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Table 1. Metabolic Parameters in Control Diet (CD) and Diet-Induced Obese
(DIO) Mice.

CD DIO
Body weight (g) 342 £ 08 54.1 £ 1.0%
Glucose (mg/dl) M7 £7 190 + 7
Insulin (xU/ml) 189 + 3.2 126.0 & 28.7%
Leptin (ng/ml) 22+ 06 42,1 £ 4.5*

Results are presented as the mean = SEM (n = 14). Significantly different
from CD mice in each group: P < 0.01.

Measurement of BDNF and NT-3 content in the brain

BDNF and NT-3 content in the brain of CD and DIO mice fed CD and HFD,
respectively, for 16 weeks was measured in accordance with our previous
study {3) using commercially available measurement kits for BDNF (BDNF
Emax® ImmunoAssay System: Promega Inc., Madison, Wi, USA) and for NT-
3 (NT-3 Emax® ImmunoAssay System: Promega Inc. Madison, W1).

Western blot analysis of TrkB and TrkC

Western blotting of full-length TrkB and TrkC in the brain of CD and HFD
mice was performed in accordance with our previous study (3). Full-length
TrkB and TrkC were detected using rabbit polyclonal anti-TrkB antibody (sc-
8316; Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA) and rabbit
polyclonal anti-TrkC antibody (sc-14025; Santa Cruz Biotechnology, Inc),
respectively. Results represent the densitometry data relative to glyceralde-
hyde 3-phosphate dehydrogenase detected in each sample.

Statistical analysis

All values are provided as the mean £ SEM. Statistical analysis of the data
was carried out by anova followed by Dunnett's multiple-range test. P < 0.05
was considered statistically significant.

Results

Metabolic parameters in CD and DIO mice

The metabolic parameters in CD and DIO mice are shown in Table 1.
The body weight of DIO mice was 1.6 times greater than that in CD
mice. Plasma levels of glucose, insulin and leptin in DIO mice were
significantly high compared to those in CD mice.

Fear-conditioning response

CD mice exhibited 93% freezing as a result of fear in the first ses-
sion in the contextual conditioning response, and the freezing per-
centage gradually decreased during the sessions to reach 60% in
the fifth session {Fig. 1). In DIO mice, the freezing percentage of
the contextual fear response was significantly lower than that in
CD mice in each session {Fig. 1). DIO mice exhibited 64% freezing
percentage in the first session of the contextual fear response, and
the freezing percentage subsequently decreased during the sessions
to 23% in the fifth session (Fig. 1). Similarly, the freezing percent-
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Fig. 1. Fear-conditioning responses in control diet (CD) and diet-induced
obese (DIO) mice. Fear-conditioning responses in CD {closed circles) and DIO
(open circles) mice. Freezing percentages of CD and DIO mice in the contex-
tual conditioning test were measured every minute for 5 min. Freezing per-
centages of CD and DIO mice in the cued conditioning test were measured
every minute for 3 min. Data points represent the mean == SEM (n = 9-14).
Significantly different from CD mice: *P < 0.05, **P < 0.01.

age of the cued fear response in DIO mice was 47% in the first
session, which was much lower than the 81% in CD mice, and a
significant decrease in freezing percentage of DIO mice was
observed over the course of three cued sessions compared to CD
mice (Fig. 1).

Jumping-vocalisation test, spontaneous locomotor activity
and elevated plus maze test

To compare the sensitivities to foot shock between CD and DIO
mice, the jumping-vocalisation test was used. No difference in
scores of jumping-vocalisation test was found between CD (score:
324+ 03; n=14) and DIO (score: 2.6 & 0.1; n = 14) mice. To
explore the involvement of motor activity and anxiety in impaired
fear-conditioning responses in DIO mice, spontaneous locomotor
activity for 30 min after placement of mice into new cages and
behaviours in the elevated plus maze test were examined. Sponta-
neous locomotor activity was not different between CD and DIO
mice after 16 weeks of feeding each diet (data not shown). More-
over, both entry times and time spent in the dark and light arms in
the elevated plus maze test were not different between CD and DIO
mice (data not shown).

BDNF and NT-3 content in the brain areas

BDNF content in the cerebral cortex and hippocampus of DIO mice
had significantly decreased to approximately 70% and 60% of CD
mice, respectively (Fig. 2a). BDNF content in the amygdala and
hypothalamus of DIO mice also tended to decrease compared to
that in CD mice (Fig. 2a). By contrast to the changes in BDNF con-
tent, NT-3 content in the hippocampus, amygdala and hypothala-
mus of DIO mice significantly increased to 150%, 165% and 230%
of that in CD mice, respectively (Fig. 28). NT-3 content in the cere-
bral cortex also tended to be higher than that in CD mice (Fig. 2s).
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Fig. 2. Content of (x) brain-derived neurotrophic factor (BDNF) and (8) neurotrophin-3 (NT-3) in the cerebral cortex, hippocampus, amygdala and hypothala-
mus in control diet (CD) and diet-induced obese (DIO) mice. Results are presented as the mean + SEM (n = 18-29). Significantly different from CD mice:

*P < 0.05, P < 0.01.

Expression of full-length TrkB and TrkC receptors in the
brain areas

The expression of full-length TrkB in the amygdala of DIO mice sig-
nificantly decreased to approximately 70% of CD mice, although
not in the cerebral cortex, hippocampus and hypothalamus (Fig. 3a).
Full-length TrkC expression in the four brain areas was not signifi-
cantly different between CD and DIO mice (Fig. 3g).

Discussion

The present study demonstrated that DIO mice showed a significant
reduction of both hippocampus-dependent contextual and amyg-
dala-dependent cued fear responses of fear-conditioning test. How-
ever, the responses to electric foot shock, locomotor activity and
anxiety-like behaviour of DIO mice were the same as those of CD
mice. Interestingly, BDNF content in the cerebral cortex and hippo-
campus of DIO mice was significantly lower than that in CD mice,
whereas NT-3 content in the hippocampus, amygdala and hypothal-
amus of DIO mice was significantly higher than that in CD mice.
The expression of full-length TrkB for BONF in the amygdala of DIO
mice significantly decreased compared to that in CD mice, whereas
the expression of full-length TrkC for NT-3 in the brain regions was
not different between CD and DIO mice. These findings demonstrate
that DIO mice display impaired cognition in the fear-conditioning
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test with an imbalanced interaction between BDNF and NT-3 sys-
tems in the cerebral cortex, hippocampus and amygdala related to
cognition and fear.

Chronic dietary fat intake, especially saturated fatty acid intake,
is reported to contribute to deficits of hippocampus-dependent spa-
tial cognition in the water maze test of rats (5,6,28). The adverse
effects of high-dense diets on learning and memory have been
associated with impaired hippocampal synaptic plasticity and sup-
pressed neurogenesis (29-31).

Long-term structural alterations of synapses, so-called neuronal
plasticity, are regulated by several synaptic molecules including
neurotrophic factors, such as BDNF (15), and have been demon-
strated to be essential for spatial learning performance, which is
dependent primarily on hippocampal functions (15). Animals lacking
BDNF show deficits in LTP related to processes of leaming and
memory, and in hippocampus-dependent spatial learning, which
can be amended by exogenous BDNF (15). Although the mecha-
nisms by which a HFD can affect BDNF expression are largely
unknown, in the present study, the feeding of HFD or obesity led to
a reduction of BDNF content in the hippocampus and cerebral cor-
tex to the extent that cognitive performance was compromised. By
contrast to the decrease in BDNF content, the present study dem-
onstrated that NT-3 content was significantly increased in the hip-
pocampus, amygdala and hypothalamus of DIO mice compared to
that in CD mice. BDNF and NT-3 oppose one another in regulating
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ig. 3. Expression of full-length TrkB (A} and TrkC (g} in the cerebral cortex,
hippocampus, amygdala and hypothalamus in control diet (CD) and diet-
induced obese (DIO) mice. Results are presented as the mean &= SEM
{n = 3-7). Significantly different from CD mice: *P < 0.05. GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase.

the dendritic growth of pyramidal neurones in the hippocampus
and neural activity (22,23). NT-3 was reported to inhibit the den-
dritic growth stimulated by BDNF (22). The amygdala, which is well
established as playing a pivotal role in regulation of fear, emotion
and cognition (8,9), is suggested to be involved in energy regulation
because lesion of the amygdala has been reported to induce hyper-
phasia, resulting in marked obesity (10,11). Moreover, the amygdala
has recently been demonstrated to be one of the brain regions reg-
ulating appetite via activation of the melanocortin system (12).
Taken together, these findings suggest that the impaired fear-con-
ditioning response in DIO mice is attributed to the decrease of
BDNF, which facilitates memory processes and the antagonistic
actions of NT-3 against BDNF in the hippocampus and amygdala,
although the present study did not address the mechanisms
responsible for changes in BDNF and NT-3 content in the brain of
DIO mice.

Several lines of electrophysiological and behavioural evidence
demonstrate that leptin and insulin enhance hippocampal synaptic
plasticity and improve learning and memory (31,32). Electrophysio-
logical studies in genetically obese Zucker rats with leptin-receptor
deficiency demonstrated that LTP of the hippocampal CA1 region,
which is closely related to learning and the formation of memory
and is regulated by NMDA and AMPA receptors (6), is markedly

© 2012 The Authors.
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impaired compared to lean rats (7). Streptozotocin-treated insulin-
deficient rats are reported to exhibit impaired cognition in the
water maze test, which is dependent on the hippocampus (33).
Therefore, it is likely that impairment of actions of leptin or insulin
might be attributable to cognitive deficits in obesity and diabetes
mellitus (34,35). Although there is no direct evidence for the
impairment of cognition in DIO mice, the impaired cognitive behav-
iours of fear-conditioning tests observed in the present study may
be partly mediated by decreased inherent functions of leptin and
insulin in the brain, despite high plasma levels of leptin and insulin,
giving rise to the so-called leptin resistance or insulin resistance
associated with obesity.

The present study has shown that DIO mice exhibit impairment of
both hippocampus-dependent contextual and amygdala-dependent
cued responses of the fear-conditioning test. Moreover, BDNF con-
tent decreases in the hippocampus and cerebral cortex of DIO mice,
whereas NT-3 content increases in the hippocampus, amygdala and
hypothalamus of DIO mice, compared to CD mice. The expression of
TrkB in the amygdala of DIO mice decreases compared to CD mice.
These findings suggest that consumption of a HFD may contribute
to aspects of dysfunction in the central nervous system.
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Received 25 April 2012 in rodents, but little is known about its expression and functional significance in humans.
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Glucagonoma (n=2), all collected at surgery, was compared with the mRNA expression of various receptors
Insulin secretion highly expressed and operative in human pancreatic islets.

Gastrointestinal hormones Results. GPR119 mRNA was most abundant in the pancreas, followed by the duodenum,

stomach, jejunum, ileum and colon. Pancreatic levels of GPR119 mRNA were similar to those
of GPR40 mRNA and were higher than those of GLP1R and SURL mRNA, which are strongly
expressed in human pancreatic islets. Moreover, levels of GPR119 mRNA in pancreatic islets
were more than 10 times higher than in adjacent pancreatic tissue, as were levels of GPR40
mRNA. GPR119 mRNA was also abundant in two cases of insulinoma and two cases of
glucagonoma, but was undetectable in a pancreatic acinar cell tumor. Similar results
were obtained with mouse pancreatic islets, MIN6 insulinoma cells and alpha-TC
glucagonoma cells.

Conclusions. The results provide evidence of an islet-gastrointestinal distribution of
GPR119, its expression in pancreatic beta and alpha cells, and its possible involvement in
islet function. They also provide the basis for a better understanding of the potential clinical
importance of GPR119.
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1. Introduction

Endogenous lipids such as free fatty acids and acylethanola-
mides are known to regulate glucose metabolism and food
intake [1-3]. The underlying molecular mechanisms are not
fully understood, however. Recently, four orphan G protein-
coupled receptors (GPR40, GPR41, GPR43 and GPR120) were
deorphaned and identified as fatty acid receptors [4-8].
Among those, we found that GPR40 is highly expressed in
human pancreatic beta cells and is involved in regulating
insulin secretion [9,10]. In addition, GPR119 has been identi-
fied as a Gs-coupled receptor whose putative endogenous
ligands include oleoylethanolamide (OEA) [11,12] and possibly
other lipids [13-16]. In vitro studies have implicated GPR119 in
the regulation of insulin and incretin secretion [12,14,15,17~
20], and in vivo studies in rats and mice suggest its
involvement in the regulation of glucose metabolism and
feeding [11,14,18,19,21-30]. That said, glucose metabolism
in humans and mice may differ [31], and little is known
about the expression and physiological significance of
GPR119 in humans.

In that context, we examined GPR119 gene expression in
various human tissues, including fresh samples of pancreas
and digestive tract collected at surgery. In addition, to gain
further insight into the localization of GPR119 within the
human pancreas, we compared GPR119 expression in human
pancreatic islets and adjacent pancreatic tissue, as well as in
insulinomas and glucagonomas, two very rare human tumors
that possess the endocrine properties of pancreatic beta and
alpha cells, respectively. The results provide evidence of the
islet-gastrointestinal distribution of GPR119, its expression in
pancreatic beta and alpha cells, and its possible involvement
in islet function in humans.

2. Methods
2.1.  Subjects, tissue sampling and pancreaticislet isolation

The clinical profiles of all patients enrolled in the present
study are shown in Table 1. The study was performed in
accordance with the Declaration of Helsinki and approved by
the Ethical Committee on Human Research of Kyoto Univer-
sity Graduate School of Medicine. Signed informed consent
was obtained from all patients.

Normal human cerebral tissues (n=3) were collected from
three patients at autopsy; one had died from amyotrophic
lateral sclerosis, one from an iliopsoas muscle tumor and one
from a ruptured aortic aneurysm. Normal tissues from the
pancreas (n=19), esophagus (n=3), stomach (n=3), duodenum
(n=3), jejunum (n=3), ileum (n=2), colon (n=3) and liver (n=2)
were collected from 23 patients at tumor resection. In Fig. 1B
and C, pancreatic tissues from four patients (patients 9, 10, 13
and 19 in Tables 1 and 2) were analyzed because of the limited
amount of total RNA extracted from each patient. In all cases,
sample margins contained no sign of tumor invasion, so the
samples were considered to be tumor-free. In addition,
samples of insulinoma (n=2), glucagonoma (n=1) and a
pancreatic acinar cell tumor (n=1) were collected at surgery.

' Table 1

ical profiles of the pati
pancreatectomy and tissues

lyzed.

nts who underwent

‘Tissue
“analyzed

ex
cars) (/)

Pancreatic cancer

1 26 M- Pancreas (tail)
2 47 F  Pancreatic cancer = Pancreas (head)
3 53 - F Pancféatic cancer - Pancreas (head)

4 54 M Pancreatic cancer  Pancreas (head)
5 55.. . F . Pancreatic cancer - Pancreas (body)
6 57 M Isletcelltumor - Pancreas (tail)

(nonfunctional) ) .
7 59 F  Insulinoma Pancreas (head),
: R R insulinoma
8 60 M Pancreatic cancer . Pancreas (body)
9 60 M Pancreatic cancer  Pancreas (head)
10 61 - F Papilla cancer * Pancreas (head)
11 63 E Islet cell tumor Pancreas (body)
(nonfunctional)

12 63 M Pancreatic cancer ~ Pancreas (head)
13 64 M Pancreatic cancer  Pancreas (body)
14 69 M Pancreatic cancer - Pancreas (head)
15 71 F Pancreatic cancer.  Pancreas (body)
16 72 _F°  Pancreatic cancer - - Pancreas (body)
17 72 F Pancreatic cancer  Pancreas (head)
18 75 M - Pancreaticcancer  Pancreas (head)
19 76 M Duodenal cancer = Pancreas (head)
20 27 F ' Insulinoma - - Insulinoma
21 23 - F ' Glucagonoma Glucagonoma
22 41 F  Acinarcell turhor ~ Acinar cell

S ! : tumor’
23 - 34 - F Glucagonoma Glucagonoma

‘Patients were premedicated with 0.01 mg/kg atropine sulfate im.
and 0.2 mg/kg diazepam orally before surgery. Tissues were
sarnpled under general anesthesia with 35% O 65% N,O and

. 0.5%-1.5% sevoflurane. Neuromuscular blockade was provided by
vecuronium bromide at an initial dose 0.1mg/kg and
supplemented as required.

From another patient with a glucagonoma, samples of normal
pancreatic fissue and glucagonoma were obtained as forma-
lin-fixed, paraffin-embedded (FFPE) sections. Islets were
promptly isolated from pancreatic samples using the mince
method and were collected manually using a stereomicro-
scope [9,10]. In Japan, HbAlc is measured using high-
performance liquid chromatography with a set of calibrators
assigned by the Japan Diabetes Society (normal range 4.3%-
5.8%). A correlational analysis showed that, in Japan, estimat-
ed HbAlc values are 0.4% lower than those measured by the
National Glycohemoglobin Standardization Program (NGSP)
[32]. For that reason, we standardized the obtained HbAlc
values to NGSP units by adding 0.4% to the measured values.

2.2 Preparation and culture of mouse pancreatic islets,
the MIN6 mouse insulinoma cell line and the alpha-TC mouse
glucagonoma cell line

Male 14-week-old C57BL/6 mice were purchased from Japan
SLC (Shizuoka, Japan) and housed in a temperature-, humid-
ity- and light-controlled room with free access to water and
standard chow (Nosan, Kanagawa, Japan). Mouse pancreatic
islets were isolated as previously described [33]. All experi-
mental procedures were approved by the Animal Research
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Fig. 1 - Expression of GPR119 mRNA in human tissues. All receptor mRNA levels were normalized to the level of GAPDH mRNA
in the same tissue. A, GPR119 mRNA levels in commercially obtained samples of human total RNA from the indicated tissues. B,
GPR119 mRNA expression in the indicated human tissues collected at autopsy (cerebrum) or at surgery (all tissues except
cerebrum). C, Expression of GPR119, GPR40, GLP1R and SUR1 mRNA in normal human pancreatic tissue collected at surgery
(n=4). The specimens used were the same as in panel B. Receptor mRNA levels in panels B and C are expressed as means+SEM.
Black bar, GPR119; white bar, GPR40; hatched bar, GLP1R; double-hatched bar, ABCC8 (SUR1).

Patient BMI FPG Zh PG Insulin AUC HbAlc HOMA-  Insulinogenic ' HOMA- - Triglycerides ~ GPR119
(kg/m? (mmol/L) (mmol/l) - (x10° pmoI/L) (%) ‘IR index beta © (mmol/L) = mRNA level

1 24.2 47 6.7 32 ‘5.1 96 - 83.0 1244 123 0.183
2 19.7 7.2 126 53 7.1 36,6 100.1 102.1 2.26 0.334
3 17.7 44 6.8 24 5.1 28 62.7 508 1.54 0.430
4 2233 49 9.1 18 5.7 37 17.8 403 089 0.112
5 24.6 5.1 83 : 25 5.1 57 42.8 54.0 1.20 0.235
6 257 6.1 ND ND 56 24.0 ND . 11260 148 0342
7* 221 2.0 49 84 47 2.5 ND -613 - 086 0419
8 180 53 10.8 12 6.3 33 23.6 25.1 1.76 0.063
9 19.6 43 11.4 ND 54 2.0 ND 40.8 2.01 0.228
10 200 ' 46 6.9 24 5.0 84 1637 1307 1.40 0.583
11 228 55 136 ND 6.7 ‘85 ND 58.0 2.28 0.483
121 242 - 48 ND ND 6.5 ND ND ND 1.01 0.582
13 233 5.2 107 18 .58 85 . 111 708 - 1.29 0.185
14 243 ND ND. ND 71 ND ND ND 095 . 0.272
15 235 4.9 8.9 ND - 62 103 ND 113.8 199 0.492
16 184 6.1 ND ND 65 ND. ND ND 2.03 0.306
17+ 16.8 5.1 ND ~ND .58  ND ND ND 1.02 0.631
18 226 5.4 8.3 51 6.2 6.8 47.8 483 ©1.60 0.219
19 20.3 42 68 48 54 30 1081 810 049 0.279

The patient numbers correspond to those in Table 1. *Patient 7 was dlagnosed as havmg an insulinoma. TPatxents 12 and 17 were treated with
percutaneous transhepatic biliary drainage (PTBD). Because of the unavailability of blood samples, some of the metabolic profiles were not
determined (shown as ND). FPG, fasting plasma glucose Ievel ‘2h-PG, 2-h post~OGTT plasma glucose level; ND, not determmed

.60_



METABOLISM CLINICAL AND EXPERIMENTAL 62 (2013)70~78 73

Committee, Kyoto University Graduate School of Medicine,
and were performed in accordance with institutional and
national guidelines for animal experimentation. MIN6 cells
were kindly provided by Dr. Junichi Miyazaki [34], and alpha-
TC cells were obtained from American Type Culture Collection
(ATCC) (Manassas, VA, USA). MING6 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 15%
FBS, while alpha-TC cells were maintained in RPMI 1640
medium supplemented with 10% FBS. Both media also
contained 100 U/mL penicillin and 0.1 mg/mL streptomycin
(Life Technologies Japan, Tokyo, Japan). The cells were
incubated at 37 °C under an atmosphere of humidified air
(95%) and CO; (5%).

2.3.  Total RNA preparation and cDNA synthesis

Total RNAs were extracted from fresh tissues and cell lines using
QIAGEN RNeasy Mini Kits [9,10,33], and from FFPE tissue sections
using QIAGEN RNeasy FFPE Kits (QIAGEN K.K., Tokyo, Japan). The
collected RNA was then treated with DNase I to remove any
contaminating DNA. Additionally, total RNAs from human brain,
thyroid, heart, lung, trachea, kidney, esophagus, liver, skeletal
muscle, adipose tissue, spleen, bladder, prostate, placenta and
cervix were obtained from Life Technologies Japan. Total RNAs
from stomach, small intestine, colon, pancreas, testis, ovary and
uterus were from Takara Clontech (Tokyo, Japan). Finally, total
RNAs from hypothalamus were obtained from two sources, Life
Technologies Japan and BioChain Institute (Hayward, CA, USA).
First strand cDNA was synthesized by random hexamer-primed
reverse transcription using SuperScript II reverse transcriptase
(Life Technologies Japan).

2.4, Quantification of human and mouse receptor
gene expression

Levels of GPR119 mRNA in the pancreas and pancreatic islets
were compared with those of GPR40, the glucagon-like peptide-1
receptor (GLP1R) and the sulfonylurea receptor 1 (ABCC8 or SUR1)
mRNA, which are reportedly expressed in human pancreatic
islets and involved in insulin secretion [9,10]. Messenger RNA
levels were quantified using the TagMan PCR method with an
ABI PRISM 7700 Sequence Detector (Life Technologies Japan), as
described previously [9,10]. To estimate the copy number of each
mRNA, standard curves were generated using oligo DNA
fragments (Sigma Genosys Japan, Tokyo, Japan) containing the
PCR amplicon region. The receptor mRNA levels were normal-
ized to the level of GAPDH mRNA and expressed as the receptor/
GAPDH [copy/copy] ratio [9]. The sequences of the primers and
probes (Life Technologies Japan) used for the quantification of
the mRNAs were as follows: human GPR119 (NM_178471),
CCATGGCTGGAGGTTATCGA (forward), GCTCCCAATGAGAACA-
GACACA (reverse) and 6-carboxyfluorescein (FAM)-CCCCACG-
GACTCCCAGCGACT-6-carboxytetramethylrhodamine (TAMRA)
(probe); mouse GPR119 (NM_181751), TCCAGAGAGGACCAGA-
GAAAGC (forward), GCAGCGTCTTAGCCATCGA (reverse) and
FAM-TCACATCGTCACTATCAGCCATCCGG-TAMRA (probe);
mouse GPR40 (NM_194057), GGCTTTCCATTGAACTTGTTAGC
(forward), CCCAGATGGAGAGTGTAGACCAA (reverse) and FAM-
TGTCCCACGCTAAACTGCGACTCACTC-TAMRA (probe); mouse
GADPH (NM_008084), TCCATGCCATCACTGCCA (forward),

GCCCCACGGCCATCA (reverse) and FAM-CAGAAGACTGTG-
GATGGCCCCTC-TAMRA (probe). The sequences of the primers
and probes used for quantification of the human GPR40, GLP1R,
ABCC8 (SUR1) and GAPDH mRNAs are described elsewhere [9,10].

2.5.  Data analysis on metabolic parameters

We evaluated beta cell function and systemic insulin
resistance using the insulinogenic index (n=10) [35] or the
homeostasis model assessment of beta cell function (HOMA-
beta) (n=14) and insulin resistance (HOMA-IR) (n=14) [36],
respectively. The difference between the numbers of patients
whose test data were included in the HOMA indices and
insulinogenic index reflects the availability of data for plasma
glucose and serum insulin levels at the 30 min mark during the
oral glucose tolerance test (OGTT). The area under the serum
insulin concentration-time curve (insulin AUC) was calculated
from the OGTT data using the trapezoidal rule. Patients 7, 12
and 17 were excluded from analysis of the correlation between
pancreatic GPR119 mRNA levels and metabolic parameters,
because of a diagnosis of insulinoma (patient 7) or percutane-
ous transhepatic biliary drainage (patients 12 and 17). None of
the patients were treated with oral glucose-lowering agents or
with insulin. Table 2 shows the metabolic parameters of the
patients whose pancreatic tissues were examined; the patient
numbers correspond to those in Table 1.

2.6.  Statistical analysis

Correlations between pancreatic GPR119 mRNA levels and
clinical parameters were examined using the simple regres-
sion analysis. Differences between groups were assessed
using unpaired two-tailed t tests or ANOVA where applicable.
Values of P<.05 were considered significant (Statcel, Social
Research Information, Tokyo, Japan).

3. Results
3.1.  Expression of GPR119 mRNA in normal human tissues

We initially tested for GPR119 mRNA in samples of commer-
cially available total RNA from normal human tissues. We
found that the transcript was most abundant in the
pancreas, followed by the gastrointestinal tract (small
intestine, colon and stomach) and the testis (Fig. 1A).
GPR119 mRNA was not detected in any other human tissue
tested. To gain further insight into GPR119 gene expression
humans and verify the aforementioned distribution profile,
we also examined tissues obtained at surgery or autopsy.
Among those samples, GPR119 mRNA was most abundant in
the pancreas, followed by the duodenum, stomach, jejunum,
ileum and colon, but was not detected in the esophagus, liver
or cerebrum (Fig. 1B).

3.2, Expression of GPR119, GPR40, GLP1R and SUR1
mMRNAs in the human pancreas

Using specimens from four patients, we compared the
pancreatic expression of GPR119 mRNA with that of GPR40,
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Fig. 2 - Expression of GPR119 mRNA in human pancreatic islets and adjacent pancreatic tissue. All receptor mRNA levels were
normalized to the level of GAPDH mRNA in the same tissue. A, Comparison of GPR119 mRNA expression in pancreaticislets and
adjacent pancreatic tissue from three patients. White bars, pancreas; black bars, pancreatic islets. B, Comparison of GPR119 and
GPR40 mRNA expression in pancreatic islets and adjacent pancreatic tissue. The tissue samples used were the same as in panel
A (n=3). Levels of GPR119 and GPR40 mRNA are expressed as means+ SEM. White bars, pancreas; black bars, pancreatic islets.

GLP1R and SUR1 mRNA in the same samples. We found that
pancreatic levels of GPR119 mRNA were comparable to those
of GPR40 mRNA and were higher than those of GLP1R and
SUR1 mRNA (Fig. 1 C).

3.3. Expression of GPR119 and GPR40 mRNA in isolated
pancreatic islets and adjacent pancreatic tissue

We next assessed GPR119 expression in pancreatic islets from
three patients (Fig. 2A). Levels of GPR119 mRNA in freshly
isolated islets were approximately 13 to 16 times higher than
in the adjacent pancreatic tissue from the same patients. We
also analyzed GPR40 expression and found that levels of
GPR119 and GPR40 mRNA were similar in isolated pancreatic
islets (Fig. 2B).

3.4.  Expression of GPR119 and GPR40 mRNA in human
insulinomas and glucagonomas

We also assessed expression of GPR119 and GPR40 mRNA
using total RNAs extracted from specimens of fresh insuli-
nomas (n=2), a glucagonoma (n=1) and a pancreatic acinar
cell tumor (n=1), as well as from FFPE glucagonoma tissue
sections from another patient (n=1). In the two cases of
insulinoma, tumoral GPR119 mRNA levels were comparable
to those in pancreatic islets (Fig. 3A). A considerable amount
of GPR119 mRNA was also detected in tissue extracts from
the glucagonoma (Fig. 3A), where GPR40 mRNA was not
detectable (Fig. 3C). Levels of GPR119 mRNA in tissue
extracts from FFPE sections of non-tumor pancreas and
glucagonoma were similar to those in the corresponding
specimens collected at surgery (Fig. 3, A and B). GPR40 mRNA
was not detected in extracts from the same FFPE glucago-
noma sections (Fig. 3D), which is consistent with the level in
the fresh tumor specimen (Fig. 3, C and D). Neither GPR119
nor GPR40 mRNAs was detectable in the acinar cell tumor
specimen (Fig. 3, A and C).

3.5 Expression of GPR119 and GPR40 mRNAs in mouse
pancreatic islets, MIN6 insulinoma cells and alpha-TC
glucagonoma cells

To further explore GPR119 expression in pancreatic islet cells,
we measured GPR119 mRNA levels in mouse pancreatic islets,
MING6 insulinoma cells and alpha-TC glucagonoma cells. We
also assessed expression of GPR40 mRNA in the same samples,
as GPR40 is known to be preferentially expressed in pancreatic
beta cells in both rodents and humans [4,9,10,37]. High levels of
GPR119 mRNA, comparable to those of GPR40 mRNA, were
detected in mouse pancreatic islets (Fig. 4, A and B). Likewise,
similar levels of GPR119 and GPR40 mRNA were detected in
MING cells (Fig. 4, A and B). On the other hand, the level of
GPR119 mRNA in alpha-TC cells was approximately 1/7 that in
MING cells, and no GPR40 mRNA was detected in alpha-TC cells
(Fig. 4, A and B).

3.6. Correlation between pancreatic GPR119 mRNA
expression and the insulinogenic index and HOMA-beta
in humans

To investigate the functional implications of pancreatic
GPR119 expression in humans, we initially assessed GPR119
mRNA expression in non-tumor pancreatic tissue samples
from 19 patients with various pancreatic tumors (Table 1). High
levels of GPR119 mRNA, comparable to those in the four cases
summarized in Fig. 1, A and B (0.336+0.037 vs 0.319x0.090),
were detected in all of the tissue samples analyzed (Table 2).
Because the inter-individual variation in the pancreatic
GPR119 mRNA level (n=19) was high, to begin to explore the
physiological importance of GPR119 in humans, we evaluated
the relationship between pancreatic GPR119 mRNA levels and
various clinical parameters. We found that GPR119 mRNA
expression did not significantly differ among the head, body
and tail portions of the pancreas (Table 3), nor did it correlate
significantly with age (Supplemental Table S1).
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Fig. 3 - Expression of GPR119 and GPR40 mRNA in human pancreatic islets, insulinomas and glucagonomas. A and G,
Expression of GPR119 (A) and GPR40 (C) mRNA in non-tumor pancreas (Pancreas), pancreatic islets (Islets), insulinomas (INS), a
glucagonoma (GLU) and a pancreatic acinar cell tumor (ACI). B and D, Expression of GPR119 (B) and GPR40 (D) mRNA in extracts
from non-tumor pancreatic and glucagonoma tissue sections (n=1 each). All receptor mRNA levels were normalized to the level
of GAPDH mRNA in the same tissue. GPR119 and GPR40 mRNA levels in pancreas and pancreatic islets are expressed as means
+SEM. White bars, pancreas; black bars, pancreatic islets; hatched bars, insulinomas; double-hatched bars, glucagonomas.

When we then evaluated the correlation between pancreatic correlate significantly with HbAlc levels or HOMA-IR values
GPR119 gene expression and several metabolic parameters, (Supplemental Table S1, Fig. 5, A and B). By contrast, pancreatic
including glucose and triglyceride metabolism (Table 2), we GPR119 mRNA levels positively and significantly correlated with
found that pancreatic GPR119 mRNA levels did not correlate the insulinogenic index (n=10, P=.004, r=0.817) (Fig. 5 C) and
significantly with BMI, fasting plasma glucose (FPG), 2-h post- with HOMA-beta values (n=14, P=.043, r=0.547) (Fig. 5D). Using
OGTT plasma glucose (2h-PG), insulin AUC or fasting serum the same patient data used to calculate the insulinogenic index
triglyceride levels (Supplemental Table S1), nor did they (n=10) and HOMA-beta (n=14), we also tested for correlations
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Islets MING Aipha-TC
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Fig. 4 - Expression of GPR119 and GPR40 mRNAs in mouse pancreatic islets, insulinoma and glucagonoma. Expression of
GPR119 (A) and GPR40 (B) mRNAs pancreatic islets, MING insulinoma cells and alpha-TC glucagonoma cells. All receptor mRNA
levels were normalized to the level of GAPDH mRNA in the same tissue. Black bars, pancreatic islets; hatched bars, MING cells;
double hatched bars, alpha-TG cells.
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Table 3 - GPR119 mRNA levels in vanous reglons of the

5 pancreas in humans

Pancreatp regmn(s) ‘GPR119 ‘mRNA level Tnopr

Head '0.37240.052 11 B

Body i 0.294x0.069 6 .388
Tail F - 0.262+0.079 c20 367
Body and tail °0.286+0.053 8 264

GPR119 mMRNA levels are expressed as means=SEM. Comparisoné
were made using unpaired two-tailed t tests. ‘
* P values are vs the head. -

between GPR119 mRNA expression and HbAlc levels and
HOMA-IR values, which confirmed the absence of a significant
correlation (Supplemental Table S1).

4, Discussion

Our findings demonstrate for the first time that GPR119 is
highly expressed in human pancreatic islets, where the level
of GPR119 expression is enriched more than 10-fold, as
compared to adjacent areas of the pancreas in the same
individuals. We also found that pancreatic levels of GPR119
mRNA are similar to those of GPR40 mRNA and are higher
than those of GLP1R and SUR1 mRNA. Likewise, the level of
GPR119 mRNA in isolated pancreatic islets is similar to that of
GPR40 mRNA and higher than those of SUR1 and GLP1IR mRNA
[9,10]. This is noteworthy, as these receptors are reported to be
abundantly expressed in human pancreatic islets.

We observed that substantial amounts of GPR119 mRNA
are expressed in human insulinomas (n=2) and glucagonomas
(n=2), and that the tumoral levels of the transcript are
comparable to those in pancreatic islets. A similar pattern of
GPR119 mRNA expression was also detected with mouse
pancreatic islets, MING insulinoma cells and alpha-TC gluca-
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gonoma cells. Thus GPR119 appears to be highly expressed in
both beta and alpha cells in human and mouse pancreatic
islets. Moreover, our observation that the expression levels of
GPR119 and GPR40 mRNAs in human pancreatic islets are
similar and are higher than that of SUR1 mRNA is noteworthy
because SUR1 is reported to be abundantly expressed in both
beta and alpha cells and is involved in the regulation of islet
function, including insulin and glucagon secretion [38-40].
This strong expression suggests GPR119 may be involved in
pancreatic islet function in humans. Consistent with that
idea, pancreatic GPR119 mRNA levels correlated positively
with two indices of beta cell function: the insulinogenic index
and the HOMA-beta. Collectively, therefore, the present
findings provide evidence for the possible involvement of
GPR119 in islet function, perhaps affecting insulin secretion.

Using fresh tissue samples collected at surgery, we
observed that, in humans, GPR119 mRNA is abundantly
expressed in the small intestine, stomach and colon, but
not in the esophagus. In rodents, GPR119 appears to be
expressed in enteroendocrine cells, including L and K cells,
and to be involved in the regulation of incretin and
polypeptide YY secretion. In humans, enteroendocrine
cells are distributed throughout the gastrointestinal tract,
but not in the esophagus. Although details of GPR119
expression and its function in the human gastrointestinal
tract will require further investigation, our findings are
consistent with the idea that GPR119 is expressed in
enteroendocrine cells and is involved in incretin and
peptide YY secretion.

We detected no GPR119 mRNA in the human hypothala-
mus, brain or cerebrum, which is consistent with a recent
report that GPR119 mRNA is not significantly expressed in the
human brain or hypothalamus [19]. Although earlier reports
using OEA (a putative GPR119 ligand) and a synthetic OEA
analogue in rats suggest GPR119 may mediate signalling
leading to reduced food intake and body weight, OEA appears
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Fig. 5 - Correlations between human pancreatic GPR119 mRNA levels and parameters of glucose metabolism, including HbA1c
levels (n=16) (A), HOMA-IR values (n=14) (B}, the insulinogenic index (n=10) (C) and HOMA-beta values {(n=14) (D). All GPR119
mRNA levels were normalized to the level of GAPDH mRNA in the same tissue. Simple regression analysis was used to

determine P and r values. The solid lines are regression lines.
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to act mainly in peripheral tissues, rather than in the central
nervous system [41]. Our finding that GPR119 mRNA is highly
expressed in the human stomach and duodenum is consistent
with the notion that GPR119 is involved in regulating food
intake in humans, as the bipolar vagal afferents involved in
regulating feeding are known to project to the stomach and
upper intestine [42,43].

In summary, the present study demonstrates that, in
humans, GPR119 mRNA is abundantly expressed in healthy
pancreatic islets and the human gastrointestinal tract, and in
insulinomas and glucagonomas. The results provide evi-
dence of an islet-gastrointestinal distribution of GPR119, its
expression in pancreatic beta and alpha cells, and its
possible involvement in islet function. They also provide
the basis for a better understanding of the potential clinical
importance of GPR119.

4.1. Limitations of the present study
Our study has several limitations that should be noted.

1. To our knowledge, no specific antibody against human
GPR119is available, so we were unable to assess expression
of GPR119 protein.

2. The enrolled subjects were tumor-bearing patients, though
the tumors were at an early stage or benign, and were
resectable. Pancreatic biopsy is rarely performed because
of the risk of pancreatitis, and is not justified in those
without severe illness [44]. Therefore, we analyzed human
pancreatic tissues collected during surgery. Because pan-
creatic tissue is very vulnerable to postmortem autolysis,
specimens obtained at surgery offer substantial advan-
tages for precise analysis of GPR119 expression. Nonethe-
less, possible weight loss and the paracrine effects of
pancreatic cancer cells on beta cells could have influenced
the correlation study.

3. Patients enrolled in the present study were not severely
diabetic (HbAlc was less than 7.2%), nor were they over-
weight or obese (BMIs were less than 25). Thus clarification
of the pathophysiological role of GPR119 in human diabetes
and obesity must await further investigation in patients with
a wider range of glucose tolerances and BMIs.

4. Plasma glucagon levels were not determined in the
preoperative evaluation, and were not included in the
present study. Beta cell mass is known to be much greater
than alpha cell mass in pancreatic islets, and correlations
between GPR119 mRNA levels and indices for beta cell
function seem plausible, but may underestimate the
involvement of GPR119 in the glucagon secretion. Further
studies will be necessary to clarify the role of GPR119 in
glucagon secretion.

Supplementary materials related to this article can be found
online at http://dx.doi.org/10.1016/j.metabol.2012.06.010.
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Vitamin E decreases bone mass by stimulating

osteoclast fusion

Koji Fujital?, Makiko Iwasaki!, Hiroki Ochi?, Toru Fukuda®, Chengshan Ma'*?, Takeshi Miyamoto®, Kimitaka Takitani®,
Takako Negishi-Koga®, Satoko Sunamura?, Tatsuhiko Kodama’, Hiroshi Takayanagi®, Hiroshi Tamai®,
Shigeaki Kato8, Hiroyuki Arai®, Kenichi Shinomiya!, Hiroshi Itoh?, Atsushi Okawa! & Shu Takeda?

Bone homeostasis is maintained by the balance between
osteoblastic bone formation and osteoclastic bone resorption!-3,
Osteoclasts are multinucleated cells that are formed by
mononuclear preosteoclast fusion?2:4:5, Fat-soluble vitamins
such as vitamin D are pivotal in maintaining skeletal integrity.
However, the role of vitamin E in bone remodeling is unknown.
Here, we show that mice deficient in a-tocopherol transfer
protein (Ttpa” mice), a mouse model of genetic vitamin E

“deficiency®, have high bone mass as a result of a decrease in

bone resorption. Cell-based assays indicated that a-tocopherol
stimulated osteoclast fusion, independent of its antioxidant
capacity, by inducing the expression of dendritic-cell-specific
transmembrane protein, an essential molecule for osteoclast
fusion, through activation of mitogen-activated protein kinase 14
(p38) and microphthalmia-associated transcription factor, as
well as its direct recruitment to the Tm7sf4 (a gene encoding
DC-STAMP) promoter’-2. Indeed, the bone abnormality seen

in Tfpa~~ mice was rescued by a Tm7sf4 transgene. Moreover,
wild-type mice or rats fed an «-tocopherol-supplemented

diet, which contains a comparable amount of «-tocopherol to
supplements consumed by many people, lost bone mass. These
results show that serum vitamin E is a determinant of bone
mass through its regulation of osteoclast fusion.

Bone mass is maintained constant from puberty until menopause
by a balance between osteoblastic bone formation and osteoclastic
bone resorption, a process called bone remodeling!->. Osteoclasts
are multinucleated polykaryons that develop from monocyte-lineage
hematopoietic precursors through sequential steps: an initial phase of
proliferation and a late phase of differentiation and maturation>1®11,
Hormones and cytokines have pivotal roles in osteoclast develop-
ment. Specifically, macrophage colony-stimulating factor (M-CSF)
and receptor activator of NF-xB ligand (RANKL) are indispensable

for the proliferation of preosteoclasts and the differentiation and
maturation of osteoclasts, respectively!~>!2. Among the fat-soluble
vitamins A, D and K are well known for their ability to affect the
skeleton!>!4, however, vitamin E was not examined well in the aspect
of bone remodeling.

Vitamin E is a lipid-soluble antioxidant that inhibits lipid peroxi-
dation by scavenging reactive oxygen species and is believed to be
protective against arteriosclerotic change and the aging process!>.
Indeed, vitamin E is one of the most popular supplements in the
United States; more than 10% of adults in the United States currently
take vitamin E daily'S. Vitamin E, which is a mixture of tocopherols
and tocotrienols, is absorbed from food and is transported to the liver,
where ¢t-tocopherol transfer protein (o-TTP) mediates the selective
transfer of oi-tocopherol into lipoproteins®. Accordingly, o-tocopherol
is the most predominant isoform of vitamin E in the body. Mice defi-
cientin o-TTP (' Ttpa" ~ mice) show ataxia and infertility as a result of
reduced serum o.-tocopherol concentrations (Fig. 1a), which can be
rescued by dietary supplementation with o-tocopherol®17,

To address the role of vitamin E in bone remodeling, we first
studied Ttpa~/- mice. The Ttpa~'~ mice developed a high-bone-mass
phenotype in both their vertebrae and long bones as a result of a lower
bone resorption compared to wild-type (WT) mice, as evidenced by a
lowering of osteoclast surface and deoxypyridinoline, a bone resorp-
tion marker (Fig. 1b~e and Supplementary Fig. 1)!8. In contrast, the
amount of bone formation was unchanged in Ttpa™~ mice compared
to WT mice. (Fig. 1d). This high-bone-mass phenotype was attrib-
uted to reduced serum concentrations of vitamin E (Fig. 1a) rather
than the o-TTP deficiency in the body, as supplementation with
o-tocopherol in the diet, which normalized the serum concentrations
of o-tocopherol in Ttpa~~ mice (Fig. 1f), rescued the bone abnormality
seen in Ttpa~™~ mice (Fig. 1g and Supplementary Fig. 2). In line
with this observation, Ttpa*/~ mice, whose serum concentrations of
oi-tocopherol are between those of WT and T#pa~'~ mice!?, also had an
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Figure 1 Serum vitamin E regulates bone resorption. (a—¢) Serum c-tocopherol concentrations (a), histological 2 g0 0135
analysis of the vertebrae (b) and micro computed tomography analysis (c) of the femurs of 3=month-old WT 8 = B5-10
and Ttpa”- mice. Von Kossa staining is shown in b. BV/TV, bone volume per tissue volume. Scale bars, 500 pm. g = 120
An increase in bone volume in the Ttpa- mice can be seen. (d,e) Histomorphometric analysis (d) and serum 2 & 60
deoxypyridinoline (dpd) measurement (e). Oc.S/BS, osteoclast surface area over bone surface area; N.Oc/B.Pm, E 0
osteoclast number over bone perimeter; MAR, mineral apposition rate; BFR/BS, bone formation rate over bone Serum WT Tipa™™ WT Tipa™™
surface area; Ob.S/BS, osteoblast surface area over bone surface area. A decrease in bone resorption in the Ttpa” mice BMC WT WT Ttpa™ Ttpa™

can be seen. (f,g) Serum o-tocopherol concentrations (f) and histological analysis (g) in Ttpa”- mice fed a diet

supplemented with a-tocopherol (a-toc diet). Von Kossa staining is shown in g. Scale bars, 500 um. A decrease in bone volume as a result of the

o-toc diet can be seen. (h) Serum o-tocopherol affects osteoclast differentiation. BMCs from the femurs of WT or Ttpa™ mice were differentiated into
osteoclasts in the presence of serum from WT or Tipa”- mice without addition of FBS. TRAP staining (left) and the number of osteoclasts (right) are
shown. Scale bars, 50 um. A decrease in the number of osteoclasts from WT BMCs with Ttpa=- serum can be seen, whereas Ttpa’- BMCs differentiated
into osteoclasts normally with WT serum. *P < 0.05, **P < 0.01 by Tukey-Kramer testing (b) or Student’s t test (a, c-g). All data are means = s.e.m.

intermediate bone mass (Supplementary Fig. 1b). Moreover, osteo-
clast development in vitro was hampered when WT bone-marrow cells
(BMCs) were cultured with the serum from Ttpa~/~ mice (Fig. 1h),
and this defect was ameliorated when this serum was supple-
mented with o-tocopherol or when serum from WT mice was
used for the culture (Fig. 1h and Supplementary Fig. 3). In contrast,
Ttpa~'- BMCs differentiated into osteoclasts normally when cultured
with FBS or serum from WT mice (Fig. 1h and Supplementary Fig. 3).
Thus, serum vitamin E regulates bone mass in vivo by affecting
bone resorption.

Next, to examine the role of vitamin E in osteoclast development,
we treated osteoclasts that were derived from WT BMCs and stimu-
lated by RANKL with oi-tocopherol in vitro. Oi-tocopherol stimulated
osteoclast differentiation in a dose-dependent manner, as shown by an
increase in the number of tartrate-resistant acid phosphatase (TRAP)-
positive multinucleated osteoclasts (Fig. 2a), whereas the proliferation
of osteoclast precursors and the survival of mature osteoclasts were
unchanged by treatment with o-tocopherol (Fig. 2b,c). Osteoblastic
differentiation and proliferation were not altered by c-tocopherol
treatment (Fig. 2d and Supplementary Fig. 4), further indicating
that vitamin E affects bone mass through osteoclasts rather than osteo-
blasts. Notably, oi-tocopherol not only increased the generation of
TRAP-positive multinucleated osteoclasts but also markedly increased
the proportion of larger osteoclasts compared to the total osteoclasts
(Fig. 2e), which indicated that vitamin E stimulated osteoclast matu-
ration. As a result, ti-tocopherol increased bone resorption by induc-
ing the formation of additional mature osteoclasts (Fig. 2f).

Notably, 0i-tocopherol treatment administered only during the osteo-
clast maturation phase significantly increased osteoclast size and the
number of nuclei per osteoclast (Fig. 2e), whereas oi-tocopherol treat-
mentadministered at any other period did not have these effects (Fig. 2e),

further indicating that vitamin E specifically affects late osteoclast
maturation (that is, osteoclast fusion). Moreover, vitamin E also stim-
ulated the generation of foreign-body giant cells, which are developed
through macrophage fusion (Fig. 2g), further suggesting that vitamin E
stimulates cell fusion. Indeed, the sizes of the TRAP-positive osteo-
clasts were smaller in the Ttpa™~ mice, which is in agreement with
our in vitro observations (Supplementary Fig. 2). Taken together, the
results suggest that vitamin E stimulates osteoclast fusion.

Because vitamin E is well known as an antioxidant'®, we next
studied whether the antioxidant properties of vitamin E were indis-
pensable for its ability to stimulate osteoclast fusion. With the excep-
tion of oi-tocopherol, none of the isoforms of vitamin E, including
o-tocotrienol, which is 100-fold stronger in antioxidant activity than
o-tocopherol!s, stimulated osteoclast fusion (Fig. 2h). Moreover,
except for oi-tocopherol, none of the antioxidants tested, including
ascorbic acid, which is the primary water-soluble antioxidant!?-22,
stimulated osteoclast fusion (Fig. 2i and Supplementary Fig. 5). In
line with these observations, hydrogen peroxide did not affect osteo-
clast fusion when it was present at a concentration that did not affect
cell viability (Supplementary Fig. 5). Taken together, these results
clearly show that, unlike other vitamin E isoforms and antioxidants,
o-tocopherol specifically regulates osteoclast fusion independent of
its antioxidant activity.

To address the molecular mechanism of the oi-tocopherol-specific
ability to stimulate osteoclast fusion, we analyzed the molecular mark-
ers of osteoclast differentiation after treatment with o.-tocopherol.
Among the many genes involved in osteoclast differentiation, only
the expression of the differentiation marker genes, such as Trap and
Ctsk">%12) was increased, whereas the expression of other genes
key for osteoclast differentiation, such as Nfatcl (nuclear factor of
activated T cells c1)1%%12, was unchanged (Fig. 3a). We focused on
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Figure 2 Vitamin E stimulates osteoclast fusion independent of its antioxidant activity. (a~c) The effect of a-tocopherol on osteoclast differentiation,
proliferation and apoptosis. (a) BMCs were cultured with M-CSF, RANKL and 10% FBS. TRAP-stained cells (left) and the number of cells with more
than three nuclei (right) are shown. An increase in osteoclasts after o-tocopherol treatment can be seen. (b) BrdU assay. BMCs were cultured with
M-CSF, 10% FBS and a-tocopherol. (c) TUNEL assay. BMCs were cultured with M-CSF, RANKL and 10% FBS. (d) The effect of o-tocopherol on
osteoblasts. An alkaline phosphatase (Alp) assay is shown. p-NP, p-nitrophenol. (e) The effect of a-tocopherol on osteoclast fusion. BMCs were cultured
with M-CSF and RANKL, and o-tocopherol was added in the proliferation (1), differentiation (2 and 3) or maturation (3 and 4) phase. An increase in
the proportion of multinucleated osteoclasts (3 and 4) can be seen. (f) The effect of o-tocopherol on bone resorption. A pit formation assay is shown.

The eroded area (arrows, left) and the number of pits (right) are shown. BMCs were cultured on dentin with M-CSF and RANKL. a-tocopherol was added
later. An increase in bone resorption can be seen. (g) Giant-cell progenitors from bone marrow were treated with o~tocopherol. (h,i) BMCs were cultured
with M-CSF and RANKL. Vitamin E isoforms and antioxidants were added later. *P < 0.05, **P < 0.01 by Tukey-Kramer testing (a) or Student’s t test (f,h,i).

Scale bars, 50 um. All data are means +s.e.m.

dendritic-cell-specific transmembrane protein (DC-STAMP), a mol-
ecule essential for osteoclast fusion, because among the osteoclast-
fusion-related genes*®, the gene encoding DC-STAMP (Tinsf4) was
the only one whose expression was induced by c-tocopherol treat-
ment (Fig. 3a). Notably, none of the other vitamin E isoforms induced
Tm7sf4 expression (Fig. 3b). Conversely, Tim7sf4 expression was sig-
nificantly decreased in Ttpa~~ mice, whereas expression of other
fusion-related genes was unchanged, with the exception of osteoclast
stimulatory transmembrane protein, which is another important mol-
ecule that is involved in osteoclast fusion (Fig. 3¢)2324. Next, to clarify
the functional role of DC-STAMP in oi-tocopherol-induced osteoclast
fusion, we performed four sets of gain- and loss-of-function experi-
ments for DC-STAMP. First, overexpression of Trm7sf4 in RANKL-
induced osteoclasts derived from WT mice markedly increased
osteoclast fusion even in the absence of oi-tocopherol (Fig. 3d).

Conversely, although knockdown of Nfatcl in BMCs derived from
WT mice eliminated the appearance of TRAP-positive mononuclear
and multinuclear cells, knockdown of Tm7sf4 only reduced the
multinucleation of osteoclasts (that is, osteoclast fusion) (Fig. 3e
and Supplementary Fig. 6), even in the presence of o-tocopherol.
Moreover, osteoclast precursors isolated from Tm7sf4~/~ mice did
not differentiate into multinucleated osteoclasts in the presence of
o-tocopherol (Fig. 3f). Furthermore, Tm7sf4 transgenic mice?’
rescued the bone abnormality of the Ttpa~/~ mice, as shown by a
decreased bone volume accompanied by an increased bone resorption
in the transgenic mice (Fig. 3g and Supplementary Fig. 7), which
is consistent with the hypothesis that vitamin E induces osteoclast
fusion through DC-STAMP. Taken together, these results indicate
that the induction of DC-STAMP is necessary and sufficient for
o-tocopherol to stimulate osteoclast fusion in vitro and in vivo.
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Next, to gain insight into the molecular pathway of the induction
of DC-STAMP by o-tocopherol, we examined whether o-tocopherol
activates signaling pathways crucial for osteoclast differentiation. Among
the pathways we studied, only the p38 pathway was specifically activated
by oi-tocopherol, as shown by the increase in phosphorylation of p38ct,
together with mitogen-activated protein kinase kinases 3 and 6 (Mkk3/6),
a molecule that is upstream of p38c. (Fig. 4a and Supplementary
Fig. 8)%6. Stimulation of p38c results in the downstream activation of
the transcriptional regulator microphthalmia-associated transcrip-
tion factor (Mitf)%’, an essential molecule for osteoclast maturation

a u-tocopherot
[J Vehicle
E10 uM

Fold change
Fald change

a-tocopherol

W o

O Vehicle O Vehicle O Vehicle
. B o-tocopherot [ o-tocopherol . B o-tocopherol
K] ® 20 T 200
g 200 :1% 0 g
& 150 & 150 2 150
2 2 @
3 100 3 100 2 100
k-1 ‘s 5
g 50 & 50 g 50
Q2 =1 Q2
§ E , €
0 O
P4 z 4
D 20 O ¢ 20 D ¢
S o P LAY

Number of nuclei Number of nuclei Number of nuclei

g

Figure 3 o-tocopherol regulates osteoclast fusion through
DC-STAMP. (a—¢) Quantitative RT-PCR analyses. (a) The
expression of osteoclast marker genes (left) and osteoclast-
fusion-related genes (right) in o-tocopherol-treated
osteoclasts. BMCs were cultured with M-CSF and RANKL.
v-tocopherol was added to the culture media after the
BMCs were seeded. (b) The expression of Tm7sf4 after
treatment with various isoforms of vitamin E. (c) Expression

Tipa™~ Ttpa™"; Tm7sf4 tg

and fusion!, and, indeed, treatment with o-tocopherol increased
Mitf phosphorylation (Fig. 4b). Moreover, an antibody against Mitf
immunoprecipitated the region containing the putative Mitf binding
site in the Tin7sf4 promoter (Fig. 4c), showing that Mitf binds to this site
in vivo. To address the functional role of p38c. and Mitf activation in
o-tocopherol-induced osteoclast fusion, we knocked down Tim7sf4 or
Mitfin osteoclasts derived from WT mice. Knockdown of Mapkl4 (a gene
encoding p38) or Mitfabolished the stimulatory effect of oi-tocopherol
on osteoclast fusion (Fig. 4d) and Tm7sf4 induction (Supplementary
Fig. 6). Conversely, overexpression of MapkI4 significantly stimulated
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of osteoclast-marker genes in WT and Tipa™~ femurs. A decrease of the expression of Tm7sf4 among the osteoclast-fusion-related genes can be seen.
(d-f) DC-STAMP is essential for ¢-tocopherol-induced osteoclast fusion. (d) Retroviral overexpression of DC-STAMP. An increase in osteoclast fusion

by DC-STAMP in the absence of o-tocopherol can be seen. Retro-Tm7sf4, retroviral overexpression of Tm7sf4; retro-control, retroviral overexpression of
control vector. (e,f) The effect of a-tocopherol on siRNA-treated BMCs (e) and Tm7sf4-~ BMCs (f). si-control, non-targeting siRNA; si-Tm7sf4, siRNA
to Tm7sf4; si-Nfatcl, siRNA to Nfatcl. A decrease in osteoclast fusion even in the presence of a-tocopherol can be seen. BMCs from WT (d,e) and
Tm7sf4~- (f) mice were cultured with M-CSF and RANKL. o-tocopherol was added to culture media after the BMCs were seeded. Scale bars, 50 pm.
(g) Histological analysis of the vertebrae from WT, Tm7sf4 transgenic (Tm7sf4 tg), Ttpa™= and Ttpa~-; Tm7sf4 tg mice. Scale bars, 500 um. *P < 0.05,
**P < 0.01 by Tukey-Kramer testing (a,b,g) or Student’s ¢ test (c). All data are means £s.e.m.
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osteoclast fusion in the absence of o-tocopherol (Fig. 4e). These results
clearly show that o-tocopherol regulates osteoclast fusion through
p38a, Mitf and DC-STAMP. Currently, the molecular mechanism by
which o-tocopherol induces p38o. activation is unknown. A report
showing that o-tocopherol succinate, which is a redox-silent analog
of ai-tocopherol, induces the activation of mitogen-activated protein
kinase kinase kinase 5 (Ask-1)?%, which is an upstream protein kinase
in the Mkk3/6-p380 pathway, suggests that oi-tocopherol may use this
same pathway in an antioxidant-independent manner.

Finally, to address the clinical relevance of our observations, we fed
WT mice for 8 weeks with a diet containing an amount of &-tocopherol
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that is comparable to that found in supplements consumed by many
people (Fig. 46, WT mice fed a o-tocopherol-supplemented diet showed
a 20% decreased bone mass after 8 weeks, with a concomitant increase
in bone resorption and osteoclast size (Fig. 4gh and Supplementary
Figs. 2 and 9). Moreover, WT rats fed the same o-tocopherol-
supplemented diet also had a 20% loss of bone mass after 8 weeks (Fig. 4i
and Supplementary Fig. 10), showing that excessive intake of vitamin E
is deleterious to maintaining bone mass in rodents. Notably, when WT
mice were fed a diet supplemented with 3-tocopherol or antioxidants,
we observed no bone loss (Supplementary Fig. 9), further indicating that
o-tocopherol decreases bone mass independent of its antioxidant activity.
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Figure 4 o-tocopherol decreases bone mass through p38c and Mitf. (a) Protein analysis of the o-tocopherol-treated osteoclasts. BMCs cultured with
M-CSF only (left, middle) or mature osteoclasts that were induced by M-CSF and RANKL (right) were stimulated with o-tocopherol (20 uM) (- or +)

and RANKL (middle right). Phospho-, phosphorylated; SAPK/JNK, mitogen-activated protein kinase 9 or mitogen-activated protein kinase 8; p44/42,
mitogen-activated protein kinase 3 or cyclin-dependent kinase 20; Pkcd, protein kinase C, §; Gapdh, glyceraldehyde-3-phosphate dehydrogenase;

Akt, thymoma viral proto-oncagene 1; Pkd, protein kinase D; Pleg2, phospholipase C, ¥ 2; Nfatc1, nuclear factor of activated T cells, cytoplasmic,
calcineurin dependent 1; c-Src, Rous sarcoma oncogene. (b) Immunoprecipitation analysis. An increase in the phosphorylation of p38a. after treatment
with o-tocopherol in p38a-expressing HEK293 cells can be seen. (¢) Chromatin immunoprecipitation assay. Three potential binding sites (boxes 1-3)
in the Tm7sf4 promoter are shown (above). An antibody against Mitf (anti-Mitf) specifically immunoprecipitated the region containing the box 1 site

of the Tm7sf4 promoter. 1gG, immunoglobulin G; DW, distilled water. (d,e) Gene knockdown (d) and retroviral overexpression (e) in osteoclasts. BMCs
derived from WT mice were cultured with M-CSF and RANKL. a-tocopherol was added later. Scale bars, 50 pm. A decrease in osteoclast fusion even

in the presence of a-tocopherol in BMCs treated with SIRNA to Mapk14 (si-Mapk14) (encoding p38a) or siRNA to Mitf (si-Mitf) (d) and an increase in
osteoclast fusion in the absence of o-tocopherol in constitutively active p38a. (Mapk14CA)-expressing BMCs (e) can be seen. (f~h) Analyses of WT mice
and rats fed an a-tocopherol-supplemented diet. Serum a-tocopherol concentrations in these animals (f) and histological (g) and histomorphometric
analyses (h). Scale bars, 500 pm. AA decrease in bone mass and an increase in bone resorption after o~tocopherol treatment can be seen. (i) Dual-
energy X-ray absorptiornetry analysis. A decrease in bone mineral density resuiting from a a-tocopherol-supplemented diet. (j) The proposed mechanism
of vitamin E (VitE)-induced osteoclastic fusion. P, phosphorylated. *FP < 0.05, **P < 0.01 by Student’s ftest. All data are means £ s.e.m.
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In summary, we show that vitamin E stimulates bone resorption and
decreases bone mass by inducing osteoclast fusion (Fig. 4j). Moreover,
we provide evidence that serum vitamin E is a determinant of bone
mass. In contrast with our results, several reports have indicated that
vitamin E participates in bone anabolism and that 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (trolox), which is a vitamin E
analog, inhibits inflammation-induced osteoclast differentiation39-33,
In our experiments, trolox mildly inhibited osteoclast differentiation
when we added it during the early osteoclast differentiation period
(Supplementary Fig. 11), but it did not induce osteoclast fusion when
we added it during the maturation phase (Fig. 2i). Alternatively, dif-
ferences in the methodologies or the ages of the animals that were
used in the previous compared to the present analyses may explain
the discrepant results. In addition, several reports have shown the
beneficial effects of oi-tocopherol on human bone, which probably
occur by reducing oxidative stress?!3435. Nevertheless, most of these
studies used a small sample size and were not well controlled. Given
the widespread use of vitamin E, and especially o-tocopherol, as a
supplement in humans, a larger, controlled study that addresses its
effects on human bone is warranted.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Animals. We purchased the C57BL/6] mice from the Charles River Laboratory
and Oriental Yeast, and we purchased the Wister rats from CLEA Japan, Ttpa~",
Tm7sf4~'~ and Tm7sf4 transgenic mice were previously described®%25, We
crossed Ttpa™/~ and Tm7sf4 transgenic mice to obtain Ttpa™/~; Tm7sf4 trans-
genic mice. We fed the mice a diet supplemented with oi-tocopherol (600 mg
per kg of food; Sigma) from 4-12 weeks of age, and we fed the rats the same
diet from 6-14 weeks of age. The 0.-tocopherol-supplemented diet was made
by CLEA Japan. We analyzed seven or eight mice in each group. We maintained
all animals under a 12-h light-dark cycle with ad libitum access to food and
water. All animal experiments were performed with the approval of the Animal
Study Commiittee of Tokyo Medical and Dental University and conformed to
the relevant guidelines and laws.

Dual X-ray absorptiometry analyses. We measured the bone mineral density
of the femurs of all animals by DCS-600 (ALOKA), as previously described!®.
We examined at least eight mice for each group.

Histological and histomorphometric analyses. We injected mice with cal-
cein (25 mg per kg of body weight; Sigma) and stained the undecalcified
sections of the lumbar vertebrae using von Kossa and TRAP, as previously
described 836, We performed static and dynamic histomorphometric analyses
using the OsteoMeasure Analysis System (OsteoMetrics); the Oc.S/BS and
N.Oc/B.pm values were calculated for the slices that stained positive for TRAP.
We analyzed seven or eight mice in each group.

Cell culture. In vitro osteoclast differentiation was accomplished as previ-
ously described's. Briefly, BMCs of 6-8-week-old mouse femurs were cultured
in minimum essential medium o supplemented with FBS in the presence
of human M-CSF (10 ng ml-!; R&D Systems) for 3 d and then differenti-
ated into osteoclasts using human RANKL (50 ng ml~!; PeproTech) and
M-CSF for 3 d. The osteoclast culture using mouse serum is decribed in detail
in the Supplementary Methods. The pit formation assay, BrdU assay and
TUNEL assay were performed as previously described!®, and the details are
described in the Supplementary Methods. The foreign-body giant-cell cul-
ture was established as previously described®”. Briefly, BMCs were collected
in DMEM (Sigma) with 10% FBS. Cells were stimulated with interleulin-4
(IL-4) (10 ng ml™?) for 48 h, fixed and stained with May-Griinwald-Giemsa for
evaluation. The in vitro primary osteoblast culture was established as previ-
ously described?$? (Supplemntary Methods). oi-tocopherol was added to the
culture media at 20 pM or at the indicated concentrations. Other vitamin E
isoforms were added at 20 LM, N-acetylcysteine was added at 2 mM, glutath-
ione was added at 5 mM, probucol was added at 5 UM and trolox was added at
200 M. We cultured all cells in triplicate or quadruplicate wells and repeated
each experiment more than three times. Additional details are given in the
Supplementary Methods.

Transfection and retroviral infection. A total of 20 nM siRNA (Invitrogen)
was transfected into BMCs derived from the femurs of WT mice using
HiPerFect (QIAGEN). After transfection, cells were cultured using the same
methods as those used for the osteoclast differentiation. Complementary DNA
(cDNA) of Tm7sf4 was cloned from osteoclasts using PCR. The constitutively
active form of p380. was obtained from Addgene. Retrovirus was produced by

the retroviral vector pMXs-IRES-GFP system, which was based on Moloney
murine leukemia virus, as previously described?®. Briefly, we collected the
virus produced by packaging cells after 2 d of transfection. BMCs were infected
with the retrovirus for 2 d in the presence of M-CSE After 2 d of infection,
cells were stimulated by RANKL to differentiate into osteoclasts. The details
are described in the Supplementary Methods.

Quantitative RT-PCR analyses. To acquire RNA from mouse bones, we
flushed bone marrow out of the femurs with PBS and used the bones as previ-
ously described!$, RNA was extracted using TRIzol (Invitrogen), and reverse
transcription was performed for cDNA synthesis using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). We performed quantita-
tive analyses of gene expression using the Mx3000P Real-Time PCR System
(Stratagene). We examined the gene expressions in triplicate or quadruplicate
individually and repeated each experiment more than three times.

Protein analyses. We collected cell lysate protein using radioimmunopre-
cipitation assay buffer with a phosphatase inhibitor cocktail (Nacalai) and
the Complete Mini protease inhibitor cocktail (Roche). To detect RAS-related
C3 botulinum substrate 1 (Racl) and cell division cycle 42 (Cdc42) expression,
we used Active GTPase Pull-Down and Detection kits (Thermo Scientific). For
detecting the phosphorylation of Mitf, we used Anti-Flag M2 Affinity beads
(Sigma), horseradish peroxidase-conjugated M2 antibody to Flag (1:1,000;
Sigma) and antibody to phopshorylated serine (1:1,000; Millipore). Further
details are given in the Supplementary Methods. We examined the expres-
sions individually and repeated each experiment more than three times.

Chromatin immunoprecipitation (ChIP). We used ChIP-IT Express
Chromatin Immunoprecipitation Kits (Active Motif), following the manu-
facturer’s instructions. Briefly, we cultured BMCs from WT mice for 2 d. Cells
were crosslinked with 0.4% formaldehyde, and the reaction was stopped by
adding glycine. Fixed cells were resuspended in lysis buffer and sonicated for
5 min (with cycles of 30 s on and 30 s off). The supernatant was used imme-
diately for ChIP experiments.

Statistical analyses. We performed statistical analyses using Tukey-Kramer test-
ing for multiple comparisons and Student’s ¢ tests for two-group comparisons.
Values were considered statistically significant at P < 0.05. All data are means =+
s.e.m. Results are representative of more than four individual experiments.

Additional methods. Detailed methodology is described in the Supplementary
Methods.
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