
accordance with the manufacturer’s instructions (Shibayagi, Shibukawa, Japan).
Glucose metabolism of mutant mice. Intraperitoneal glucose tolerance
tests (IPGTTs) and insulin tolerance tests (ITTs) were performed as described
previously (20). Hyperinsulinemic-euglycemic clamp was performed as
described previously (21,22). The rates of glucose appearance (Ra) and
disappearance (Rd) were calculated according to Steele’s non–steady-state
equations. Endogenous glucose production (EGP) was calculated as the
difference between the tracer-derived Ra and exogenous infusion rates of
glucose (GIRs) and tracer.
Assessment of insulin signaling. Animals that fasted overnight were
anesthetized and injected with either saline or 5 IU human insulin via the
inferior vena cava. The liver was obtained after 2 min and the skeletal muscle
after 5 min. L6 cells were harvested after 5 min treatment with hydrogen
peroxide. Protein samples from the liver, skeletal muscle, and L6 cells
underwent immunoprecipitation for IRS-1 followed by Western blotting with
an anti–IRS-1 antibody and anti-phosphorylated IRS-1 antibody.
Treatment with ␣-lipoic acid. At 6 weeks of age, C57BL/6 and Akita mice
received an intraperitoneal injection of either vehicle or 30 mg/kg body wt
␣-lipoic acid over 5 days (23).
Protein oxidation detection. The formation of protein carbonyl groups was
assessed by a OxyBlot protein oxidation detection kit (Integen) used in
accordance with the manufacturer’s protocol.
Adenovirus infection. Adenovirus coding for ORP150 in the sense (Ad/SORP150) or antisense (Ad/AS-ORP150) orientation and coding LacZ (AxCALacZ)
have been generated previously (10). L6 cells were infected with an adenovirus at 100 multiplicities of infection (MOI) for 24 h as described previously.
Data analysis. Statistical analysis was performed by either an unpaired t test
or an ANOVA followed by multiple comparison analysis using NewmanKuehl’s equation. Where indicated, the data were analyzed by a two-way
ANOVA followed by multiple contrast analysis. For nonparametric data, either
a Kruskal-Wallis analysis or 2 analysis was applied.

RESULTS

Targeted disruption of ORP150 heterozygously accelerated the onset of diabetes in Akita mice. ORP150
heterozygous mice (ORP150⫺/⫹) were mated with heterozygous Akita mice (Ins2WT/C96Y). Consistent with a previous report (16), ORP150 levels of ORP150⫺/⫹ mice were
reduced by ⬃50% compared with those of their wild-type
littermates (Fig. 1A), and similar results were obtained
between ORP150⫺/⫹Ins2WT/C96Y and Ins2WT/C96Y mice (data
not shown). There was no significant difference in the
body weights of ORP150⫺/⫹Ins2WT/C96Y and Ins2WT/C96Y
mice (Fig. 1B). The IPGTT showed there was no significant
difference between ORP150⫺/⫹ and their wild-type littermates (data not shown), whereas at 6 weeks the serum
glucose levels of ORP150⫺/⫹Ins2WT/C96Y were significantly
higher than those of Ins2WT/C96Y mice (Fig. 1C). The measurement of HbA1c showed a similar trend as IPGTT at 6
and 9 weeks; however, at 12 weeks there was no significant difference in HbA1c levels between Ins2WT/C96Y and
ORP150⫺/⫹Ins2WT/C96Y mice (Fig. 1D). Contrary to our
prediction, there was no significant difference in the insulin content of the pancreas of ORP150⫺/⫹Ins2WT/C96Y and
Ins2WT/C96Y mice (Fig. 1E).
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FIG. 1. Glucose and insulin homeostasis in Akita mice heterozygous for
ORP150 deficiency. A: Indicated tissues of ORP150ⴚ/ⴙ and wild-type
littermates underwent immunoblotting, and semiquantitative analysis
was performed (n ⴝ 4). B: Growth curve of Ins2WT/CY and ORP150ⴚ/ⴙ
Ins2WT/CY mice (n ⴝ 8). C: The glucose tolerance test was performed on
male Ins2WT/CY and ORP150ⴚ/ⴙIns2WT/CY mice (n ⴝ 5). D: Blood HbA1c
levels measured in Ins2WT/CY and ORP150ⴚ/ⴙIns2WT/CY mice (n ⴝ 6). E:
Pancreatic insulin content of Ins2WT/CY and ORP150ⴚ/ⴙIns2WT/CY mice
(n ⴝ 5). Data are means ⴞ SD. *P < 0.05 and **P < 0.01 by multiple
comparison analysis compared with the control.

Glucose metabolism of Akita mice overexpressing
ORP150. ORP150 transgenic mice generated using the
CAG promoter (ORP150CAG) were mated with Ins2WT/C96Y
mice. The levels of ORP150 protein were significantly
greater in ORP150CAG compared with their wild-type
littermates (Fig. 2A), and similar results were obtained
between ORP150CAGIns2WT/C96Y and Ins2WT/C96Y (data not
shown). Consistent with a previous report (17), ORP150CAG
Ins2WT/C96Y had significantly lower body weights than
Ins2WT/C96Y mice (Fig. 2B). IPGTT showed that at 6
weeks, the glucose tolerance of ORP150CAGIns2WT/C96Y
was greater than that of Ins2WT/C96Y (Fig. 2C). HbA1c
showed a similar trend as IPGTT at 6 and 9 weeks;
however, at 12 weeks there was no significant difference
(Fig. 2D). There was no significant difference in the insulin
content of the pancreas (Fig. 2E).
To determine whether overexpression of ORP150 in
␤-cells of the islets improves the glucose intolerance of
Ins2WT/C96Y, ORP150 transgenic mice were generated using the rat insulin promoter (ORP150Ins), as described in
RESEARCH DESIGN AND METHODS. Western blot analysis revealed
that ORP150 levels in the pancreas of ORP150Ins mice lines
were significantly higher than those of their nontransgenic
littermates. In comparison, there was no significant difference in the levels of ORP150 in the liver, skeletal muscle,
white fat tissue, and brown fat tissue between the three
lines of ORP150Ins and their wild-type littermates (Fig. 3A).
Furthermore, immunohistochemical analysis showed that
ORP150 expression in the pancreas of ORP150Ins was
limited to the islets of Langerhans and overlapped with
that of insulin (Fig. 3B and C), suggesting that, as preDIABETES, VOL. 54, MARCH 2005
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FIG. 2. Glucose and insulin homeostasis in Akita mice overexpressing
ORP150 using CAG promoter. A: Indicated tissues of two lines of
ORP150CAG(TG-cag1 and 2) and their wild-type littermates (wild)
underwent immunoblotting, and semiquantitative analysis was performed (n ⴝ 4). B: The growth curve of Ins2WT/CY (Akita) and
ORP150CAGIns2WT/CY (AkitaⴙTG-CAG1 and -2) (n ⴝ 8). C: Male
Ins2WT/CY and ORP150CAGIns2WT/CY underwent the glucose tolerance
test (n ⴝ 5). D: Blood HbA1c levels measured in Ins2WT/CY and
ORP150CAGIns2WT/CY (n ⴝ 6). E: Pancreatic insulin content of Ins2WT/CY
and ORP150CAGIns2WT/CY mice (n ⴝ 5). Data are means ⴞ SD. **P <
0.01 by multiple comparison analysis compared with the control.

dicted, the transgene was expressed in ␤-cells. There was
no significant difference between the growth curves of
Ins2WT/C96Y and ORP150InsIns2WT/C96Y mice (Fig. 3D).
Both glucose tolerance assessed by IPGTT (data not
shown) and measurement of HbA1c (Fig. 3E) were not
significantly different between Ins2WT/C96Y and ORP150Ins
Ins2WT/C96Y mice. In addition, there was no significant
difference in the pancreatic levels of insulin in Ins2WT/C96Y
and ORP150InsIns2WT/C96Y mice (data not shown). The results
shown in Figs. 1 and 2 suggest that ORP150 improves the
glucose intolerance of Akita mice but not the secretion of
insulin.
ORP150 is involved in insulin sensitivity. To determine whether ORP150 expression was lessened by fasting
(14), the pancreas (Fig. 4A), liver (Fig. 4B), and skeletal
muscle (Fig. 4C) of C57BL/6 starved for indicated times
were used for Western blotting with an anti-ORP150 antibody. In contrast to previous findings (14), there was no
significant difference in the levels of ORP150 in the pancreatic tissue of control and starved mice, whereas starDIABETES, VOL. 54, MARCH 2005

FIG. 3. Glucose and insulin homeostasis in Akita mice overexpressing
ORP150 using insulin promoter. A: Indicated tissues of two lines of
three lines of ORP150Ins (TG-ins1, -2, and -3) and their wild-type
littermates (wild) underwent immunoblotting, and semiquantitative
analysis was performed (n ⴝ 4). B and C: Pancreatic sections of
ORP150Ins mice that underwent immunohistochemical analysis using
an anti-ORP150 (B) and anti-insulin antibody (C). D: The growth curve
of Ins2WT/CY (Akita) and ORP150InsIns2WT/CY (Akitaⴙ TG-ins1, -2, and
-3) (n ⴝ 8). E: Blood HbA1c levels measured in Ins2WT/CY and
ORP150InsIns2WT/CY mice (n ⴝ 6). Data are means ⴞ SD (n ⴝ 4). **P <
0.01 by multiple comparison analysis compared with the control.

vation for 48 h significantly reduced the levels of ORP150
in the liver and skeletal muscle.
We assessed the levels of ORP150 in Akita mice. The
levels of ORP150 transcript in the pancreas of Ins2WT/C96Y
were significantly higher than those of C57BL/6 (Fig. 4D
and 4e). However, there was no significant difference in
the levels of ORP150 protein between Ins2WT/C96Y and
C57BL/6 mice (Fig. 4F and G). Immunoblotting also revealed that the levels of ORP150 in the liver (Fig. 4H and
I) and skeletal muscle (Fig. 4J and K) of Ins2WT/C96Y were
significantly greater compared with that of C57BL/6 mice
at 6 weeks, whereas those of Ins2WT/C96Y were significantly
lower compared with those of C57BL/6 mice at 12 weeks.
To determine whether ORP150 is involved in the insulin
sensitivity of Ins2WT/C96Y, an ITT was performed. The ITT
revealed that overexpression of ORP150 increased the
insulin sensitivity of Ins2WT/C96Y (Fig. 5A), whereas
heterozygous disruption of ORP150 reduced insulin sensitivity (Fig. 5B). To further investigate these findings,
ORP150CAG and ORP150⫺/⫹ mice underwent hyperinsulinemic-euglycemic clamp. As described previously (17),
ORP150CAG mice displayed the phenotype of myocardial
degeneration and died of heart failure during the clamp
test. The average GIR of 90 –120 min in ORP150⫺/⫹ was
significantly lower than that of their littermates (Fig. 5C).
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FIG. 4. Expression of ORP150 in starved and diabetic mice. A–C:
Wild-type mice (C57BL/6) were starved 0 – 48 h and the indicated
tissues harvested for Western blot analysis using an anti-ORP150 and
anti–␤-actin antibody; semiquantitative analysis is shown. The intensity of ORP150 is represented as the percentage increase over the
control. D and E: Total RNA from the pancreas of male wild-type
(C57BL/6) and 6-week-old Akita mice used in Northern blot analysis. A
typical example of the blot is shown in D. Semiquantitative analysis is
shown in E, where the intensity of ORP150 is represented as the
percentage increase over the control. F–K: Protein samples from the
pancreas (F and G), liver (H and I), and skeletal muscle (J and K) of
male C57BL/6 and Akita mice (Ins2WT/CY) used in Western blot analysis. A typical example of the blot is shown in F, H, and J. Semiquantitative analysis is shown in G, I, and K, where the intensity of ORP150
is represented as the percentage increase over the control. Data are
shown as means ⴞ SD (n ⴝ 4). *P < 0.05 and **P < 0.01 by multiple
comparison analysis compared with the control.

EGP showed there was no significant difference between
ORP150⫺/⫹ and their wild-type littermates (data not shown).
We assessed insulin signaling in Ins2WT/C96Y, ORP150CAG
Ins2WT/C96Y, and ORP150⫺/⫹Ins2WT/C96Y mice. After overnight starvation and treatment with either saline or insulin,
protein was extracted from the liver (Fig. 5D and E) and
skeletal muscle (Fig. 4F and G) for immunoprecipitation
with an anti–IRS-1 IgG, followed by Western blot analysis
with an anti-phosphorylated IRS-1 IgG and anti–IRS-1. The
levels of phosphorylated IRS-1 in ORP150CAGIns2WT/C96Y
were increased compared with Ins2WT/C96Y but were reduced in ORP150⫺/⫹Ins2WT/C96Y mice (Fig. 4E and G).
These results indicate that ORP150 might play a role in the
insulin sensitivity of the liver and skeletal muscle but not
in the secretion of insulin.
ORP150 decreased oxidative stress in Akita mice. We
speculated that oxidative stress caused by hyperglycemia
might induce ORP150 expression. To determine whether
there was a relationship between oxidative stress and the
induction of ORP150 in diabetes, Akita mice at 5 weeks
were treated with ␣-lipoic acid (ALA), an antioxidant drug
that improves insulin resistance (23). Northern blot analysis showed that ALA reduced the levels of ORP150
transcript in the liver (Fig. 6A and B) and skeletal muscle
(Fig. 6C and D) of Akita mice. In addition, 10 – 40 mol/l
660

hydrogen peroxide induced ORP150 and GRP78 transcripts in L6 skeletal myoblast cells (Fig. 7A and B).
In contrast, Chop transcripts were only induced by 100
mol/l hydrogen peroxide (Fig. 7A and C). ORP150 and
GRP78 transcript expression peaked 6 –12 h after the
treatment with hydrogen peroxide (data not shown). Immunoblot analysis showed the similar results as Northern
blot analysis (data not shown). These data suggest that
oxidative stress could induce ORP150 and GRP78. To
further investigate the role of hydrogen peroxide in ER, L6
cells were treated with hydrogen peroxide for 24 h and
then L6 cells were treated with 20 mol/l hydrogen peroxide and tunicamycin (TM). TM induced ORP150 (Fig. 7D
and E) and GRP78 (Fig. 7D and F), and hydrogen peroxide
decreased their induction (Fig. 7D–F). These data are
consistent with the in vivo data that levels of ORP150 in
liver and muscle of Akita mice were decreased compared
with those of wild-type mice at 12 weeks. Taken together,
these data suggest that oxidative stress could induce ER
chaperone; however, prolonged oxidative stress attenuates the induction of ER chaperone.
Furthermore, Western blotting using an anti-DNP (1-3
dinitrophenyl hydrazone) antibody revealed that overexpression of ORP150 reduced the levels of carbonylated
protein in Akita mice (Fig. 8A) but that carbonylated
protein was increased with heterozygous disruption of
ORP150 (Fig. 8B). To further determine a possible role for
ORP150, the levels of ORP150 were modulated in L6
myoblast cells using adenoviruses coding for ORP150 in
the sense (Ad/S-ORP150) or antisense (Ad/AS-ORP150)
orientation. Treatment of L6 cells with Ad/S-ORP150 significantly increased the levels of ORP150, whereas treatment with Ad/AS-ORP150 suppressed ORP150 levels (Fig.
8C). L6 cells infected with Ad/S-ORP150, Ad/AS-ORP150, or
an adenovirus encoding LacZ (AxCALacZ) were treated
with 20 mol/l hydrogen peroxide and then used in
Western blot analysis in conjunction with an anti-DNP
antibody. The levels of oxidative protein in L6 cells treated
with hydrogen peroxide were suppressed Ad/S-ORP150
but increased by Ad/AS-ORP150 (Fig. 8D). Using immunoprecipitation, insulin signals were further assessed in L6
cells treated with hydrogen peroxide. Ad/S-ORP150 consistently enhanced phosphorylation of IRS-1, but phosphorylation was suppressed by Ad/AS-ORP150 (Fig. 8E and F),
suggesting that the ER chaperone might protect insulin
signaling from oxidative stress in myoblast cells.
DISCUSSION

In this report, we demonstrated that ORP150 expression
could be induced by hydrogen peroxide in myoblast cells
and that overexpression of ORP150 using an adenovirus
reduced oxidized protein. However, in a previous study,
we showed that ORP150 had no influence on hydrogen
peroxide–induced cell death (9,10). This discrepancy might
arise from the different concentrations of hydrogen peroxide added to the cells. In previous reports, 100 mol/l to 10
mmol/l hydrogen peroxide has been added to either 293
cells or primary neurons (9,10), whereas in this study,
10 – 40 mol/l hydrogen peroxide induced ORP150 but
produced no significant difference in cell growth and death
(data not shown).
ORP150CAGIns2WT/C96Y showed lower body weight comDIABETES, VOL. 54, MARCH 2005
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FIG. 5. Assessment of insulin sensitivity of mutant mice. A
and B: ITT of Ins2WT/CY, ORP150CAGIns2WT/CY, and ORP150ⴚ/ⴙ
Ins2WT/CY mice (n ⴝ 5). C: GIR of wild-type littermates and
ORP150ⴚ/ⴙ mice (seven littermates and five ORP150ⴚ/ⴙ).
D–G:
Phosphorylation
of
IRS-1
in
Ins2WT/CY,
ORP150CAGIns2WT/CY, and ORP150ⴚ/ⴙIns2WT/CY mice were
assessed. A typical example of the blot is shown in D and
F. Semiquantitative analysis is shown in E and G (n ⴝ 4).
Data are means ⴞ SD (n ⴝ 4). *P < 0.05 and **P < 0.01 by
multiple comparison analysis compared with the control.

pared with the nontransgenic Akita (Ins2WT/C96Y). It is
possible that these differences in body weight might account for the differences in insulin sensitivity. To eliminate
this possibility, we performed IPGTT and ITT using
ORP150CAG and weight-matched control. IPGTT showed
no significant difference between ORP150CAG and weightmatched control (see online appendix at http://diabetes.

FIG. 6. Antioxidant drug decreased the expression of ORP150. C57BL/6
and Akita mice were treated with either saline or ALA, and the
indicated tissues underwent Northern blot analysis for ORP150 and
␤-actin. A typical example of the blot is shown in A and C. Semiquantitative analysis is shown in B and D, where the intensity of ORP150 is
represented as the percentage increase over the wild-type mice treated
with saline and normalized to the levels of ␤-actin. Data are means ⴞ
SD (n ⴝ 4). *P < 0.05 and **P < 0.01 by multiple comparison analysis
compared with the control.
DIABETES, VOL. 54, MARCH 2005

diabetesjournals.org). However, ITT showed that overexpression of ORP150 improved insulin sensitivity compared
with weight-matched control (online appendix).
Using immunoblotting, we have shown that fasting
reduces the levels of ORP150 in the liver and skeletal
muscle (Fig. 4B and C). These data are consistent with a
previous report showing that the expression of some ER
chaperones, including ORP150, was lower in the liver of
mice fed energy-restricted food compared with that of
freely fed mice (24). In addition, we have shown that the
levels of ORP150 in the liver and skeletal muscle of Akita
mice were significantly greater compared with that of
wild-type mice (Fig. 4H–K). Given that mutation of the
insulin two gene is responsible for the phenotype of Akita
mice, we expected hyperglycemia might secondarily induce ORP150 expression in the liver and skeletal muscle.
This idea is consistent with our pilot data showing increased ORP150 expression in the liver and skeletal muscle of db/db diabetic mice or C57BL/6 mice treated with
streptozotocin.
Although there is no significant difference in glucose
levels during IPGTT between ORP150⫺/⫹ and wild-type
littermates (data not shown), hyperinsulinemic-euglycemic clamp revealed that insulin sensitivity of ORP150⫺/⫹
was greater than that of wild-type littermates (Fig. 5C). As
described in RESEARCH DESIGN AND METHODS, excess insulin
was infused to maintain levels of glucose during clamp
test, and insulin accelerates the process of mRNA translation (25) and results in increasing protein synthesis and
ER stress. These reports led us to the idea that more
ORP150 is required during clamp test than during IPGTT,
and this is consistent with our pilot study that ORP150
661
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FIG. 7. The relationship between ORP150 and oxidative stress. A–C: L6
myoblast cells treated with hydrogen peroxide underwent Northern
blot analysis for ORP150, GRP78, Chop, and ␤-actin. A typical example
of the blot is shown in A. Semiquantitative analysis is shown in B and
C, where the intensity of ORP150 (B), GRP78 (B), and Chop (C) is
represented as the percentage increase over the control (0 h) normalized to the levels of ␤-actin. Data are means ⴞ SD (n ⴝ 4). D–F: L6
myoblast cells, treated with hydrogen peroxide for 24 h, were subjected to TM and hydrogen peroxide for 6 h and then underwent
Northern blot analysis for ORP150, GRP78, and ␤-actin. A typical
example of the blot is shown in D. Semiquantitative analysis is shown
in E and F, where the intensity of ORP150 (E) and GRP78 (F) is
represented as the percentage increase over the control (0 h) normalized to the levels of ␤-actin (n ⴝ 4). Data are means ⴞ SD. *P < 0.05
and **P < 0.01 by multiple comparison analysis compared with the
control.

levels in liver and muscle of db/db mice were greater than
that of Akita mice (data not shown).
We have reported that ORP150 enhances the secretion
of VEGF in wound healing and tumor formation (11,12),
and, therefore, we expected that ORP150 might enhance the
secretion of ACRP30/adiponectin, the expression of which
correlates with insulin sensitivity (26), resulting in improved insulin resistance of Akita mice. To determine
whether ORP150 increases the secretion of ACRP30, we
assessed the levels of ACRP30 in serum and white/brown
adipose tissues of Ins2WT/C96Y, ORP150⫺/⫹Ins2WT/C96Y, and
ORP150CAGIns2WT/C96Y by ELISA; however, no significant differences were shown between Ins2WT/C96Y and ORP150⫺/⫹
Ins2WT/C96Y or between Ins2WT/C96Y and ORP150CAG
Ins2WT/C96Y(online appendix).
In contrast, the ER of proteins consumes oxidizing
equivalents during the process of disulphide-bond formation (27,28), and ER stress in PERK⫺/⫺ or ATF4⫺/⫺ cells
leads to the acute production of reactive oxygen species
(ROS) through the accumulation of proteins oxidized by
protein disulfide isomerase (29). These findings suggest
that ER can reduce ROS in the liver and skeletal muscle, as
well as improve insulin sensitivity in type 2 diabetes. As a
662

FIG. 8. ORP150 enhanced insulin signaling. A and B: The liver and
skeletal muscle of wild-type (wild), ORP150ⴚ/ⴙ (KO), ORP150CAG (TG),
Ins2WT/CY (Akita), ORP150ⴚ/ⴙIns2WT/CY (AkitaⴙKO), and ORP150CAG
Ins2WT/CY (AkitaⴙTG) mice that underwent Western blot analysis
using an anti-DNP antibody and semiquantitative analysis (n ⴝ 4). C
and D: L6 cells infected by Ad/S-ORP150, Ad/AS-ORP150, or AxCALacZ
and treated with hydrogen peroxide underwent Western blot analysis
using either an anti-ORP150 antibody or anti-DNP antibody. Semiquantitative analysis is shown, where the intensity of ORP150 (C) and
anti-DNP antibody (D) is represented as the percentage increase over
the control (not infected with adenovirus) normalized to the levels of
␤-actin (n ⴝ 4). E and F: L6 cells infected by Ad/S-ORP150, Ad/ASORP150, or AxCALacZ and treated with hydrogen peroxide were
stimulated with either saline (ⴚ) or 100 nmol/l of human insulin (ⴙ)
underwent immunoprecipitation of IRS-1 followed by Western blotting
with an anti-phosphotyrosine antibody and anti–IRS-1 antibody. A
semiquantitative analysis was performed (n ⴝ 4). Data are means ⴞ
SD. *P < 0.05 and **P < 0.01 by multiple comparison analysis compared with the control.

molecular chaperone, ORP150 increases folding capacity
and enhances protein secretion during ER stress
(10,11,12,30). Consequently, ORP150 could enhance the
role of the ER by reducing excess oxidizing equivalents
and improving insulin sensitivity in type 2 diabetes.
Taken together, these data demonstrate that the ER
chaperone ORP150 could remit insulin resistance caused
by hyperglycemia by reducing oxidative stress and that it
might be a novel therapeutic target to reduce the insulin
resistance characteristic of type 2 diabetes.

ACKNOWLEDGMENTS

We thank Dr. A. Koizumi for his kind advice about Akita
mice; Dr. Y. Yamamoto (Kanazawa University), Dr. S. Kaneko
(Kanazawa University), Dr. Y. Goriya (Nishino Hospital at
Oyabe City, Japan), and Dr. H. Nakamura (Kyoto University) for their helpful suggestions; Dr. M. Okabe for
generating the transgenic mice; and Y. Ichinoda for her
excellent technical assistance.
DIABETES, VOL. 54, MARCH 2005

K. OZAWA AND ASSOCIATES

REFERENCES
1. Shepherd PR, Kahn BB: Glucose transporters and insulin action–implications for insulin resistance and diabetes mellitus. N Engl J Med 341:248 –
257, 1999
2. Harding HP, Zeng H, Zhang Y, Jungries R, Chung P, Plesken H, Sabatini DD,
Ron D: Diabetes mellitus and exocrine pancreatic dysfunction in perk–/–
mice reveals a role for translational control in secretory cell survival. Mol
Cell 7:1153–1163, 2001
3. Scheuner D, Song B, McEwen E, Liu C, Laybutt R, Gillespie P, Saunders T,
Bonner-Weir S, Kaufman RJ: Translational control is required for the
unfolded protein response and in vivo glucose homeostasis. Mol Cell 7:
1165–1176, 2001
4. Oyadomari S, Takeda K, Takiguchi M, Gotoh T, Matsumoto M, Wada I,
Akira S, Araki E, Mori M: Nitric oxide-induced apoptosis in pancreatic beta
cells is mediated by the endoplasmic reticulum stress pathway. Proc Natl
Acad Sci U S A 98:10845–50, 2001
5. Yoshioka M, Kayo T, Ikeda T, Koizumi A: A novel locus, Mody4, distal to
D7Mit189 on chromosome 7 determines early-onset NIDDM in nonobese
C57BL/6 (Akita) mutant mice. Diabetes 46:887– 894, 1997
6. Wang J, Takeuchi T, Tanaka S, Kubo SK, Kayo T, Lu D, Takata K, Koizumi
A, Izumi T: A mutation in the insulin 2 gene induces diabetes with severe
pancreatic ␤-cell dysfunction in the Mody mouse. J Clin Invest 103:27–37,
1999
7. Oyadomari S, Koizumi A, Takeda K, Gotoh T, Akira S, Araki E, Mori M:
Targeted disruption of the Chop gene delays endoplasmic reticulum
stress-mediated diabetes. J Clin Invest 109:525–532, 2002
8. Kuwabara K, Matsumoto M, Ikeda J, Hori O, Ogawa S, Maeda Y, Kitagawa
K, Imuta N, Kinoshita K, Stern D, Yanagi H, Kamada T: Purification and
characterization of a novel stress protein, the 150-kDa oxygen-regulated
protein (ORP150), from cultured rat astrocytes and its expression in
ischemic mouse brain. J Biol Chem 279:5025–5032, 1996
9. Ozawa K, Kuwabara K, Tamatani M, Yakatsuji K, Tsumakoto Y, Kaneda S,
Yanagi H, Stern D, Ogawa S, Tohyama M: ORP150 (150 kDa oxygenregulated protein) suppresses hypoxia-induced apoptotic cell death. J Biol
Chem 274:6397– 6404, 1999
10. Tamatani M, Matsuyama T, Yamaguchi A, Mitsuda N, Tsukamoto Y,
Taniguchi T, Che YH, Ozawa K, Hori O, Nishimura H, Yamashita A, Okabe
M, Yanagi H, Stern DM, Ogawa S, Tohyama M: ORP150 protects against
hypoxia/ischemia-induced neuronal death. Nat Med 7:317–323, 2001
11. Ozawa K, Kondo T, Hori O, Kitao Y, Stern D, Eisenmenger W, Ogawa S,
Ohshima T: Expression of ORP150 (150 kDa Oxygen Regulated Protein)
accelerates wound healing by modulating intracellular VEGF transport.
J Clin Invest 108:41–50, 2001
12. Ozawa K, Tsukamoto Y, Hori O, Kitao Y, Yanagi H, Stern DM, Ogawa S:
Regulation of tumor angiogenesis by oxygen-regulated protein 150, an
inducible endoplasmic reticulum chaperone. Cancer Res 61:4206 – 4213,
2001
13. Kaneda S, Yura T Yanagi H: Production of three distinct mRNAs of 150 kDa
oxygen-regulated protein (ORP150) by alternative promoters: preferential
induction of one species under stress conditions. J Biochem (Tokyo)
128:529 –538, 2000
14. Kobayashi T, Ogawa S, Yura T Yanagi H: Kobayashi T, Ogawa S, Yura T,
Yanagi H: Abundant expression of 150-kDa oxygen-regulated protein in

DIABETES, VOL. 54, MARCH 2005

mouse pancreatic beta cells is correlated with insulin secretion. Biochem
Biophys Res Commun 267:831– 837, 2000
15. Kovacs P, Yang X, Permana PA, Bogardus C, Baier LJ: Polymorphisms in
the oxygen-regulated protein 150 gene (ORP150) are associated with
insulin resistance in Pima Indians. Diabetes 51:1618 –1621, 2002
16. Sakai K, Mitani K, Miyazaki J: Efficient regulation of gene expression by
adenovirus vector-mediated delivery of the CRE recombinase. Biochem
Biophys Res Commun 217:393– 401, 1995
17. Kitao Y, Ozawa K, Miyazaki M, Tamatani M, Kobayashi T, Yanagi H, Okabe
M, Ikawa M, Yamashima T, Stern DM, Hori O, Ogawa S: Expression of the
endoplasmic reticulum molecular chaperone (ORP150) rescues hippocampal neurons from glutamate toxicity. J Clin Invest 108:1439 –1450, 2001
18. Kobayashi T, Ohta Y: Enforced expression of oxygen-regulated protein,
ORP150, induces vacuolar degeneration in mouse myocardium. Transgenic Res 12:13–22, 2003
19. Yamamoto Y, Kato I, Doi T, Yonekura H, Ohashi S, Takeuchi M, Watanabe
T, Yamagishi S, Sakurai S, Takasawa S, Okamoto H, Yamamoto H:
Development and prevention of advanced diabetic nephropathy in RAGEoverexpressing mice. J Clin Invest 108:261–268, 2001
20. Bruning JC, Michael MD, Winnay JN, Hayashi T, Horsch D, Accili D,
Goodyear LJ, Kahn CR: A muscle-specific insulin receptor knockout
exhibits features of the metabolic syndrome of NIDDM without altering
glucose tolerance. Mol Cell 2:559 –569, 1998
21. Finegood DT, Bergman RN, Vranic M: Modeling error and apparent isotope
discrimination confound estimation of endogenous glucose production
during euglycemic glucose clamps. Diabetes 37:1025–1034, 1988
22. Giacca A, Fisher SJ, McCall RH, Shi ZQ, Vranic M: Direct and indirect
effects of insulin in suppressing glucose production in depancreatized
dogs: role of glucagon. Endocrinology 138:999 –1007, 1997
23. Jacob S, Streeper RS, Fogt DL, Hokama JY, Tritschler HJ, Dietze GJ,
Henriksen EJ: The antioxidant alpha-lipoic acid enhances insulin-stimulated glucose metabolism in insulin-resistant rat skeletal muscle. Diabetes
45:1024 –1029, 1996
24. Dhahbi JM, Mote PL, Tillman JB, Walford RL, Spindler SR: Dietary energy
tissue-specifically regulates endoplasmic reticulum chaperone gene expression in the liver of mice. J Nutr 127:1758 –1764, 1997
25. Proud CG, Denton RM: Molecular mechanisms for the control of translation by insulin. Biochem J 328:329 –341, 1997
26. Matsuzawa Y, Funahashi T, Kihara S, Shimomura I: Adiponectin and
metabolic syndrome. Arterioscler Thromb Vasc Biol 24:29 –33, 2004
27. Cuozzo JW, Kaiser CA: Competition between glutathione and protein thiols
for disulphide-bond formation. Nat Cell Biol 1:130 –135, 1999
28. Tu BP, Weissman JS: The FAD- and O(2)-dependent reaction cycle of
Ero1-mediated oxidative protein folding in the endoplasmic reticulum. Mol
Cell 10:983–994, 2002
29. Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, Sadri N, Yun C,
Popko B, Paules R, Stojdl DF, Bell JC, Hettmann T, Leiden JM, Ron D: An
integrated stress response regulates amino acid metabolism and resistance
to oxidative stress. Mol Cell 11:619 – 633, 2003
30. Meunier L, Usherwood YK, Chung KT, Hendershot LM: A subset of
chaperones and folding enzymes form multiprotein complexes in endoplasmic reticulum to bind nascent proteins. Mol Biol Cell 13:4456 – 4469,
2002

663

