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Fig. 1. Distribution of FPG (A) and HOMA-f (B) cell by age. The FPG increases with age (» = 0.30, P <.0001). The HOMA-f cell is negatively correlated

with age (r = 0.24, P < .0001).

P <.0001, respectively). Multiple regression analysis shows
that both BMI and TG are independently associated with
HOMA-IR (standardized = 0.41 and 0.15, respectively).
Body mass index was the strongest determinant of HOMA-
IR, and BMI did not increase with age significantly in
Japanese men (r = 0.07, not significant).

3.4. Analysis of 3 subgroups of NFG subjects

To evaluate the factors involved in increasing FPG in
Japanese NFG and the ADA recommendation of lowering
the threshold of upper limit of normal FPG from 6.1 to
5.6 mmol/L [16], we divided our NFG subjects into 3
subgroups: low FPG (FPG <5.0 mmol/L), high FPG (5.0 <
FPG < 5.6 mmol/L), and mild impairment of fasting glucose
(mild IFG) (5.6 < FPG < 6.1 mmol/L); and age, BMI, TG,
and insulin secretion and sensitivity were compared. As
shown in Table 2, high FPG and mild IFG have higher age
and BMI than low FPG (both P < .0001). Insulin in high
FPG and mild IFG is increased compared with that in low
FPG (P < .001); insulin in mild IFG is similar to that in
high FPG. The HOMA-IR in high FPG and mild IFG is

IOMA-IR
5

increased compared with that in low FPG (P <.0001). The
HOMA-f in high FPG and mild IFG is decreased compared
with that in low FPG (P <.0001); the HOMA-B in mild IFG
is decreased compared with that in high FPG (P <.001).

4. Discussion

In this study, we analyzed the factors responsible for age-
related elevation of FPG in Japanese men with NFG. Fasting
plasma glucose was found to increase with age primarily
because of reduced B-cell function rather than increased
insulin resistance. In addition, we have elucidated that there
was no compensatory increase in insulin secretion in mild
IFG (FPG 5.6-6.1 mmol/L).

Our study subjects were composed only of men because
the number of female subjects was 158, which is not
comparable with male subjects. Some reports showed a
difference between men and women in the elevation of FPG
[24-26], and another showed similar results between men
and women in the elevation of FPG [27]. We analyzed the
results from our 158 female subjects, and we could not find
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Fig. 2. Distribution of HOMA-IR by BMI (A) and TG (B). Both BMI and TG are associated with HOMA-IR (BMI: r = 0.49, P <.0001; TG: r = 0.33, P<.0001).
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Table 2
Comparison of 3 FPG subgroups of NFG subjects
Low FPG High FPG Mild IFG
(FPG <5.0 mmol/L) (5.0 < FPG< (5.6 < FPG <
5.6 mmol/L) 6.1 mmol/L)
n 268 288 101
Age (y) 420+ 0.7 457+ 06" 498 +1.0%"
BMI (kg/m®) 23.0+02 239+0.1° 243:03°
TC (mmol/L) 5.07 + 0.05 523+005° 535+008"
TG (mmol/L) 1.30 + 0.05 155+ 0067 1.56+0.09°
HDL-C (mmol/L) 1.45 + 0.02 1.44 + 0.02 1.45 + 0.03
F-IRI (uU/mL) 46+ 02 57+02° 56+03°
HOMA-IR 0.96 + 0.04 1.31 £ 0.04°  1.44 +0.07°
HOMA- (%) 785+ 3.1 652+19" 492 +24%°

Data are mean + SE.
* P <.0001 vs low FPG.
P P <.001 vs high FPG,
¢ P < .05 vs low FPG.
4 P < 005 vs low FPG.
¢ P <.0005 vs low FPG.

remarkable differences with male subjects (data not shown).
Further studies are necessary to elucidate the sex difference
of the factors responsible for elevation of FPG. Although
some reports showed an increase in insulin resistance in
subjects older than 70 years, our male subjects were younger
than 70 years. Insulin resistance in subjects older than 70
years was reported mainly because of the change in
abdominal adiposity [28,29]; and in representative epide-
miologic studies such as the Funagata study and the
Hisayama study, the mean age of developing glucose
intolerance is around 50 years in Japanese [21-23]. For
these reasons, our subjects being around the age of 50 years
was enough for our purpose in this study of elucidating the
factors responsible for FPG elevation from normal to
borderline glucose dysregulation.

Fasting plasma glucose increased by 0.011 mmol/L per
year, in accord with previous reports [30]. The HOMA-f
decreased by 0.85% per year, clearly indicating reduced
basal insulin secretion. Although previous studies in whites
and in other populations have found that insulin resistance is
closely associated with age-related FPG elevation [12,31],
HOMA-IR did not increase with age significantly in our
subjects. To characterize the insulin resistance of our study
population, we performed both simple and multiple regres-
sion analyses between HOMA-IR and the other measured
factors. The BMI and serum TG levels were strongly
associated with HOMA-IR (P <.0001), in accord with our
previous results in Japanese diabetic patients [32]. Although
BMI was the strongest determinant of HOMA-IR, it did not
increase with age; the mean BMI of 23.6 kg/m” is in accord
with Japanese statistical data [21-23] and is much lower than
in whites [33,34]. The BMI of Asians in other studies is also
reported to be lower, suggesting a common metabolic profile
[35]. The leaner Japanese subjects in this study might
therefore be expected to be less influenced by insulin
resistance in comparison with whites.

.

Impaired fasting glycemia is a prediabetic state character-
ized by FPG elevation without increased 2h-PG. We
previously reported that insulin secretory capacity and
insulin sensitivity are both already decreased in IFG [8-
10], suggesting the clinical importance of early deterioration
of p-cell function and insulin sensitivity in developing
prediabetes. In addition, we regarded the PG level of 5.6
mmol/L as an important FPG threshold value according to
ADA recommendation [16]. Therefore, we compared insulin
secretion and insulin sensitivity in 3 subgroups of NFG
subjects: low FPG (FPG <5.0 mmol/L), high FPG (5.0 <
FPG < 5.6 mmol/L), and mild IFG (5.6 < FPG < 6.1 mmol/
L). Insulin secretion in mild IFG was not increased compared
with that in high FPG, indicating impaired compensatory
insulin secretion against increasing insulin resistance. Some
reports have found that early-phase insulin secretion and
insulin sensitivity are both decreased in NGT at a higher
range of FPG (FPG >5.1-5.3 mmol/L) [36-38]. Fortunately,
we could analyze 56 subjects during the 8-year follow-up
period using oral glucose tolerance test results [39]. The
subjects who developed from NFG to IFG showed
decreasing insulin sensitivity and insulin secretory capacity,
and those who developed from NFG to IGT showed
decreased early insulin secretory response. These follow-
up data were compatible with our previous data of IFG and
IGT [5,8,10,39]. Taken together, these data indicate that
insulin secretory capacity is already decreased in NGT at the
higher range of FPG and that a lack of compensatory insulin
secretion appears at greater than 5.6 mmol/L in FPG.

We find in Japanese NFG subjects that age-related FPG
elevation is mainly due to decreased f-cell function rather
than to increasing insulin resistance as in white subjects. In
addition, analysis of 3 degrees of increasing FPG indicates
that failure of compensatory insulin secretion is responsible
for the elevation in FPG in these subjects. Thus, these data
could be helpful in reconsideration of the threshold FPG
for prediabetes to be recommended by the ADA [16].
However, decreasing the upper threshold of FPG entails
increasing the IFG population, a costly social health problem
[40]. Further studies are required to clarify the ethnic
differences in the development of diabetes and diabetic
complications and the value of clinical interventions in
newly diagnosed IFG patients.
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Harada N, Yamada Y, Tsukiyama K, Yamada C, Nakamura Y,
Mukai E, Hamasaki A, Liu X, Toyoda K, Seino Y, Inagaki N.
A novel GIP receptor splice variant influences GIP sensitivity
of pancreatic B-cells in obese mice. Am J Physiol Endocrinol
Metab 294: E61-E68. 2008. First published October 30, 2007,
doi:10.1152/ajpendo.00358.2007.— Gastric inhibitory polypeptide
(GIP) is an incretin that potentiates insulin secretion from pancre-
atic B-cells by binding to GIP receptor (GIPR) and subsequently
increasing the level of intracellular adenosine 3',5"-cyclic monophos-
phate (cAMP). We have identified a novel GIPR splice variant in
mouse B-cells that retains intron 8. resulting in a COOH-terminal
truncated form (truncated GIPR). This isoform was coexpressed with
full-length GIPR (wild-type GIPR) in normal GIPR-expressing tis-
sues. In an experiment using cells transfected with both GIPRs,
truncated GIPR did not lead to cAMP production induced by GIP but
inhibited GIP-induced cAMP production through wild-type GIPR
(n = 3-4, P < 0.05). Wild-type GIPR was normally located on the
cell surface, but its expression was decreased in the presence of
truncated GIPR, suggesting a dominant negative effect of truncated
GIPR against wild-type GIPR. The functional relevance of truncated
GIPR in vivo was investigated. In high-fat diet-fed obese mice (HFD
mice). blood glucose levels were maintained by compensatory in-
creased insulin secretion (n = 8, P < 0.05), and cAMP production
(n = 6, P < 0.01) and insulin secretion (n = 10, P < 0.05) induced
by GIP were significantly increased in isolated islets, suggesting
hypersensitivity of the GIPR. Total GIPR mRNA expression was not
increased in the islets of HFD mice, but the expression ratio of
truncated GIPR to total GIPR was reduced by 32% compared with
that of control mice (n = 6, P < 0.05). These results indicate that a
relative reduction of truncated GIPR expression may be involved in
hypersensitivity of GIPR and hyperinsulinemia in diet-induced obese
mice.

gastric inhibitory polypeptide; gastric inhibitory polypeptide receptor;
alternative splicing: dominant negative effect: obesity

OBESITY LEADS TO INSULIN RESISTANCE. characterized by fasting
hyperinsulinemia and excessive insulin secretion after meal
ingestion in the attempt to maintain euglycemia (25). Obesity
is an important risk factor in progression to type 2 diabetes
mellitus (14) and also in cardiovascular disease (16), and
reduction of obesity can normalize hyperinsulinemia and im-
pede the progression of diabetes and arteriosclerosis.
Incretins are a group of peptide hormones released from the
gastrointestinal tract into the circulation in response to meal
ingestion that potentiate glucose-stimulated insulin secretion

Address for reprint requests and other correspondence: Y. Yamada, Dept. of
Internal Medicine, Div. of Endocrinology. Diabetes, and Geriatric Medicine.
Akita University School of Medicine, 1-1-1, Hondo, Akita 010-8543. Japan
(e-mail: yamada@ gipc.akita-u.ac.jp).

http://www ajpendo.org

and include gastric inhibitory polypeptide (GIP), also called
glucose-dependent insulinotropic polypeptide (24). GIP is se-
creted from the K cells of the duodenum and proximal jejunum
upon meal ingestion and binds to the GIP receptor (GIPR) on
the surface of pancreatic B-cells, adipose tissues, and osteo-
blasts to stimulate insulin secretion (21), fat accumulation (20),
and bone formation (30) by increasing the level of intracellular
adenosine 3',5'-cyclic monophosphate (cAMP).

Previously, we found that GIPR-deficient mice exhibit in-
sufficient compensatory insulin secretion upon high-fat loading
(21), indicating that GIP plays a critical role in maintaining the
blood glucose level by inducing hypersecretion of insulin in
diet-induced obesity. Increased GIP signaling in obesity might
be due to hypersecretion of GIP from K cells or hypersensi-
tivity of GIPR to GIP at the B-cells. An increased blood GIP
level in obesity has been reported in some studies (3, 6) but is
controversial (27, 28), and altered GIPR sensitivity in obesity
has not been investigated.

GIPR is the G protein-coupled receptor (GPCR) that belongs
to the secretin-vasoactive intestinal peptide receptor family
(31, 33). The gene encoding the human GIPR contains 14
exons (33); the rat and mouse GIPR-encoding genes contain 15
exons (2, 21). Alternative splicing is a frequent occurrence in
the transcriptome in higher eukaryotic cells and can alter the
structure of the encoded protein and dramatically increase
the efficiency of the proteome in regulating cell function. In the
present study, we report a novel splice variant GIPR expressed
in mouse pancreatic B-cells and the investigation of its func-
tional significance in hypersensitivity of GIPR in high-fat
diet-induced obese mice.

MATERIALS AND METHODS

Animals. Male C57BL/6 mice (7 wk old) were obtained from
Shimizu (Kyoto, Japan). The animals were fed control fat chow (CFD:
10% fat, 20% protein, and 70% carbohydrate by energy) or high-fat
chow (HFD: 45% fat, 20% protein, and 35% carbohydrate by energy)
for 10 wk. The energy density of both diets was 3.57 kcal/g. After a
16-h fast, oral glucose tolerance tests (OGTTs) (2 g/kg body wt) were
performed in CFD and HFD mice. Blood glucose and plasma insulin
levels were measured in samples taken at the indicated times. Blood
glucose levels were determined by the glucose oxidase method.
Plasma insulin levels were determined using enzyme immunoassay
(Shibayagi. Gumma. Japan). Animal care and procedures were ap-
proved by the Animal Care Committee of Kyoto University.
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Isolation and measurement of GIPR mRNA. Total RNA was ex-
tracted from tissues (pancreatic islets. proximal jejunum. and adipose
tissues) of C57/BL6 mice and Wistar rats (Shimizu) and mouse
pancreatic B-cell line MIN6 cells with RNeasy mini kit (Qiagen.
Valencia. CA). Islets were isolated by collagenase digestion (29). The
extracted RNA was treated with DNase (Qiagen), and the cDNA was
prepared by reverse transcription (Superscript II; Invitrogen. Grand
Island, NY) with an oligo(dT) primer. To detect mouse full-length
GIPR. COOH-terminal and NH-terminal primers of GIPR were de
signed as follows: forward, 3-CTTTTCAAGGATGCCCCTGCGGT-
TGC-3'; reverse, 5-CCTTTACCTAGCAGTAACTTTTCCAAGA-3.
The cDNA was amplified through 35 cycles with denaturation at 96°C for
15 s, annealing at 60°C for 30 s, and extension at 72°C for 2 min. To
clearly detect splice variants of GIPR, a pair of GIPR primers was
designed as follows: mouse GIPR forward, 3-CTGCCTGCCGCACG-
GCCCAGAT-3': reverse, 5-CAAATGGCTTTGACTTCGTTG-3; rat
GIPR forward, 5'-CTGCCTGCCGCACAGCCCAGAT-3"; reverse.
5'- CAAATGGCTTTGACTTCGTTG -3'. The cDNA was amplified
through 40 cycles with denaturation at 95°C for 15 s, annealing al
55°C for 15 s. and extension at 72°C for 30 s. The PCR products were
fractioned on 2% agarose gels. Negative controls of cDNAs of tissues
were prepared in the absence of reverse transcriptase at the reverse
transcription step.

GIPR mRNA levels in the islets were measured by quantitative
RT-PCR using ABI PRISM 7000 Sequence Detection System (Ap-
plied Biosystems, Foster City. CA). The mouse sequences of forward
and reverse primers to evaluate total GIPR expression were 5'-
CCTCCACTGGGTCCCTACAC-3" and 5-GATAAACACCCTC-
CACCAGTAG-3', respectively, whereas the sequences of forward
and reverse primers to evaluate truncated GIPR expression were
5'-CCTACCCCGTGGAACCAG-3" and 5'-GTGGTGGGGAGC-
CAAGAT-3', respectively. SYBR Green PCR Master Mix (Applied
Biosystems) was prepared for PCR run. The thermal cycling condi-
tions were denaturation at 95°C for 10 min followed by 50 cycles at
95°C for 15 s and 60°C for 1 min. Total GIPR mRNA levels were
corrected for GAPDH (Applied Biosystems) mRNA levels.

Plasmid construction. The ¢cDNA fragments of mouse wild-type
GIPR, truncated GIPR, and G.a protein were obtained from mouse
(C57BL/6) islets by RT-PCR. The cDNA fragment of wild-type GIPR
was cloned into pPCMV-6¢ vector and pFLAG-CMV-5b vector (wild-
type GIPR-FLAG:; Sigma, St. Louis, MO). The ¢cDNA fragment of
truncated GIPR was cloned into pCMV-6¢ vector and pAcGFP-N1
vector (truncated GIPR-GFP: Takara, Tokyo, Japan). The two GIPR
constructs were FLAG- or green fluorescent protein (GFP)-tagged at
the COOH terminus. The cDNA fragment of mouse G.« protein was
cloned into pPCMV-6¢ vector.

Cell culture and transfection. COS-7 cells were seeded in 10-cm
dishes and cultured in Dulbeco’s modified Eagle's medium supple-
mented with 10% fetal bovine serum. Expression plasmids of wild-
type GIPR, truncated GIPR. wild-type GIPR-FLAG, and truncated
GIPR-GFP were transfected into COS-7 cells using FUGENE 6
transfection reagent (Roche, Basel, Switzerland). Plasmid (5 pg/well)
was diluted into serum-free medium, and FUGENE 6 reagent was
added and incubated at room temperature for 30 min. After incuba-
tion, the mixture was added to COS-7 cells.

Measurement of intracellular cAMP level in GIPR-expressing
COS-7 cells. COS-7 cells were transfected with the wild-type GIPR
expression plasmid and the truncated GIPR expression plasmid using
the amounts indicated in figure legends, passaged after 24 h into
12-well plates (1 < 107 cells/well), and cultured for an additional
48 h. The cells were washed twice with phosphate-buffered saline
(PBS), and the reaction was started in 0.5 ml of Krebs-Ringer
bicarbonate buffer (KRBB) containing 0.1 mM 3-isobutyl-1-methyl-
xanthine (IBMX) with various concentrations of mouse GIP (provided
by Sanwakagaku Kenkyusho, Mie. Japan) and then incubated at 37°C
for 30 min. Incubation buffers were removed and the cells lysed by
addition of 0.1 M HCI (0.5 ml/well) to each well (15). Plates were
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incubated at room temperature for 15 min with gentle rotation. The
samples were centrifuged for 10 min at 600 g. cAMP levels were
measured by enzyme immunoassay (cAMP low pH EIA kit: R&D
Systems. Minneapolis, MN). Data were expressed as the increment
with GIP treatment from basal cAMP levels.

Fluorescence microscopy. Immunofluorescence staining was per-
formed using COS-7 cells either transfected with the wild-type GIPR-
FLAG expression plasmid (2 pg) or the truncated GIPR-GFP expres-
sion plasmid (2 pg) or cotransfected with the two plasmids (1 p.g
each) with Gya protein expression plasmid (2 pg). We used G
protein expression plasmid for structural stability of wild-type GIPR
on plasma membrane (11). The cells were cultured on coverslips for
72 h. washed twice with PBS. and treated with acetone-methanol (1:1)
for 4 min. After being washed sequentially with PBS containing 1%
bovine serum albumin (BSA), the cells were incubated at room
temperature for 24 h with anti-GFP monoclonal mouse antibody
(Sigma) and anti-FLAG polyclonal rabbit antibody (Sigma) or anti-
calnexin rabbit polyclonal antibody (Stressgen, San Diego. CA) in
PBS containing 1% BSA. After being washed three times with PBS,
the cells were immunostained at room temperature for 1 h using
Cy3-conjugated anti-rabbit IgG (Sigma) or Alexa fluor 488 anti-
mouse IgG (Molecular Probes. Eugene. OR) (23). Fluorescent images
were analyzed using a confocal laser microscope LSM510 Meta (Carl
Zeiss, Heidelberg, Germany).

Binding assay. Binding assay was performed using COS-7 cells
either transfected with the wild-type GIPR expression plasmid (1 pg)
or the truncated GIPR expression plasmid (1 pg) or cotransfected with
the two plasmids (1 pg each) (total amount of plasmid DNA used for
transfection was adjusted to 5 pg by adding pPCMV-6¢ vector). After
72 h of incubation the cells were washed twice with PBS, and the
collected cells were incubated with '**I-labeled GIP (50,000 counts/
min; Amersham Biosciences, Piscataway. NJ) in 1 ml of buffer
containing 50 mM Tris (pH 7.4), 0.2 mM sucrose, 5 mM MgCl., and
I mg/ml bacitracin at 22°C for 1 h in the absence or presence of 10 °
M nonradioactive GIP. Samples were filtered through Whatman GF/C
filters (24 mm) and rapidly washed three times with ice-cold PBS. The
radioactivity of the filters was measured in a vy-counter (22). Com-
petitive binding assay was also performed using COS-7 cells trans-
fected with the wild-type GIPR expression plasmid (1 pg) or cotrans-
fected with the two plasmids (1 pg each). Various concentrations of
nonradioactive GIP. ranging from 10~ '? to 107° M, were used as
competitors. Specific binding of radioactive GIP was calculated by
subtracting binding of radioactive GIP in the presence of nonradio-
active GIP. Protein content was measured by Bradford method. Data
were expressed as specific binding to each of the GIPR-expressing
cells after subtraction of the specific binding to cells transfected with
pCMV-6¢ vector.

Immunoprecipitation and Western blot analysis. We performed
Western blot analysis using COS-7 cells either transfected with the
wild-type GIPR-FLAG expression plasmid (2 pg) or the truncated
GIPR-GFP expression plasmid (2 pg) or cotransfected with the two
plasmids (1 pg each). After 72 h of incubation, the collected cells
were washed twice with PBS containing protease inhibitor (Complete:
Roche) and suspended in 1 ml of PBS containing protease inhibitor.
The cells were homogenized and centrifuged at 800 g for 5 min. The
supernatant was centrifuged at 10,000 g for 10 min. The supernatant
was further centrifuged at 100,000 g for 30 min to separate the
endoplasmic reticulum (ER)-enriched fraction and the supernatant.
The ER-enriched fraction was solubilized in 1 ml of PBS containing
protease inhibitor and 2% Triton X-100 on ice for 15 min and
centrifuged at 15,000 g for 10 min. The supernatant was incubated at
4°C for 2 h with mixing for immunoprecipitation using anti-FLAG
M2 affinity beads (Sigma). The beads collected by centrifugation were
washed three times with 1 ml PBS containing protease inhibitor,
suspended in 20 pl of sample buffer (0.2 M Tris. 10% sucrose. 10%
SDS. and 5 mM EDTA), and incubated at 98°C for 5 min. After
centrifugation. the supernatants were electrophoresed through 5-16%
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polyacrylamide gradient gels. The gels were subjected to immuno-
blotting using anti-FLAG polyclonal rabbit antibody (Sigma) or
anti-GFP polyclonal rabbit antibody (Sigma) and anti-rabbit or anti-
mouse IgG horseradish peroxdase-linked antibody (Amersham Bio-
sciences). The immunoblots were visualized by electrochemilumines-
cence (Amersham Biosciences).

To determine whether the two GIPRs insert into the ER membrane,
the ER-enriched fraction of COS-7 cells cotransfected with the two
plasmids (1 pg each) were incubated in PBS containing 0.2 M sucrose
in the absence or presence of 0.1 M Na>COs (pH 10.5) for 1 h on ice.
After centrifugation at 100,000 g for 30 min, Western blot was
performed with the supernatant and pellet using an antibody against
FLAG or GFP.

Measurement of insulin secretion and intracellular cAMP produc-
tion in isolated islets. Islets were isolated from mice and handpicked
under a microscope. For insulin secretion studies, groups of 10 islets
were preincubated at 37°C for 30 min in KRBB containing 2.8 mM
glucose and 0.2% BSA and gassed with 95% O- and 5% CO,. The
islets were incubated at 37°C for 30 min in 0.5 ml of KRBB

A
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Wild-typeGIPRmRNAl |||| I | | “ || |-polyA
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GIPR gene
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1
b 4
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[ intron 8

e
% g =+ For detection of two GIPRs
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Fig. 1. Structure and expression of the splice variant gastric inhibitory

polypeptide (GIP) receptor (GIPR). A: the structure of 2 splice vaniant GIPRs.
PCR amplification of mouse (C57BL/6) islet cDNA was performed using
COOH-terminal and NH:-terminal primers of GIPR. The upper band (1.6 kbp)
encodes a truncated GIPR isoform that retained the sequence of intron 8 (0.2
kbp) during RNA processing. The lower band (1.4 kbp) encodes wild-type
GIPR isoform (full-length GIPR). A minus lane is negative control of mouse
islet. The specific primer pair was designed to clearly detect 2 bands of GIPR
by RT-PCR (arrows). The primer pair for quantitative RT-PCR to analyze total
GIPR expression and truncated GIPR expression is indicated as open arrow-
head and filled arrowhead, respectively. Intron 8 is indicated as gray box.
B: tissue distribution of truncated GIPR in mice, rats. and MIN6 cells. The
0.25-kbp band shows the amplified DNA fragment of wild-type GIPR: the
0.45-kbp band shows that of truncated GIPR. cDNA was prepared from mouse
(u—d) and rat (e—f) tissues. and RT-PCR was performed (a. MING cells: b and
e. adipose tissue: ¢ and f, islets: 4 and g, proximal jejunum). A minus lane is
negative control of each tissue.
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Fig. 2. Dose response analysis of GIP-induced cAMP production in GIPR-
expressing COS-7 cells. Top: the ratios of the 2 GIPRs were as follows:
wild-type GIPR expression plasmid DNA (pg) to truncated GIPR expression
plasmid DNA (pg) = 1:0 (@ A), 1:0.5 (2; B), 1:1 (m: C), 1:2 (0: D), and 0:1
(~; E). The total amount of plasmid DNA used for each transfection was
adjusted to 5 pg by adding pCMV-6¢ vector. Values are means = SE. Botton:
cAMP induced by 107% M GIP is shown (n = 3-4). All EDs, values of GIP
response curves were ~3.0 nM. Values are means = SE. *P << 0.05; **P <
0.01 vs. cAMP induction of wild-type GIPR expression.

containing 2.8 mM or 1 1.1 mM glucose and 0.2% BSA in the absence
or presence of high potassium (30 mM KCI). The islets were also
incubated at 37°C for 30 min in 0.5 ml of KRBB containing 11.1 mM
glucose and 0.2% BSA with or without mouse GIP (10~ or 1077 M)
or 5 pM forskolin. Aliquots of the sample buffer were subjected to
RIA assay for insulin. To determine insulin content, the islets were
homogenized in 0.4 ml acid-ethanol and extracted at 4°C overnight.
The acidic extracts were dried and subjected to insulin measurement.

For ¢cAMP production studies. 20 preincubated islets were incu-
bated at 37°C for 30 min in 0.3 ml of KRBB containing 11.1 mM
glucose, 0.2% BSA. | mM IBMX, and 10 mM HEPES (pH 7.4) with
or without 1072 M GIP. 1077 M GIP, or 5 pM forskolin. The
incubation was stopped by the addition of 60 pl of 2 M HCIO.. The
samples were immediately mixed and sonicated in ice-cold water for
4 min. The samples were centrifuged for 4 min at 3,000 g. and aliquots
(240 pl) were neutralized by 60 wl of 1 M Na-CO; and diluted with
60 pl of 2 M HEPES (pH 7.4). cAMP levels were measured by EIA
assay.

Statistical analysis. Values are expressed as means * SE. Statis-
tical analyses were performed using ANOVA and unpaired student’s
t-test. P values <<0.05 were considered significant.

RESULTS

Identification of truncated GIPR. PCR amplification and
sequencing of full-length GIPR from mouse islet cDNA re-
vealed expression of two isoforms (Fig. 1A). The upper band
(1.6 kbp) is characterized by unsplicing of intron 8 (0.2 kbp).
As a result of the addition, the predicted amino acid reading
frame is shifted within the region encoding transmembrane
domain 4 and an in-frame stop codon is produced, generating
a COOH-terminal truncated form of 263 amino acids desig-
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nated as truncated GIPR. The lower band (1.4 kbp) corre-
sponds to full-length GIPR of 460 amino acids designated as
wild-type GIPR. To estimate truncated GIPR expression in
different tissues, RT-PCR was performed using a different
detection primer pair (Fig. 1B). Truncated GIPR was expressed
not only in mouse islets but also in mouse proximal jejunum
and adipose tissue. Truncated GIPR was also expressed in a
mouse pancreatic B-cell line (MING), rat islets, proximal jeju-
num, and adipose tissue.

Function of truncated GIPR. To determine the functional
properties of truncated GIPR, COS-7 cells were transfected
with wild-type and truncated GIPR expression plasmid sepa-
rately and stimulated with GIP (Fig. 2). In wild-type GIPR-
expressing cells, GIP increased cAMP levels in a concentra-
tion-dependent manner. In contrast, GIP failed to stimulate
cAMP induction in truncated GIPR-expressing cells. COS-7
cells were then cotransfected with wild-type and truncated
GIPR expression plasmids. As the amount of truncated GIPR

A a

Wild-

Fig. 3. Cellular localization and interaction of wild-
type GIPR and truncated GIPR in GIPR-expressing
COS-7 cells. A: immunofluorescence staining of the
GIPR-expressing COS-7 cells. COS-7 cells were
transfected with wild-type GIPR-FLAG (a) or trun-
cated GIPR-green fluorescent protein (GFP) (b). To
estimate localization of truncated GIPR-GFP, anti-
calnexin antibody was used as endoplasmic reticu-
lum (ER) maker (green. truncated GIPR-GFP; red.
calnexin; yellow, merge). Cotransfection of the 2
GIPRs (c¢) was performed (red, wild-type GIPR-
FLAG: green. truncated GIPR-GFP: yellow. merge).
Localization of the GIPRs was analyzed by dual
wavelength confocal microscopy. We repeated these
experiments using | X 107 cells 3 times. B: binding
assay analysis using GIPR-expressing COS-7 cells
(n = 4; u). Competitive GIP binding curves using
COS-7 cells transfected with wild-type GIPR (@) or
cotransfected with two GIPRs (a) (wild-type GIPR
to truncated GIPR = I:1 pg, n = 5; b). The ICsq
values of binding curves were 5.6 X 10 ®and 7.2 X
107" M, respectively. Data are expressed as specific
binding to each of the GIPR-expressing cells after
subtraction of the specific binding to cells transfected
with pCMV-6¢ vector. Values are means = SE.
*P < 0.05: **P < 0.01. C: immunoprecipitation and
Western blot analysis of ER-enriched fractions of
GIPR-expressing COS-7 cells. Immunoprecipitation
was performed using anti-FLAG M2 affinity beads.
Wild-type GIPR was detected in COS-7 cells trans-
fected with wild-type GIPR alone and cotransfected C
with the 2 GIPRs using anti-FLAG polyclonal anti-

body. Truncated GIPR was detected only in COS-7

cells cotransfected with the 2 GIPRs using anti-GFP
polyclonal antibody. D: Western blot analysis of
ER-enriched fractions of the 2 GIPRs-expressing
COS-7 cells with or without Na>COs treatment.
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expression plasmid was increased from 0.5 to 2 pg in the
presence of 1 pg of wild-type GIPR expression plasmid,
maximal cAMP production induced by GIP was reduced,
indicating that truncated GIPR had a dominant negative effect
against wild-type GIPR. We examined whether truncated
GIPR influenced glucagon-like peptide-1 (GLP-1)-induced
cAMP production using GLP-1 receptor-expressing COS-7
cells. GLP-1-induced cAMP production was not decreased in
the presence of truncated GIPR (data not shown), indicating
that the dominant negative effect of truncated GIPR is specific
to GIPR.

To determine how truncated GIPR affects wild-type GIPR in
COS-7 cells, we constructed a COOH-terminal FLAG-tagged
wild-type GIPR expression plasmid (wild-type GIPR-FLAG)
and a COOH-terminal GFP-tagged truncated GIPR expression
plasmid (truncated GIPR-GFP). When each of these expression
plasmids was transfected into COS-7 cells (Fig. 3A, a and b),
wild-type GIPR-FLAG was expressed on the cell surface
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whereas truncated GIPR-GFP expression was limited to the
ER, as resolved by anti-calnexin antibody. When both wild-
type GIPR-FLAG and truncated GIPR-GFP were coexpressed
in COS-7 cells (Fig. 3A, ¢), the expression of wild-type
GIPR-FLAG on the cell surface decreased and remained highly
within the ER. To determine whether the tags of the receptor
influenced receptor trafficking, we constructed tag-changed
plasmids [a COOH-terminal GFP-tagged wild-type GIPR ex-
pression plasmid (wild-type GIPR-GFP) and a COOH-terminal
FLAG-tagged truncated GIPR expression plasmid (truncated
GIPR-FLAG)] and transfected them into COS-7 cells. Trun-
cated GIPR-FLAG also was located in the ER and decreased
wild-type GIPR-GFP trafficking from the ER to the cell mem-
brane (data not shown). We performed a GIP binding assay
using COS-7 cells transfected with nontagged wild-type and
truncated GIPR. The GIP binding ability of wild-type GIPR
was significantly decreased in the presence of truncated GIPR
(Fig. 3B, a). Analysis of GIP binding curves by performing a
competitive binding assay showed similar ICs values of both
curves (Fig. 3B, b).

Immunoprecipitation was performed on the prepared ER-
enriched fractions of COS-7 cells transfected with the two
GIPRs to determine whether truncated GIPR interacts with
wild-type GIPR (Fig. 3C). In the ER-enriched fraction of
cotransfected cells, immunoreactive truncated GIPR-GFP
could be detected after immunoprecipitation with the FLAG-
tagged wild-type GIPR, indicating that truncated GIPR inter-
acts with wild-type GIPR on the ER membrane. Western blot
analysis was performed using the ER-enriched fraction treated
by Na,CO; to determine whether the two GIPRs are inserted
into the ER membrane (Fig. 3D). With Na,CO; treatment
peripheral membrane proteins are solubilized into the buffer,
whereas integral membrane proteins are insoluble. Two GIPRs
were detected in the pellet of the ER-enriched fraction un-
treated by Na>COs. The two GIPRs were also detected in the
pellet of the ER-enriched fraction treated by Na>COs;, indicat-
ing that the two GIPRs are stably inserted into the ER mem-
brane. Thus, truncated GIPR influenced trafficking of wild-
type GIPR from the ER to the cell surface by interacting with
wild-type GIPR in the ER.

GIPR sensitivity in islets of HFD mice. To analyze the
functional significance of truncated GIPR in vivo, we investi-
gated GIPR sensitivity of B-cells in obese mice induced by
high-fat diet. Mice were fed high-fat chow or control fat chow
for 10 wk. Body weight was significantly higher in HFD mice
compared with CFD mice (37.9 = 1.8 and 323 * 0.83 g,
respectively, P < 0.05). To determine the effect of high-fat diet
on glucose homeostasis, we carried out OGTTs. Blood glucose
levels were similar in HFD and CFD mice (Fig. 44). We then
measured plasma insulin levels at the indicated times during
OGTTs. Plasma insulin levels were twofold higher in HFD
mice at 15 min (1.4 * 0.2 and 2.7 * 0.3 ng/ml, respectively,
P < 0.05), and the area under the curve of insulin secretion
during OGTT was significantly increased in HFD mice com-
pared with CHD mice (191.6 £ 21.2 and 130.8 = 158
ng'ml~'~min ', respectively, P <0.05) (Fig. 4B). These re-
sults suggest compensatory hyperinsulinemia in an attempt to
maintain blood glucose levels in high-fat diet-induced obese
mice.

To determine sensitivity to GIP in the islets of HFD mice,
GIP-induced insulin secretion from isolated islets of these mice
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Fig. 4. Oral glucose tolerance tests (OGTTs) in control fat chow (CFD) and
high-fat chow (HFD) mice. A: blood glucose levels during OGTTs in CFD (0)
and HFD (m) mice (n = 8). B: plasma insulin levels during OGTTs in CFD (D)
and HFD (m) mice (n = 8). Area under the curves of the insulin secretion
during OGTTs in CFD mice (open bar) and HFD mice (filled bar) were also
represented. Values are means * SE. *P < 0.05 vs. CFD mice.

was examined in the presence of [1.] mM glucose, in which
incretin can potentiate insulin secretion. Insulin secretion stim-
ulated by 11.1 mM glucose was similar in the islets of CHD
and HFD mice (Fig. 54). The islets of HFD mice showed
significantly increased insulin secretion in response to 10~ or
1077 M GIP compared with those of CFD mice. On the other
hand, forskolin, an adenylate-cyclase activator, increased insu-
lin secretion in islets of CFD and HFD mice to a similar extent.
In the presence of 2.8 and 11.1 mM glucose, insulin secretion
stimulated by high potassium (30 mM) was also similar in the
islets of CFD and HFD mice, respectively (Table. 1). The
insulinotropic effect of GIP requires an increase in the level
of intracellular cAMP in theB-cells, and cAMP production in the
islets of HFD mice was significantly higher than that in CFD
mice in the presence of GIP (Fig. 5B). However, forskolin
increased intracellular cAMP production in the islets of CFD
and HFD mice to a similar extent. Thus, GIPR sensitivity to
GIP was increased specifically in the islets of HFD mice.

Expression of total and truncated GIPR in islets of HFD
mice. To confirm differences in GIPR expression in islets
between HFD and CFD mice, quantitative RT-PCR was per-
formed. Total GIPR expression in the islets of HFD mice was
similar to that of CFD mice (Fig. 6A). The relative expression
level of truncated GIPR was then compared in the islets of
HFD and CFD mice. The ratio of truncated GIPR to total GIPR
expression in the islets of HFD mice was decreased by 32%
compared with that in CFD mice (Fig. 6B).

DISCUSSION

In the present study, we have identified a novel splice variant
GIPR expressed in mouse pancreatic B-cells and characterized
its effect on GIPR sensitivity in high-fat diet-induced obese
mice.
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Fig. 5. Insulin secretion and cAMP production induced by GIP in isolated
islets of CFD and HFD mice.Insulin secretion (n = 10; A) and intracellular
CAMP levels (n = 6: B) in isolated islets of CFD (open bars) and HFD mice
(filled bars) were examined in response to 10~7 or 10~7 M GIP in the presence
of 11.1 mM glucose. The isolated islets of these mice were incubated with 5
pM forskolin to assess maximal insulin secretion and cAMP production.
Values are means + SE. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. CFD
mice.

We (21) previously investigated GIP-induced insulin secre-
tion using GIPR '~ mice under high-fat feeding. The plasma
insulin levels after meal ingestion were increased in high-fat
diet-fed GIPR*"" mice compared with those in control diet-fed
GIPR'"" mice, resulting in similar glucose levels. However,
the postprandial glucose levels were increased by the lack of
GIP-induced compensatory insulin secretion in high-fat diet-
fed GIPR '~ mice, suggesting that increased insulin secretion
due to enhanced GIP signaling is required to maintain glucose
homeostasis in the obese state. In the present study, we have
demonstrated hypersensitivity of GIPR to GIP in B-cells of
high-fat-induced obese mice. Increased sensitivity of GIPR to
GIP might result from increased expression of GIPR or hyper-
sensitivity of intracellular GIP signal transduction. Some (9,
18) studies have reported that GIPR expression is an important
factor in altering the GIP sensitivity of B-cells. In the study of
diabetic Zucker fatty rats, GIPR mRNA expression and protein

Table 1. Insulin secretion induced by glucose and high
potassium (30 mM KCl) in the isolated islets of CFD and
HFED mice

G Content CFD Mice HFD Mice P Value
2.8 mM glucose 069021  0.68%0.07 NS
2.8 mM glucose + high potassium 099=0.12  1.00x0.17 NS
11.1 mM glucose 1.12x0.14  1.22+0.10 NS
11.1 mM glucose + high potassium ~ 2.14x0.25  242+0.34 NS

Values are means + SE; CFD (mice fed control fat chow; n = 5-6) vs. HFD
mice (mice fed high-fat chow: n = 5-6). NS. not significant.
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Fig. 6. Total and truncated GIPR expression in islets of CFD and HFD mice
Quantitative RT-PCR of total GIPR (A) and truncated GIPR (B) were assessed
in islets of CFD (n = 6) and HFD mice (n = 6). The ratio of truncated GIPR
to total GIPR (B) was calculated by quantitative RT-PCR of total GIPR and
truncated GIPR. The data on HFD mice are shown relative to CFD mice.
Values are means * SE. *P < 0.05 vs. CFD mice.

were decreased in islets compared with that of lean rats, which
led to diminished GIPR sensitivity to GIP (17). Here, we found
that total GIPR expression was not decreased and that GIPR
sensitivity to GIP was increased in isolated islets of our HFD
mice due to decreased expression of truncated GIPR, in con-
trast to the findings in diabetic obese rats. Our HFD mice were
mild obese and mild hyperinsulinemia induced by high-fat
feeding rather than by genetic factors. In addition, our obese
mice did not have diabetes. Thus, differences of the expression
of GIPR and subsequent GIPR sensitivity to GIP may be due
to the different phenotypes of diabetic obese rats and HFD
mice.

We had previously obtained the extra band of this GIPR
variant as well as the band of wild-type GIPR when we
amplified mouse islet cDNA to detect wild-type GIPR using
NH,-terminal and COOH-terminal primers of GIPR. We ana-
lyzed the cDNA sequence of the extra band and identified it as
a splice variant of GIPR that was not produced by PCR error.
Indeed, certain GIPR splice variants resulting in truncation
have been reported in previous studies (7, 32). These splice
variants were detected from ¢DNA libraries of human islets
and insulinoma. However, the variants were not examined in
regard to their regulatory role in GIPR sensitivity. In the
present study, by evaluating the function of truncated GIPR in
transfected COS-7 cells, we have shown that truncated GIPR
has a dose-dependent dominant negative effect against wild-
type GIPR.

GPCRs were generally thought to function as monomers, but
recent studies (5, 12, 13) have reported that GPCRs can form
homodimeric or heterodimeric complexes with receptors in the
ER and that these complexes are important in receptor folding
and trafficking to the plasma membrane. In the present study,
we investigated the mechanism of negative action of truncated
GIPR against wild-type GIPR function using immunochemis-
try and immunoprecipitation of cotransfected cells. Truncated
GIPR interacted with wild-type GIPR in the ER and influenced
wild-type receptor trafficking to the cell membrane. Some
GPCRs have specific motifs for dimerization that are required
for transport of the receptors from the ER to the cell surface (1,
8, 19, 26). Mutations in these motifs prevent dimerization with
wild-type receptors and inhibit their trafficking to the cell
membrane, indicating a dominant negative effect against the
wild-type receptor (19, 26). Although these specific motifs are
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not found in GIPR, truncated GIPR might have formed from
complexes with wild-type GIPR in our experiments.

To evaluate the functional relevance of truncated GIPR
in vivo, we investigated the expression of truncated GIPR in
B-cells. The relative abundance of truncated GIPR expression
was decreased in islets of HFD mice. The decreased dominant
negative effect due to reduced expression of truncated GIPR
might well be involved in augmented intracellular cAMP
production and insulin secretion in response to GIP in islets in
diet-induced obesity. Altered selective splicing in response to
metabolic changes of the insulin receptor in B-cells was also
reported (10), and hyperglycemia not only decreased total
insulin receptor expression but also altered the relative expres-
sion ratio of the two insulin receptor isoforms in human islets,
resulting in attenuation of insulin signal transduction. Although
the mechanism of mRNA selective splicing of GIPR is unclear,
insulin is reported (4) to influence the activity of the mRNA
slicing regulator ASF/SF2, a serine/arginine-rich protein (SR
protein). Further study is necessary to clarify the mechanism of
GIPR mRNA selective splicing in response to metabolic
changes.

In conclusion, we have identified a splice variant GIPR in
mouse islets that has a dominant negative effect against the
wild-type receptor by interacting in translocation of wild-type
GIPR from the ER to the cell surface. Thus, reduced expression
of truncated GIPR due to selective splicing and subsequent
GIPR hypersensitivity to GIP may be involved in increased
insulin secretion in response to GIP in metabolic states such as
obesity.
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Abstract

Yeast silent information regulator 2 (SIR2) is involved in extension of yeast longevity by calorie restriction, and SIRT3, SIRT4,
and SIRT5 are mammalian homologs of SIR2 localized in mitochondria. We have investigated the localization of these three SIRT
proteins of mouse. SIRT3, SIRT4, and SIRTS proteins were localized in different compartments of the mitochondria. When SIRT3
and SIRT35 were co-expressed in the cell, localization of SIRT3 protein changed from mitochondria to nucleus. These results suggest
that the SIRT3, SIRT4, and SIRTS proteins exert distinct functions in mitochondria. In addition, the SIRT3 protein might function

in nucleus.
© 2007 Elsevier Inc. All rights reserved.

Keywords: SIRT3: SIRT4; SIRTS:; Intramitochondrial localization; Localization shift

Silent information regulator 2 (SIR2) is the enzyme that
catalyzes NAD "-dependent protein deacetylation and pro-
duces nicotinamide and O-acetyl-ADP-ribose [1,2], and is
localized in nucleus [3]. In yeast, lifespan is prolonged in
low glucose condition [4,5], but such lifespan extension is
abolished by SIR2 gene disruption [6], suggesting that
SIR2 plays an important role in determining yeast longev-
ity. In mammals, there are seven SIR2 homologs, SIRT1-7
[7]. However, it remains unclear whether SIRTs mediate
lifespan extension by calorie restriction.

Human SIRT3, SIRT4, and SIRTS proteins are known
to be localized in mitochondria [7.8]. Mouse SIRT4 was
previously shown in vivo to ADP-ribosylate glutamate
dehydrogenase and down-regulate its activity in pancreatic

Abbreviations: SIR2, silent information regulator 2; MTS, mitochon-
drial targeting signal; NLS, nuclear localization signal; GAPDH, glycer-
aldehyde 3-phosphate dehydrogenase; PNS, post-nuclear supernatant;
PHB, prohibitin; ER, estrogen receptor.
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islets, inhibiting amino acid-stimulated insulin secretion [9].
On the other hand, recent studies have demonstrated that
human SIRT3 deacetylates acetyl-CoA synthetase 2 in
mitochondrial matrix in vitre [10,11]. Human SIRTS has
been shown to have weak deacetylase activity in vitro
[12]. However, the function of SIRT3 and SIRTS in vive
is still unknown.

Although human SIRT4 and SIRTS proteins have been
reported to localize in mitochondria, precise localization of
these proteins is unknown. Regarding SIRT3, localization
of SIRT3 protein has been reported to differ in mouse
and human, in mitochondrial inner membrane in mouse
[13] and in mitochondrial matrix in human [14]. Further-
more, there has been no report on the interaction of the
three SIRT proteins known to be localized in
mitochondria.

In the present study, we determined localization of
mouse SIRT3, SIRT4, and SIRTS proteins in COS7
cells in different compartments of mitochondria: inner
membrane, matrix, and intermembrane space. In
addition, we demonstrate that localization of SIRT3
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protein in COS7 cells changes from mitochondria to
nucleus when co-expressed with SIRTS5. We also
address the regulatory mechanism of SIRT3 localiza-
tion by a mutagenesis study of the putative mitochon-
drial targeting signal (MTS) and nuclear localization
signal (NLS).

Materials and methods

Antibodies. The antibodies used for confocal microscopic analysis and
Western blot analysis included anti-myc (Santa Cruz Biotechnology), anti-
FLAG (Sigma), anti-hsp60 (BD Biosciences), anti-calnexin (Stressgen),
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Santa Cruz
Biotechnology), anti-cytochrome ¢ (Cell Signaling), and anti-laminA/C
(Cell Signaling).

Plasmid construction. The expression vector for SIRT3-myc, SIRT4-
myc, SIRT4-FLAG, and SIRTS5-FLAG was constructed as follows. The
coding region of SIRT ¢DNAs was cloned by PCR using mouse liver
¢DNA. The PCR fragments were subcloned into the pcDNA3.1/myc-His
A expression vector (Invitrogen) or the pFLAG-CMV-5a expression
vector (Sigma). SIRT3nu and SIRT3mt mutants were constructed by
overlap extension PCR method [15] using pcDNA3.1/myc-His-SIRT3
plasmid as the template.

Cell culture and transfection. COS7 cells were maintained in Dulbecco’s
modified Eagle’s medium (Sigma) supplemented with 10% fetal bovine
serum (Gibco) in an atmosphere of 5% CO, at 37 °C. DNA transfection
was performed according to the manufacturer’s instructions using
FuGene6 Transfection Reagent (Roche). One microgram of plasmid DNA
was transfected to COS7 cells in a 3.5-cm dish.

Confocal microscopy. Fluorescence microscopic analysis was per-
formed as described previously [16]. Briefly, COS7 cells transfected with
SIRT expression plasmids were fixed and labeled with anti-myc mono-
clonal IgG and Alexa488-conjugated anti-mouse IgG (Molecular Probes)
or anti-FLAG polyclonal IgG and Cy3-conjugated anti-rabbit IgG
(Sigma). Fluorescent images were taken and analyzed using a confocal
laser microscope (LSM510 META; Carl Zeiss).

Fractionation of post-nuclear supernatant. Fractionation of post-
nuclear supernatant was performed as described previously [17]. Twenty
micrograms of plasmid DNA was transfected to COS7 cells in a 10-cm
dish. The transfected cells were harvested and disrupted in isotonic buffer
(PBS containing 0.2 M mannitol, 0.07 M sucrose, and | mM EDTA)
containing protease inhibitors (Complete, EDTA Free; Roche) with potter
homogenizer, followed by centrifuged at 800g at 4 °C for 10 min to obtain
post-nuclear supernatant (PNS). PNS was centrifuged at 10,000g at 4 °C
for 10 min to obtain the mitochondria-enriched precipitate fraction. The
supernatant was centrifuged at 100,000g at 4 °C for 30 min to separate the
microsome-enriched precipitate and supernatant fractions. The subcellular
fractions were separated by SDS-PAGE and then analyzed by Western
blotting.

Alkaline treatment of mitochondria. Mitochondria were prepared from
the COS7 cells expressing each SIRT protein, and treated with
100 mM Na>CO; in 10 times volume of mitochondria suspension for
1 h on ice. The reaction mixtures were centrifuged at 100,000g at 4 °C
for 30 min to separate the precipitate and supernatant fractions. The
fractions were subjected to SDS-PAGE followed by Western blot
analysis.

Submitochondrial fractionation. The mitochondria were treated with
either H,O or 2% TX-100 in 10 times volume of mitochondria suspension
on ice for I h, and then treated with 50 pg/ml trypsin on ice for 1 h. The
reaction mixtures were separated by SDS-PAGE and then analyzed by
Western blotting.

Subcellular fractionation using digitonin. The transfected COS7 cells
were harvested and lysed with PBS containing 2% digitonin. The cell lysate
was centrifuged at 800g at 4 °C for 10 min to obtain nucleus-enriched
insoluble and soluble fractions. The fractions were separated by SDS-
PAGE and then analyzed by Western blotting.

Results and discussion

Distinct localizations of SIRT3, SIRT4, and SIRTS in
mitochondria

To determine the intracellular localization of mouse
SIRT3, SIRT4, and SIRTS proteins, expression plasmid
encoding each of these SIRT proteins fused with myc tag
or FLAG tag at the C terminus was transfected into
COS7 cells. The SIRT proteins were stained with anti-
myc antibody or anti-FLAG antibody and its intracellular
localization was examined using confocal microscopy
(Fig. 1A). All three images of SIRT3, SIRT4, and SIRTS
proteins merged well with that of MitoTracker Red, a mar-
ker of mitochondria, indicating that all of these SIRT pro-
teins are localized in mitochondria. Cell fractionation was
then performed using cells transfected with the SIRT
expression plasmids. PNS of the cells was centrifuged and
fractionated into the mitochondria-enriched low-speed pre-
cipitate (P1), the microsome-enriched high-speed precipi-
tate (P2), and the supernatant (S) fractions (Fig. 1B). All
of the three SIRT proteins were found in the P1 fraction
as was hsp60 protein, a marker of mitochondria, affirming
their localization in mitochondria.

To clarify localization of the three SIRT proteins in
mitochondria, mitochondrial fraction prepared from
COS7 cells expressing each of the SIRT proteins was trea-
ted with Na,CO; and centrifuged. SIRT3 protein was
detected in the precipitate fraction, while SIRT4 and
SIRTS proteins were detected in the supernatant fraction,
indicating that SIRT3 protein is integrated into either
mitochondrial outer or inner membrane and that SIRT4
and SIRTS5 are soluble and not membrane proteins
(Fig. 1C). After treating the mitochondrial fractions with
either H,O or TX-100, the fractions were treated with tryp-
sin. When mitochondria are treated with H,O, the mito-
plast can be obtained. SIRT3 and SIRTS proteins were
digested with trypsin in both H,O- and TX-100-treated
mitochondria but were not digested in untreated mitochon-
dria (Fig. 1D), indicating that these proteins are localized
either in intermembrane space or in inner membrane. In
contrast, SIRT4 was digested only in the TX-100-treated
mitochondria. Taken together, these results indicate that
SIRT3, SIRT4, and SIRTS proteins are localized in inner
membrane, matrix, and intermembrane space, respectively,
in mitochondria. In human, SIRT3 protein was reported to
localize in mitochondrial matrix [14]. Since mouse SIRT3
protein lacks a region corresponding to the N-terminal
142-amino acid residues of human SIRT3 protein, the
region could be critical in determining localization in mito-
chondria. In addition, the function of SIRT3 might differ in
humans and mice.

SIRT3 is localized in nucleus when co-expressed with SIRTS

We then examined localization of these three mitochon-
drial SIRT proteins when two of them were co-expressed in
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Fig. 1. Localization of SIRT3, SIRT4, and SIRTS in mitochondria. (A) Confocal microscopy. SIRT3-myc (upper panels), SIRT4-myc (middle panels),
and SIRTS5-FLAG (lower panels) were expressed in COS7 cells and immunostained with anti-myc antibody or anti-FLAG antibody. Mitochondria and
nuclei were stained by MitoTracker Red and DAPI, respectively, and fluorescent images were obtained using a confocal microscope. (B) Fractionation of
post-nuclear supernatant. SIRT3-myc, SIRT4-myc, and SIRT5-FLAG proteins each was expressed in COS7 cells, and the obtained PNS was fractionated
into mitochondria-enriched precipitate (P1), microsome-enriched precipitate (P2), and supernatant (S) fractions. The three fractions were separated by
SDS-PAGE and then analyzed by Western blotting using anti-myc antibody for SIRT3-myc and SIRT4-myc or anti-FLAG antibody for SIRTS5-FLAG.
Hsp60, calnexin, and GAPDH were used as endogenous markers for mitochondria, microsome, and cytosol, respectively. (C) Alkaline treatment of
mitochondria. Mitochondria prepared from the COS7 cells expressing each of the SIRT3-myc, SIRT4-myc, and SIRT5-FLAG proteins were treated with
Na,CO;. The reaction mixture was centrifuged to separate the precipitate and supernatant fractions, containing membrane-integrated proteins and soluble
proteins, respectively. The two fractions were analyzed by Western blotting. Cytochrome ¢ (cyte) and hsp60 were used as endogenous protein markers for
mitochondrial soluble protein. (D) Submitochondrial fractionation. The mitochondria from COS7 cells expressing one of three SIRT proteins were treated
with either H>O (hypotonic) or TX-100, and then treated with trypsin. The reaction mixtures were analyzed by Western blotting. Cytochrome ¢ and hsp60

were used as endogenous markers for mitochondrial intermembrane space protein and matrix protein, respectively.

COS7 cells (Fig. 2A). When SIRT3 and SIRTS proteins
were co-expressed, the localization of SIRT3 protein but
not SIRTS protein changed from mitochondria to nucleus
(upper panels). However, SIRT proteins remained in mito-
chondria with the other combinations of co-expression
(SIRT3 and SIRT4, middle panels, and SIRT4 and SIRTS,
lower panels). To confirm the localization shift of SIRT3
protein by co-expression with SIRTS, we performed frac-
tionation of PNS (Fig. 2B). SIRTS protein appears in Pl
fraction, indicating its localization in mitochondria. In con-
trast, SIRT3 protein is not found in PNS but appears in
whole cell lysate, indicating that SIRT3 is localized in
nucleus. These results are consistent with confocal micro-
scopic study. In addition, we performed another cell frac-
tionation to separate nucleus and the remaining portion

of the cell using digitonin (Fig. 2C). The nuclear proteins
lamin A/C appeared in insoluble (INS) fraction and the
mitochondrial protein hsp60 occurred in both insoluble
and soluble (SOL) fractions to a similar extent. SIRT3 pro-
tein also was detected in both insoluble and soluble frac-
tions to a similar extent when expressed alone. However,
the majority of SIRT3 protein was detected in the insoluble
fraction when co-expressed with SIRTS, further confirming
the localization shift of SIRT3 protein from mitochondria
to nucleus. Taken together, we clearly show here for the
first time that the intracellular localization of SIRT3 pro-
tein changes from mitochondria to nucleus in the presence
of SIRTS, suggesting that SIRT3 plays a role as a regulator
of nuclear proteins through its deacetylase or other,
unknown activity.
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Fig. 2. Localization of SIRT3 when co-expressed with SIRTS5. (A) Confocal microscopic analysis of COS7 cells expressing two of the three mitochondrial
SIRT proteins. SIRT3-myc and SIRTS-FLAG (upper panels), SIRT3-myc and SIRT4-FLAG (middle panels), and SIRT4-myc and SIRT5-FLAG (lower
panels) were co-expressed in COS7 cells, and immunostained using antibodies against myc tag and FLAG tag. Nuclei were stained by DAPIL. (B)
Subcellular fractionation of PNS. PNS of COS7 cells co-expressing SIRT3-myc and SIRT5-FLAG was fractionated into mitochondria-enriched
precipitate (P1), microsome-enriched precipitate (P2), and supernatant (S) fractions, and these fractions along with whole cell lysate were analyzed by
Western blotting. (C) Subcellular fractionation using digitonin. COS7 cells expressing either SIRT3-myc (left) or SIRT5-FLAG (middle) or both (right)
were solubilized by digitonin, and the obtained lysate was centrifuged and fractionated into nuclear-enriched insoluble (INS), and soluble (SOL) fractions.
Hsp60 and laminA/C were used as endogenous markers for mitochondria protein and nucleus protein, respectively.

Disruption of putative mitochondrial targeting signal of
SIRT3

Because the segment containing amino acid residues 66—
88 potentially forms a basic amphiphilic a-helical structure,
it could serve as a MTS. To examine the role of this seg-
ment, SIRT3 mutant SIRT3mt, in which the four amino
acid residues 72-75 were replaced by four alanine residues,
was constructed (Fig. 3A). When SIRT3mt alone was
expressed in COS7 cells, SIRT3mt protein was not detected
in mitochondria but was widely distributed in the cell in
confocal microscopic analysis (Fig. 3B, upper panels). In
addition, when SIRT3mt and SIRTS were co-expressed,
the distribution of SIRT3mt protein was not changed com-

66 88
SIRT3 [
WT
SIRTIMt oo v o BRBR GG svss sl a0 i
c PNS P1 P2 S
SIRT3mt-myc w —-
&
a| SIRT3mt-myc S —
g
5 .
3| smTs-FLAG —_ -

pared to that expressed alone (Fig. 3B, lower panels). In
fractionation of PNS, SIRT3mt protein was fractionated
into S fraction both when SIRT3mt was expressed alone
and when SIRT3mt and SIRTS5 were co-expressed. SIRTS
protein was localized in mitochondria when SIRT3mt and
SIRTS5 were co-expressed (Fig. 3C). These results indicate
that the MTS is necessary not only for targeting SIRT3
to mitochondria in the absence of SIRTS but also for tar-
geting SIRT3 to nucleus in the presence of SIRTS.

Disruption of putative nuclear localization signal of SIRT3

We found that the sequence containing amino acid res-
idues 213-219 of the SIRT3 protein closely resembles the

SIRT3mt-myc MitoTracker

SIRT3mt-myc

SIRTS-FLAG

Fig. 3. Effect of disruption of putative mitochondrial targeting signal of SIRT3. (A) Alanine replacement of putative MTS of SIRT3. Four residues of the
putative MTS of SIRT3 (amino acid residues 72-75) were replaced with four alanine residues. In the SIRT3mt sequence, amino acid residues identical with
wild-type SIRT3 protein are indicated with dots. (B) Confocal microscopy. Immunofluorescent images of COS7 cells expressing SIRT3mt-myc alone
(upper panels) or both SIRT3mt-myc and SIRTS-FLAG (lower panels) are shown. Mitochondria and nuclei were stained by MitoTracker Red and DAPI,
respectively. (C) Subcellular fractionation of PNS. PNSs of COS7 cells expressing SIRT3mt-myc alone (an upper panel) or co-expressing SIRT3mt-myc
and SIRT5-FLAG (middle and lower panels) were centrifuged and fractionated into mitochondria-enriched precipitate (P1), microsome-enriched
precipitate (P2), and supernatant (S) fractions. The fractions were analyzed by Western blotting.
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Fig. 4. Effect of disruption of putative nuclear localization signal of SIRT3. (A) Comparison of the amino acid sequences of putative NLS of SIRT3,
SIRT3nu, and SV40 large T antigen. Three basic amino acid residues of the putative NLS of SIRT3 (amino acid residues 214-216) were replaced with
three alanine residues. In the SIRT3nu sequence, amino acid residues identical with wild-type SIRT3 protein are indicated with dots. The classical NLS of
SV40 large T antigen also is shown (SV40). (B) Confocal microscopy. Immunofluorescent images of COS7 cells expressing SIRT3nu-myc alone (upper
panels) or both SIRT3nu-myc and SIRT5-FLAG (lower panels) are shown. Mitochondria and nuclei were stained by MitoTracker Red and DAPI,
respectively. (C) Subcellular fractionation of PNS. PNSs of the COS7 cells expressing SIRT3nu-myc alone (an upper panel) or co-expressing SIRT3nu-
myc and SIRTS5-FLAG (middle and lower panels) were fractionated into mitochondria-enriched precipitate (P1), microsome-enriched precipitate (P2), and
supernatant (S) fractions. The fractions were analyzed by Western blotting.

classical NLS of the SV40 T antigen (Fig. 4A). To examine
whether this sequence functions as a NLS, the mutant
SIRT3 protein SIRT3nu, in which the three basic amino
acid residues (214-216) in the putative NLS of SIRT3 were
replaced by three alanine residues (Fig. 4A), was con-
structed. When SIRT3nu alone was expressed in COS7
cells, it was localized in mitochondria (Fig. 4B, upper pan-
els). In the cells co-expressing SIRT3nu and SIRTS, a shift
of SIRT3nu protein to the nucleus was not observed, and
SIRT3nu protein and a part of SIRTS protein were scat-
tered widely in the cell in confocal microscopic analysis
(Fig. 4B, lower panels). In fractionation of PNS, all of
the SIRT3nu protein and nearly half of the SIRTS protein
were shifted from P1 fraction to S fraction by co-expression
(Figs. 1B and 4C). These results suggest that the segment
containing amino acid residues 213-219 of SIRT3 plays
an important role in the localization shift of SIRT3 protein
to nucleus when co-expressed with SIRTS. Furthermore,
SIRT5 may well hamper SIRT3nu localization in mito-
chondria through interaction with SIRT3nu. However, fur-
ther study is required to elucidate the mechanism of the
localization shift of SIRT3 protein.

Interestingly, recent study has reported that human pro-
hibitin 2 (PHB2), known as a repressor of estrogen receptor
(ER) activity, is localized in the mitochondrial inner mem-
brane, and translocates to the nucleus in the presence of
ER and estradiol [18]. Although the mechanism of regula-
tion of the expression level of SIRT5 remains unknown,
SIRT3 might play a role in communication between
nucleus and mitochondria in a SIRT5-dependent manner.

The function of mitochondrial SIRT proteins is still not
well known. In the present study, we determined the exact
localization of mouse SIRT3, SIRT4, and SIRTS proteins
in mitochondria. In addition, we demonstrated that SIRT3

can be present in nucleus in the presence of SIRTS. It has
been reported that SIRT3 deacetylates proteins that are not
localized in mitochondria in vitro such as histone-4 peptide
and tubulin [14]. Thus, if SIRT3 is present in nucleus
in vivo, SIRT3 protein might well deacetylate nuclear pro-
teins. These results provide useful information for the
investigation of the function of these proteins.
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Gastrointestinal hormones including gastric inhibitory
polypeptide (GIP), glucagon-like peptide (GLP)-1, and GLP-2
are secreted immediately after meal ingestion, and GIP and
GLP-2 have been shown to regulate bone turnover. We hy-
pothesize that endogenous GLP-1 may also be important for
control of skeletal homeostasis. We investigated the role of
GLP-1 in the regulation of bone metabolism using GLP-1 re-
ceptor knockout (Glp-1r~/~) mice. A combination of bone den-
sity and histomorphometry, osteoclast activation studies, bio-
chemical analysis of calcium and PTH, and RNA analysis was
used to characterize bone and mineral homeostasis in Glp-
1r~’~ and Glp-1r*/* littermate controls. Glp-lr /- mice have
cortical osteopenia and bone fragility by bone densitometry

as well asincreased osteoclastic numbers and bone resorption
activity by bone histomorphometry. Although GLP-1 had no
direct effect on osteoclasts and osteoblasts, Glp-1r~'~ mice
exhibited higher levels of urinary deoxypyridinoline, a
marker of bone resorption, and reduced levels of calcitonin
mRNA transcripts in the thyroid. Moreover, calcitonin treat-
ment effectively suppressed urinary levels of deoxypyridino-
line in Glp-1r~'~, mice and the GLP-1 receptor agonist ex-
endin-4 increased calcitonin gene expression in the thyroid of
wild-type mice. These findings establish an essential role for
endogenous GLP-1 receptor signaling in the control of bone
resorption, likely through a calcitonin-dependent pathway.
(Endocrinology 149: 574-579, 2008)

ONE IS CONTINUOUSLY remodeled throughout life,
and osteoblastic bone formation and osteoclastic bone
resorption are closely coordinated by a variety of local and
systemic factors to maintain constant bone mass. Bone re-
sorption is known to be rapidly inhibited by acute nutrient
ingestion, suggesting that it might be mediated by other
physiological factors, the levels of which change in response
to the nutritional state such as incretins. Gastrointestinal
hormones including gastric inhibitory polypeptide (GIP),
glucagon-like peptide (GLP)-1, and GLP-2 are secreted im-
mediately upon meal ingestion, although the fasting level of
these peptides is low. GIP and GLP-2 are known to be in-
volved in the regulation of bone turnover (1, 2).

The effect of GIP on bone has been extensively investigated
in vitro and in vivo. The GIP receptor is expressed in osteo-
blasts (3), and GIP increases collagen type 1 expression and
alkaline phosphatase activity in osteoblast-like cells (3) and
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Abbreviations: BMC, Bone mineral content; BMD, bone mineral den-
sity; BS, bone surface; BV, bone volume; CT, computed tomography;
DPD, deoxypyridinoline; ES, eroded surface; GIP, gastric inhibitory
polypeptide; GLP, glucagon-like peptide; N.Mu.Oc, number of multinu-
clear osteoclasts; N.Oc, number of osteoclasts; TV, tissue volume; WT,
wild type.
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protects osteoblasts from apoptosis (2), consistent with an
anabolic effect. Recently, the presence of the GIP receptor in
osteoclasts has been reported, and GIP has been shown to
inhibit PTH-induced bone resorption, suggesting that a role
of the postprandial rise in GIP is to stop active bone resorp-
tion such as occurs during fasting (4). The physiological
importance of GIP receptor signaling on bone in vivo has been
demonstrated using GIP receptor knockout (Gipr~/ ") mice,
which exhibit a low bone mass phenotype due to both de-
creased bone formation and increased bone resorption (2, 5);
and conversely, GIP-overexpressing transgenic mice exhibit
increased bone mass (6).

GLP-2 is cosecreted with GLP-1 from L cells in the small
and large intestine, and acts in the intestine to stimulate
mucosal growth and nutrient absorption. Acute administra-
tion of GLP-2 decreases serum and urine markers of bone
resorption in postmenopausal women (1, 7, 8), whereas bone
formation appears to be unaffected by treatment with exog-
enous GLP-2. The effect of GLP-2 on bone has been inves-
tigated predominantly in humans, and the mechanism(s)
underlying the GLP-2-mediated modulation of bone turn-
over remain unclear.

GLP-1 is well known as an incretin, and meal-stimulated
plasma levels of GLP-1 are known to be diminished in pa-
tients with impaired glucose tolerance or type 2 diabetes (9).
GLP-1 also has effects independent of insulin secretion such
as inhibition of glucagon secretion and gastric emptying. In
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contrast to information derived from studies of GIP and
GLP-2 on bone formation and resorption, the physiological
role of GLP-1, if any, on bone is completely unknown. Be-
cause the GLP-1 receptor is expressed in thyroid C cells, and
GLP-1 directly stimulates the secretion of calcitonin (10, 11),
a potent inhibitor of osteoclastic bone resorption, GLP-1 may
contribute to nutrient-mediated reduction of bone
resorption.

In the present study, we have investigated the role of
endogenous GLP-1 in the regulation of bone metabolism
using GLP-1 receptor knockout (Glp-1r~/~) mice. We per-
formed morphological analyses of bones from Glp-1r /-
mice and wild-type (WT) littermate controls, including den-
sitometry and histomorphometry. We also evaluated the ef-
fects of exogenous GLP-1 on thyroid C cells, and we deter-
mined the effect of calcitonin treatment in Glp-1r~/~ mice.
Taken together, our data illustrate an essential role for the
GLP-1 receptor in the control of bone resorption.

Materials and Methods
Animals

Glp-1r~/~ mice and Glp-1r*/* littermate WT controls were main-
tained on a C57BL/6 background as described previously (12). Mice
were kept in cages with four to six animals per cage with free access to
standard rodent diet and water. Male mice were used for all experi-
ments. Crown to rump length was measured from tip of the nose to the
end of the body. All procedures for animal care were approved by the
Animal Care Committee of Kyoto University Graduate School of
Medicine.

Bone densitometry and body composition analysis

For computed tomography (CT)-based analysis of bone mineral den-
sity (BMD), 10-wk-old WT and Glp-1r~/~ mice were anesthetized with
ip injections of pentobarbital sodium (Nembutal; Dainippon Pharma-
ceutical, Osaka, Japan). Tibiae (between proximal and distal epiphysis)
and lumber spines (between L2 and L4) were scanned at 1-mm intervals
using an experimental animal CT system (LaTheta LCT-100; Aloka,
Tokyo, Japan). Bone mineral content (BMC) (milligrams), bone volume
(cubic centimeters), and BMD (milligrams per cubic centimeter) were
calculated using the LaTheta software (version 1.00). The minimum
moment of inertia of cross-sectional areas (milligram-centimeters),
which represents the flexural rigidity, and the polar moment of inertia of

cross sectional areas (milligram-centimeters), which represents the torsional

rigidity, were also calculated automatically by the LaTheta software (13).
For body composition analysis, the whole bodies of 10-wk-old WT and
Glp-1r~/~ mice were scanned using the LaTheta CT system.

Bone histomorphometry

Six-week-old male mice were used for studies of bone histomor-
phometry as described previously (2). Briefly, mice were double labeled
with sc injections of 30 mg/kg tetracycline hydrochloride (Sigma Chem-
ical Co., St. Louis, MO) 4 d before being killed and 10 mg/kg calcein
(Dojindo Co., Kumamoto, Japan) 2 d before being killed. Bones were
stained with Villanueva bone stain for 7 d, dehydrated in graded con-
centrations of ethanol, and embedded in methyl-methacrylate (Wako
Chemicals, Osaka, Japan) without decalcification. Bone histomorpho-
metric measurements were made using a semiautomatic image analyz-
ing system (System Supply, Ina, Japan) and a fluorescent microscope
(Optiphot; Nikon, Tokyo, Japan) set at a magnification of X400. Standard
bone histomorphometrical nomenclatures, symbols, and units were
used as described in the report of the American Society of Bone and
Mineral Research Histomorphometry Nomenclature Committee (14).

Osteoclast and osteoblast assays

For osteoclast differentiation assay, mouse primary osteoblasts and
bone marrow cells were cocultured for 7 d in a-MEM (Sigma) containing
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10% fetal bovine serum in the presence or absence of 107% M 1a,25-
dihydroxyvitamin D; with or without 107> M GLP-1 (Peptide Institute,
Inc., Osaka, Japan). Cells positively stained for tartrate-resistant acid
phosphatase containing more than three nuclei were counted as oste-
oclasts (15, 16). For pit formation assay of mature osteoclasts (16), ali-
quots of crude osteoclast preparations were plated on dentine slices and
cultured with or without 10™* M GLP-1 or 107'° M calcitonin (Peptide
Institute) for 48 h. The number of resorption pits was quantified under
scanning electron microscopy. For osteoblast apoptosis assay, Saos-2
osteoblasts (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) were
pretreated for 1 h with or without 107 M GLP-1 and then incubated for
an additional 6 h in the presence or absence of 50 um etoposide, as
described previously (2).

Biochemical measurements

Total calcium concentration was measured using Spotchem SP4420
(Arkray, Kyoto, Japan), and ionized calcium was measured using a
blood gas analyzer (GEM premier 3000; Instrumentation Laboratory,
Tokyo, Japan) after overnight fasting and 6 h after refeeding. Plasma
insulin, leptin, and intact PTH levels were determined by ELISA Kkits for
mouse insulin (Shibayagi, Gunma, Japan), mouse leptin (Morinaga,
Yokohama, Japan) and mouse intact PTH (Immutopics Inc., San Clem-
ente, CA). Urinary deoxypyridinoline (DPD) concentrations were mea-
sured using an ELISA kit (Quidel, San Diego, CA) before and at 4 h after
single administration of 10 TU/kg eel calcitonin (Elcitonin; Asahi Kasei
Pharma, Tokyo, Japan).

RNA preparation and quantitative real-time PCR

For analysis of thyroid calcitonin gene expression, mice were injected
ip with the GLP-1 receptor agonist exendin-4 (Sigma) at a dose of 24
nmol/kg or the same volume of PBS 6 h before RNA isolation. Total
RNA was extracted from thyroid tissue using RNeasy Mini Kit (QIA-
GEN, Valencia, CA). cDNAs were synthesized by SuperScript Il Reverse
Transcriptase system (Invitrogen, Carlsbad, CA) and subjected to quan-
titative real-time PCR using SYBR Green master kit and the ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City, CA).
Primers for the calcitonin gene were calcitonin forward 5CTCACCAG-
GAAGGCATCAT-3 and calcitonin reverse 3- CAGCAGGCGAACTTCT-
TCTT-3'". The relative amount of mRNA was calculated with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA as the invariant
control: GAPDH forward 3-TCGTTGATGGCAACAATCTC-3 and
GAPDH reverse 5-AAATGGTGAAGGTCGGTGTG-3.

Statistical analysis

Results are expressed as means * sE. Statistical significance was
assessed by ANOVA and unpaired Student’s ¢ test, where appropriate.
A P value of <0.05 was considered to be statistically significant.

Results
Baseline characteristics of WT and Glp-1r~'~ mice

Growth of Glp-1r~/~ mice was similar to that of WT mice
in body weight during the 50-wk observation period (sup-
plemental Fig. 1A, published as supplemental data on
The Endocrine Society’s Journals Online web site at http://
endo.endojournals.org). Body length and length of tibia mea-
sured at 10 and 50 wk of age were also almost identical to
each other (supplemental Fig. 1, B and C). No significant
difference was observed in fat mass (supplemental Fig. 1D)
and lean body mass (supplemental Fig. 1E) between 10-wk-
old WT and Glp-1r~/~ mice determined by CT-based body
composition analysis. Similarly, plasma leptin levels (sup-
plemental Fig. 1F) were comparable in 10-wk-old WT and
Glp-1r~/~ mice. These data indicate that there was no dif-
ference between WT and Glp-1r~/~ mice in body mass, body
composition, or hormone levels that might affect bone mass.
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Decreased cortical bone mass and diminished bone rigidity
in the tibia of Glp-1r~' = mice

To evaluate the impact of the lack of GLP-1 receptor sig-
naling on bone mass, we performed CT-based bone densi-
tometry in bones of differing cortical /cancellous bone ratio.
Tibia and lumber spine were used because the former has a
higher cortical /cancellous bone ratio, whereas the latter has
a lower cortical /cancellous bone ratio. The results are shown
as total, cortical, cancellous, and trabecular bone mass in Fig.
1. There was no significant difference between WT and Glp-
Ir /° mice in BMC (milligrams) (Fig. 1, A-D) and bone
volume (cubic centimeters) (Fig. 1, E-H). Total BMD of tibia
was significantly lower in Glp-1r /~ mice than in WT mice
(WT mice, 612.97 *+ 4.03 mg/cm®; Glp-1r /'~ mice, 570.07 +
4.22 mg/cm?; P = 0.0000036), but no significant difference
was observed in total BMD of spine (Fig. 2I). Cortical BMD
also was significantly decreased in Glp-1r /~ mice com-
pared with WT mice in both tibia and spine (tibia: WT mice,
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FiG. 1. CT-based bone densitometry of tibia and lumbar spine in
10-wk-old male WT (white bars) and Glp-1r /'~ (black bars) mice. A-D,
Total (A), cortical (B), cancellous (C), and trabecular (D) BMC; E-H,
total (E), cortical (F), cancellous (G), and trabecular (H) BV; I-L, total
(I, cortical (J), cancellous (K), and trabecular (L) BMD; M, minimum
moment of inertia of cross-sectional areas, representing the flexural
rigidity; N, the polar moment of inertia of cross-sectional areas, rep-
resenting the torsional rigidity, calculated by LaTheta software. Val-
ues are expressed as means = SE; n = 6 mice per group. *, P < 0.05;
** P < 0.01, WT vs. Glp-1r '~ mice.
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FiG. 2. Bone histomorphometry of tibia and lumbar spine in 6-wk-old
male WT (white bars) and Glp-1r '~ (black bars) mice. A, Represen-
tative pictures of proximal tibia. Original magnification, x<20. B,
Representative pictures of lumbar spine. Original magnification,
%x40. C, BV/TV of tibia and lumbar spine in WT and Glp-1r /" mice.
D, Multinuclear osteoclasts in WT and Glp-1r '~ mice. Original mag-
nification, x400. E and F, N.Mu.Oc (E) and ES/BS (F) as cellular
activity parameters regarding bone resorption. G-I, Osteoblast sur-
face (Ob.S)/BS (G), mineral apposition rate (MAR) (H), and bone
formation rate (BFR)/BS (I) as bone formation parameters. Values are
expressed as means * SE; n = 5-7 mice per group. *, P < 0.05; ** P <
0.01, WT vs. Glp-1r '~ mice.

687.34 +3.57mg/cm’; Glp-1r /~ mice, 650.06 + 10.59 mg/cm’;
P = 0.0093; spine: WT mice, 411.31+ 8.77 mg/cm’; Glp-1r
mice, 380.45 * 6.67 mg/cm’; P = 0.018) (Fig. 1J). However,
cancellous and trabecular BMD were not significantly different
inWT and Glp-1r /~ mice in both tibia and spine (Fig. 1, K and
L). Reflecting the loss of cortical bone, Glp-1r/~ mice showed
skeletal fragility by diminished bone rigidity indexes. The min-
imum moment of inertia of cross-sectional areas, which repre-
sents flexural rigidity, was significantly reduced in Glp-1t/
mice (WT mice, 0.014 + 0.002 mgem; Glp-1r /™ mice, 0.008 +
0.001 mgem; P = 0.022) (Fig. 1M). Moreover, torsional rigidity
as indicated by the polar moment of inertia of cross-sectional
areas also was significantly diminished in Glp-1r/~ mice (WT
mice, 0.064 = 0.006 mgem; Glp-1r /= mice, 0.040 = 0.006
mgcm; P = 0.020) (Fig. 1N). These results indicate that Glp-
Ir /"~ mice have cortical osteopenia and bone fragility.

Glp-1r '~ mice exhibit increased numbers of osteoclasts
and bone resorption activity in the tibiae

We next performed histomorphometrical analyses of prox-
imal tibiae (Fig. 2A) and lumbar spines (Fig. 2B) of 6-wk-old
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