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from UCP1

Yuki Nakamura, Takahiro Sato, Yuki Shiimura, Yoshiki Miura, Masayasu Kojima *

Department of Molecular Genetics, Institute of Life Science, Kurume University, 1-1 Hyakunen-kouen, Kurume 839-0864, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 30 September 2013
Available online 12 October 2013

Keywords:

Brown adipocyte

White adipocyte

Beige cell/brite cell/recruitable brown fat
cell

Heart-type fatty acid binding protein/fatty
acid binding protein 3

Fatty acid oxidation

Cold exposure and Bs-adrenergic receptor agonist (CL316,243) treatment induce the production of beige
cells, which express brown adipocytes(BA)-specific UCP1 protein, in white adipose tissue (WAT). It
remains unclear whether the beige cells, which have different gene expression patterns from BA, express
BA-characteristic fatty acid oxidation (FAO) proteins. Here we found that 5day cold exposure and
CL316,243 treatment of WAT, but not CL316,243 treatment of primary adipocytes of C57BL/6] mice,
increased mRNA levels of BA-characteristic FAO proteins. These results suggest that BA-characteristic
FAO proteins are induced in beige cells in a different pathway from UCP1.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Two types of adipose tissue are found in mammals: white and
brown. White adipose tissue (WAT) is highly adapted to store
excess energy in the form of triglycerides. Conversely, brown
adipose tissue (BAT) oxidizes chemical energy to produce heat in
response to cold exposure. Uncoupling protein-1 (UCP1) and fatty
acids play an important role in thermogenesis in BAT. UCP1 is
specifically expressed in BAT and is localized to the inner
membrane of the mitochondria. Its physiological role is to
uncouple oxidative phosphorylation so that most of the energy is
dissipated as heat rather than being converted to ATP. Fatty acids
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also play a key role in thermogenesis as the source of oxidative
fuel in the mitochondria.

Compared to white adipocytes (WA), brown adipocytes (BA)
contain different types of proteins involved in fatty acid oxidation
(FAO). These differences appear to reflect functional differences in
the two types of adipose tissue. For example, the expression of
fatty acid binding protein 3 (FABP3) is dramatically enhanced in
acute cold exposure and is thought to be essential for FAO in
BAT; in contrast, FABP3 expression is negligible in WAT [1-3].
FABP3 is a member of the fatty acid binding protein family, which
consists of 14-15 kDa intracellular proteins that reversibly bind to
hydrophobic ligands, such as saturated and unsaturated long-chain
fatty acids, with high affinity. FABPs act as lipid “chaperones” that
have been implicated in fatty acid uptake, transport, and targeting
[4]. Among these families, FABP3 in BA is thought to transport and
deliver fatty acids to the mitochondria for oxidation. Fatty acids
delivered to the mitochondria are B-oxidized by mitochondrial
enzymes. Proteomic analyses of mitochondria from brown and white
adipocytes revealed that their proteomes are considerably differ-
ent, both qualitatively and quantitatively, and are further charac-
terized by tissue-specific protein isoforms [5]. It has been shown
that BA, compared with WA, express characteristic mitochondrial
FAO enzyme isoforms such as acyl-Coenzyme A (acyl-CoA) synthe-
tase short-chain family member 1 (ACSS1), acyl-CoA synthetase
long-chain family member 5 (ACSL5), carnitine palmitoyltransfer-
ase 1b (CPT1b), long-chain acyl-CoA dehydrogenase (ACADL),
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medium-chain acyl-CoA dehydrogenase (ACADM), short-chain
acyl-CoA dehydrogenase (ACADS), and 3-oxoacyl-CoA thiolase
(ACAA2). Defects in the Acadl or Acads gene of mice resulted in
an inability to maintain body temperature under cold conditions
[6], which suggests that mitochondrial FAO enzymes play a vital
role in thermogenesis. Fatty acids delivered to the mitochondria
are activated to fatty acyl-CoAs by acyl-CoA synthetases such as
ACSS1 and ACSL5. Once activated, long-chain fatty acids require
carnitine palmitoyltransferase, including CPT1b, to be transported
into mitochondrial matrix. In the matrix space, acyl-CoA dehydro-
genases such as ACADL, ACADM and ACADS, and ACAA2 catabolize
acyl-CoAs, which are ultimately processed to produce acetyl-CoAs.
Thereafter, acetyl-CoAs enter the citric acid cycle and electron
transport chain.

Recently, it has been reported that brown fat-like adipocytes
having a multilocular morphology and expressing the BA-specific
UCP1 protein exist within certain WATS in mice and rats [7]. These
cells have been called recruitable brown fat cells, brown in white
(brite) cells, or beige cells [8], and they become more prominent
upon prolonged stimulation by cold or Bs-adrenergic receptor
(BsAR) agonists such as CL316,243 (CL) that elevate intracellular
cyclic AMP (cAMP) [9]. This brown-like transformation of WAT is
the most notable in the inguinal subcutaneous depot [10]. The
gene expression pattern and origin of beige cells have been re-
ported to be distinct from those of BA [11,12]. However, it has
not been well documented whether BA-characteristic FAO proteins
are up-regulated in beige cells.

In this study, using C57BL/6] mice, we demonstrated that cold
exposure or B3AR agonist treatment increased messenger RNA
(mRNA) and protein expression of FABP3 and increased mRNA
levels of several BA-characteristic mitochondrial FAO enzymes
in subcutaneous WAT (subWAT). In addition, using primary adi-
pocytes isolated from subWAT, we examined the effect of a
B3AR agonist or cAMP enhancer on the expression of these pro-
teins in adipocytes. Unexpectedly, our results suggest that these
BA-characteristic FAO proteins are induced in a different pathway
from UCP1.

2. Materials and methods
2.1. Animals

C57BL/6] mice (4 or 8 weeks old, CLEA Japan, Tokyo, Japan)
were fed standard rodent chow pellets and water ad libitum and
were housed at 23 + 1 °C on a 12 h light/dark cycle. All experimen-
tal procedures were conducted in compliance with protocols ap-
proved by the Ethical Committee for the Research of Life Science
in Kurume University.

2.2. Cold exposure and f3-adrenergic receptor agonist (CL316,243)
treatment in vivo

Eight-week-old male mice were fed standard rodent chow pel-
lets and water ad libitum. The mice were housed individually in
plastic cages and divided into two groups that were counterbal-
anced by body mass. For the cold exposure studies, control groups
were maintained at 23 + 1 °C, whereas cold exposure groups were
maintained at 4 °C for 5 days. For the CL treatment studies, control
groups were injected intraperitoneally (i.p) once daily with saline
(200 pl) for 5 days, whereas CL treatment groups were injected
i.p once daily with CL (1 mg/kg; Tocris Bioscience, Bristol, UK) in
saline (200 pl) for 5 days. After the mice were killed by decapita-
tion, their posterior subcutaneous fat pads (inguinal-dorsolumbar
portion) were separated immediately and used for subsequent pro-
cessing and analyses.

2.3. Adipose tissue fractionation

Adipose tissue was divided into adipocyte and stromal-vascular
(SV) fractions. Freshly excised subcutaneous fat pads from
8-week-old male C57BL/6] mice were rinsed in PBS, minced with
scissors, and digested with 3 mg/ml collagenase type Il (Worthington,
Lakewood, NJj, USA) in isolation buffer (123 mM NaCl, 5 mM KCl,
1.3 mM CaCl,, 5mM glucose, 100 mM HEPES, and 4% BSA, pH
7.4) for 1h at 37 °C. The digested tissue was filtered through a
200 pm nylon mesh to remove undigested tissue and centrifuged
at 210xg for 1 min. The mature adipocytes floated to the surface,
and the SV cells (capillary, endothelial, mast, macrophage, and
epithelial cells) were deposited. The floating cells and the SV cells
were washed twice with the isolation buffer, recentrifuged at
210xg, and collected as the mature adipocytes and SV cells,
respectively. Total RNA from the mature adipocytes and SV cells
was isolated using TRIzol (Life Technologies Corporation, Carlsbad,
CA) reagent. Adequate separation of adipocytes and SV cells was
confirmed by RT-PCR for the adipocyte markers adiponectin and
Ucp1 and the SV cell marker Ucp2 (data not shown).

2.4. Quantitative RT-PCR analysis

Total RNA from mouse tissues or cultured cells was isolated
using the TRIzol method combined with RNeasy mini columns
(QIAGEN, Valencia, CA) according to the manufacturer’s instruc-
tions. For quantitative RT-PCR, 0.5-1 pg of total RNA was used to
synthesize complementary DNA (cDNA). Target cDNA levels were
quantified by real-time PCR by using the ABI PRISM 7000 sequence
detection system (Applied Biosystems, Foster City, CA) with SYBR
Green (Applied Biosystems). Relative mRNA expression levels were
calculated using mouse ribosomal protein S18 (Rps18). The primer
sequences were as follows: Acaa2 (forward: 5'-ggctctggtttccagte-
catc-3' ; reverse: 5'-gaagcgcacatttctgacacagta-3’), Acadl (forward:
5’-ctacctcatgcaagagcttccaca-3’; reverse: 5'-cttcaaacatgaactcacagg-
caga-3'), Acadm (forward: 5'-tgatgtggcggccattaaga-3’; reverse: 5'-
gggttagaacgtgccaacaagaa-3'), Acads (forward: 5'-aagtttggatccgeaca
gcag-3'; reverse: 5'-caagctttggtgecgttgag-3'), Acsl5 (forward: 5'-
cattcggegggacagtttg-3'; reverse: 5'-atcccattgcagecctgaag-3'), Acssl
(forward: 5'-agatcctgaagactctgectgtee-3'; reverse: 5/-ttgcatcactcac-
caatgtcca-3'), Cpt1b (forward: 5'-gagacaggacactgtgtgggtga-3’; re-
verse: 5'-tggtacgagttctcgatggcttc-3’), Fabp3 (forward: 5'-tgg
ctagcatgaccaagcctactac-3'; reverse: 5'-gttccacttctgcacatggatga-3'),
Rps18 (forward: 5'-ttctggccaacggtctagacaac-3/; reverse: 5'-
ccagtggtcttggtgtgetga-3'), and Ucpl (forward: 5'-gggcattcagaggc
aaatcag-3'; reverse: 5'-ctgccacacctccagtcattaag-3').

2.5. ELISA

Tissue concentrations of FABP3 protein were measured using a
sandwich-type ELISA (Hycult Biotechnology, Uden. The Nether-
lands) according to the manufacturer’s protocol. The values were
normalized to the total protein concentrations determined by the
bicinchoninic acid protein assay (Pierce, Rockford, IL).

2.6. Primary cell culture and treatment

For the culture of primary subcutaneous white adipocytes,
posterior subcutaneous fat pads (inguinal-dorsolumbar portion)
were isolated from 4-week-old C57BL/6] male mice. The isolated
tissues were rinsed in PBS, minced with scissors, and digested
with 1 mg/ml collagenase type II (Worthington) in isolation buf-
fer at 37 °C for 30 min. Cell suspensions were filtered through a
100 um filter and centrifuged at 210xg for 10 min. The pellet
consisting of preadipocytes was resuspended in 1 mL of red blood
cell lysis buffer (IBL, Gunma, Japan). After incubation for 3 min at
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room temperature, 10 ml plating medium (Dulbecco’s modified
Eagle’s medium supplemented with ascorbate, biotin, pantothe-
nate, triiodothyronine, octanoic acid, penicillin-streptomycin,
and FCS from a white adipocyte culture kit [TaKaRa Bio, Shiga, Ja-
pan]) was added to the cell suspension. To remove endothelial
cell clumps, the cell suspension was filtered through a sterile
20 pm mesh filter. Preadipocytes were recovered by centrifuga-
tion and washed in plating medium twice. The preadipocytes
were then plated on 12-well tissue culture plates at a density
of 8 x 10 cells/cm? in plating medium and cultured at 37 °C
under a humidified atmosphere of 95% air and 5% CO,. The med-
ium was changed on day 1 and then every second day. Induction
of differentiation was performed using differentiation medium
(plating medium supplemented with insulin, dexamethasone,
and 3-isobutyl-i-methylxanthin [TaKaRa Bio]) for 2 days. Subse-
quently, cells were cultured in maintenance medium (plating
medium supplemented with insulin {TaKaRa Bio]) for 8 days.
The cells were incubated in serum-free medium for 12 h prior
to harvest of cultures, and the cultures were treated with or
without 1 uM CL or 10 uM forskolin for 6 h prior to harvesting.

2.7. Statistical analysis

All experimental data are presented as the mean * SE. Compar-
isons were performed by two-tailed t-tests. The criterion for statis-
tical significance was p <0.05 for all tests (Graph Pad PRISM 5.0a;
Graph Pad Software Inc., La Jolla, CA).

3. Results

3.1. Cold exposure and Bs-adrenergic receptor agonist (CL316,243)
treatment induced gene expression of Fabp3 and BA-characteristic
mitochondrial fatty acid oxidation enzymes in subcutaneous WAT
in vivo

To confirm the browning of WAT after 5-day cold exposure
(4 °C) or CL treatment, we studied Ucpl mRNA expression in sub-
WAT by using quantitative RT-PCR. Both 5-day cold exposure and
CL treatment significantly induced Ucpl mRNA expression
(Fig. 1A). As expected, brown-like transformation of subWAT oc-
curred after both 5-day cold exposure and CL treatment.

FABP3 is essential for fatty acid oxidation in BAT, whereas its
expression is negligible in WAT [1-3]. To examine the effects of
cold exposure or CL treatment on FABP3 expression, we investi-
gated Fabp3 mRNA expression in subWAT. Cold exposure and CL
treatment markedly increased Fabp3 mRNA expression by 102-fold
and 22-fold, respectively compared to the control (p<0.01,
Fig. 1B).

WAT is composed of mature adipocytes and the SV fraction. To
determine which cell populations in subWAT express FABP3, we
measured Fabp3 mRNA levels in fractionated adipose tissue. Frac-
tionation of WAT by centrifugation showed that Fabp3 was mainly
expressed in mature white adipocytes rather than in the SV frac-
tion, after both cold exposure and CL treatment (Fig. 1B).

Furthermore, we analyzed the content of protein by using a
FABP3 immunoassay, which showed that cold exposure and CL
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Fig. 1. Cold exposure and Bs-adrenergic receptor agonist (CL316,243) treatment induced gene expression of Fabp3 and BA-characteristic mitochondrial FAO enzymes in
subcutaneous white adipose tissue. C57BL/6] mice at 8 weeks of age maintained at 23 °C or 4 °C for 5 days. (A-D, left panels) C57BL/6] mice at 8 weeks of age were injected i.p
once daily with saline (Sal) or CL316,243 in saline (CL) for 5 days. (A-D, right panels) The subcutaneous fat pads of the mice were used for the following analyses. (A) Ucp1
mRNA levels in subcutaneous white adipose tissues (subWAT). (B) Fabp3 mRNA levels in subWAT and the adipocyte fraction (Adipo.} compared to the stromal-vascular
fraction (SV) of subWAT. (C) FABP3 protein concentrations in subWAT determined by an immunoassay. Values are expressed as nanograms of FABP3 per microgram of total
cellular protein. (D) mRNA levels of BA-characteristic mitochondrial fatty acid oxidation (FAO) enzymes (Acss1, Acsl5, Cpt1b, Acadl, Acadm, Acads, and Acaa2) in subWAT. Gene
expression was determined by real-time RT-PCR and normalized against 18S rRNA levels. In all panels, values represent the means * SE (n = 4-5). *p < 0.05, *p < 0.01.
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treatment increased the content of FABP3 protein by 14-fold and 3-
fold, respectively, compared to the control (p <0.01 and p < 0.05,
respectively, Fig. 1C). Thus, FABP3 expression increases with the
brown-like transformation of WAT.

The increased FABP expression in WAT implies that more fatty
acids are transported to the mitochondria for oxidation. Fatty acids
delivered to the mitochondria are B-oxidized by mitochondrial en-
zymes. We therefore investigated whether cold exposure or CL
treatment increases the levels of BA-characteristic mitochondrial
FAO enzymes in subWAT, and found that the mRNA levels of Acss1,
Acsl5, Cptlb, Acadl, Acadm, Acads, and Acaa2 increased under both
conditions (Fig. 1D).

3.2. CL316,243 or cAMP enhancer (forskolin) treatment did not induce
the expression of Fabp3 or BA-characteristic mitochondrial FAO
enzymes in primary adipocytes of subWAT

To investigate the direct effect of CL or a cCAMP enhancer, for-
skolin, on the adipocytes of subWAT, we used a culture of primary
adipocytes isolated from subWAT depots. CL or forskolin treatment
for 6 h increased Ucpl mRNA expression by 29-fold and 39-fold,
respectively, compared to the control (p < 0.01, Fig. 2A). These re-
sults suggest that Ucpl expression is induced by the BsAR-cAMP
pathway and that the primary adipocytes are beige cells.

It was previously reported that norepinephrine elevated the
transcript level of FABP3 in primary brown adipocytes and a brown
adipocyte cell line [1,2]. However, in beige cells, the effects of f3AR
agonists on the transcript level of FABP3 are not clear. To study
whether FABP3 is induced by the B3AR-cAMP pathway, we exam-
ined Fabp3 mRNA expression following CL or forskolin treatment.
CL or forskolin treatment for 6 h decreased the level of Fabp3
mRNA (Fig. 2B).

Furthermore, we investigated the effect of CL or forskolin treat-
ment on the mRNA levels of BA-characteristic mitochondrial FAO
enzymes. CL or forskolin treatment for 6 h did not induce but
rather reduced the mRNA levels of Acss1, Acsl5, Cpt1b, Acadl, Acadm,
Acads, and Acaa? (Fig. 2C).

4. Discussion

It has been reported that beige cells that express UCP1 protein
become more prominent within WAT in mice after cold exposure
or B3AR agonist treatment. The objective of this study was to deter-
mine whether FABP3 and BA-characteristic mitochondrial FAO en-
zymes are induced after brown-like transformation of WAT. We
present evidence here that cold exposure or CL treatment increases
mRNA and protein expression of FABP3 and increases mRNA levels
of BA-characteristic mitochondrial FAO enzymes (ACSS1, ACSL5,
CPT1b, ACADL, ACADM, ACADS, and ACAA2) in subWAT in vivo.
In addition, using primary adipocytes, we showed that CL or for-
skolin treatment increased Ucpl mRNA expression; however, it
did not change or decrease the mRNA expression of Fabp3 and
BA-characteristic mitochondrial FAO enzymes.

In BAT, the transcript levels of Fabp3 and Cpt1b but not Acadm
and Acadl are elevated by cold exposure [13]. These results suggest
that regulation of Fabp3 and Cpt1b expression is the rate-limiting
step in FAO, and the constitutive expression of Acadm and Acadl
is sufficient to enhance B-oxidation in BAT. Some reports have
mentioned that the gene expression of Cpt1b is increased in WAT
after cold exposure or CL treatment [14]. In this study, we found
that the gene expression of not only Cpt1b but also Fabp3, Acadm,
and Acadl was induced by cold exposure in subWAT. The constitu-
tive expression of Fabp3, Acadm, and Acadl is lower in WAT than in
BAT; therefore, the up-regulation of these genes is considered to be
necessary to enhance p-oxidation with brown-like transformation
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Fig. 2. ps-adrenergic receptor agonist (CL316,243) or cAMP enhancer (forskolin)
treatment did not induce gene expression of Fabp3 and BA-characteristic mito-
chondrial FAO enzymes in primary adipocytes of subWAT. Primary adipocytes of
subWAT were grown as described in Section 2 and used for the following analyses.
Cells were pretreated for 6 h with or without 1 uM CL316,243 (CL) or 10 uM
forskolin. Gene expression of Ucpl (A), Fabp3 (B), and BA-characteristic mitochon-
drial FAO enzymes (Acss1, Acsl5, Cptlb, Acadl, Acadm, Acads, and Acaa2) (C) was
determined by real-time RT-PCR and normalized against 18S rRNA levels. In all
panels, values represent the means + SE (n=4). *p < 0.05, **p < 0.01.

in WAT. Our findings suggest that BA-characteristic FAO proteins
are inducible, and the increased levels of the proteins appear to re-
flect enhanced B-oxidation with brown-like transformation of
WAT.

B3AR is of pivotal importance in the brown-like transformation
of WAT after cold exposure because BsAR knockout mice show de-
creased occurrence of the brown-like transformation of WAT [15].
We showed that CL treatment increased the levels of FABP3 and
BA-characteristic mitochondrial FAO enzymes in subWAT. By con-
trast, using primary adipocytes, we found that CL and forskolin
treatment increased Ucpl mRNA expression but did not change
or decrease the mRNA expression of Fabp3 or BA-characteristic
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mitochondrial FAO enzymes. Our culture experiments suggest that
FABP3 and BAT-characteristic mitochondrial FAO enzymes are in-
duced in a different pathway from UCP1 induction in beige cells.

Many genes involved in FAO have been shown to be induced by
peroxisome proliferator-activated receptor o. (PPARa) [16]. PPARa
is a fatty acid-activated nuclear receptor and known to be an
important regulator of mitochondrial B-oxidation in tissues such
as the heart, liver, and BAT. However, the expression of PPARa in
WAT is very low and its function remains unclear. It has been re-
ported that ectopic overexpression of PPARa and PPARY coactiva-
tor 1 (PGC-1) in adipocyte-like differentiated 3T3L-1 cells
cooperatively induces the expression of mitochondrial FAO en-
zyme genes including Acadm and Acadl [17]. PGC-1 serves as a
transcriptional coactivator in the control of mitochondrial FAO en-
zyme gene expression. We confirm that the Ppara mRNA level in-
creases in subWAT after CL treatment in vivo as reported
previously by Li et al. [18]. However, we found that the Ppara
mRNA level was decreased in the primary adipocytes after CL
treatment (data not shown). PPARa could be essential for the
expression of several BAT characteristic proteins involved in FAO
in subWAT. Although FABP3 is reported to augment the transcrip-
tional activity of PPARo [19], the regulatory mechanism of Ppara
expression in WAT remains unclear. Further studies are needed
to uncover the molecular mechanism for the regulation and func-
tion of PPARa in WAT.

A limitation of our study is the heterogeneity of the primary
adipocytes isolated from subWAT, as cellular heterogeneity was
previously shown for clonal cells derived from the subWAT of mice
[12]. Therefore, more precise isolation and purification of beige
cells in subWAT are required for further investigation.

Elucidating the molecular mechanism involved in FAO in beige
cells has important medical implications and may provide clues in
the development of anti-obesity agents. Recent studies have
shown that thermogenic UCP1-positive adipocytes exist in adult
humans, and the most of these adipocytes in humans are molecu-
larly similar to murine beige cells rather than brown adipocytes
[12,20]. Modulation of the expression of BA-characteristic FAO pro-
teins in beige cells may represent a novel therapeutic target for
obesity and metabolic diseases.

In summary, we show that the expression of BA-characteristic
FAO proteins is increased in subWAT after cold exposure or CL
treatment. Moreover, primary culture experiments suggest that
these proteins are induced in a different pathway from UCP1. Fur-
ther investigation is necessary to determine the regulatory mech-
anism for the expression of BA-characteristic FAO proteins in
SuUbWAT.
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Cilnidipine regulates glucose metabolism and
levels of high-molecular adlponectm in diet-induced

obese mice

Daisuke Ueno, Takayuld Masaki, Koto Gotoh, Seiichi Chiba, Tetsuya Kakuma and Hironobu Yoshimatsu

The aim of the present study is to examine the effects of the antihypertensive drug citnidipine on glucose metabolism and
adipocytokines, Including adiponectin, in diet-induced obese (DIO) mice. The effects of cilnidipine on insulin sensitivity and
the levels of adiponactin in DIO mice were examined after the mice had been treated with clinidipine dissolved in water at a
dose of 0.2g1~! for 14 days. As expectad, treatment with cilnldipine decreased the systelic and diastolic blood pressures in
BIO mice, compared with control mice (P<0.08 for each parameter). Cilnidipine treatment improved glucose and insufin
sensitivity in DIO mice. In addition, cilnidipine treatment dramatically increased the level of adiponectin in whita adipose
tissue (P<0.05) and the circulating levels of total and high-molecular weight (HMW) adiponectin in DIO mice (P<0.01 for
each parameter). Furthermore, the secretion of HMW adiponectin and the ratio of HMW adiponectiniotal adiponectin were both
increased after ciinidipine treatment. Finally, the secretion of adiponectin from adipocytes was increased after ciinidipine
treatment. Taken together, these results indicate that cilnldipine improves insulin tolerance and adiponectin levels, especially

high-molecular type adiponectin, in BIO mice.
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INTRODUCTION

Several common disorders, such as hyperglycemia and hypertension,
are seen in individoals with metabolic syndrome.! Metzbolic
disorders, such as dizbetes and hypertension, are thought to be key
to the simultancous development of these common disorders in
certain individuals, along with the associated development of
cardiovascular and cerebrovascular disease?

Previous studies demonstrated the presence of Ca** transport
system and voltage-sensitive Ca?+ channels in adipocytes® In
addition, sbnormal cellular calcium handling, particularly elevstions
in cytosolic-free caldum concentrations, are involved in insulin
resistance and hypertension! Antihypertensive drugs have been
shown to have a therapeutic affect not only on blood pressure but
also on other facets of metabolic disorders.>® For instance, insulln
sensitivity in patients with hypertension was improved after the
administration of cilnidipine, a Ca channel blocker.” Thus, cilnidipine
might be usefu} for patients with hypertension and diabetes mellitus
based on its effects on glucase metsbolism. However, the detailed
mechanisms by which cilnidipine functions to ameliorate the effects

. of abnormal glucose metebolism remain unclear,

S&emla&pmhmhaveaudalmlsmﬁueu@hnonof
glucose metabolism®® Adipocytokines including tumor necrosis
factor-alpha (TNF-glpha), IL-6 and resistin, which are all secreted

from white adipose tissue (WAT), are known to be involved ia glucose
metabolism.!%-12 In addition, adiponectin and high-molecular weight
(HMW) adiponectin have a number of vascular protective quelities,
such s anti-diabetic, anti-inflammatory and anti-atherogenic cffects. 1316
Taken togethes, these findings suggest that adipocytokines regulate
insulin sensitivity and may be related to the pathogenesis of diabetes,
" In the present study, therefore, we focused on the effects of cilrtidipine,
an antthypertensive drug, on glucose metsholism and adipocytokine ,
levels in diet-induced obesity. We hypothesized that cilnidipine might
affect glucose metabolism as well as the production and/or secretion of
adipocytokines, To address this issue, we used diet-induced obess (DIO)
disbetic mice to investigate the effects of cilnidipine on metabelic
parameters, such as ghicose and insulin levels during a ghicosefinsulin
tolerance test (ITT), and the levels of adipocytakines, such as TNF-alpha,
IL-6, resistin and adiponectin, in WAT and serum.

METHODS

Animals

Mstute male mice {CS7BY/S; Sezc Yoshitomi, Fuknoks, Japan) were housed in
a light-, temperature- and humidity-controlled room {12:12-h Eghtdark cycte,
Hights on/off at 0700 and 1900 hours, respectively; 21:31°C; 55:2 59 relativa
humidity). The mice were aBowed free access to 69% high-fat (HF) food (item
D12492: 20% protein, 209% carbohydrate and 609 fat, 5.2kaalg ~); Research
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Diet, Tokyo, Japan) and control diet (item D12450B: 3.9kealg™!; Research
Diet) and water, The HF food contained soybesa ofl (25/773.85g) and bnd
(245077333 g), HF food was sdministered for 6 weeks, while the mice were
between § and 14 weeks of age, AD the animals were treated in accordance with
the Oita University Guidelines for tha Care and Usz of Laboratory Animak,

Cilnidipine preparation and treatment

Cilnidipine (Mochida Pharmacoutizal, Tokyo, Japzn) and nicardipine (Sigma-
AMrich, Tokyo, Japan) were dissolved in vehide (edjusted to pH 6.8-7.4). Exch
solution wes prepancd on the day that it was administered. We monitored
drinking water of both the control and the cilnidipine treatment groups. Mice
weze selected and divided Into two treatment groups. For the HF cilnldipine
(HF-CIL) end H¥ nicardipine treatment groups, cilnidipine or nicardipine was
added to the drinking water at a dose of 0.2g1! for 14 consecutive days, The
doses of cilnidipine and ine wese based on our preliminary data and a
previous study!? As mentioned sbove, the control HF trestment group
reccived untreated water for 14 consecutive days (last 2 weeks). The
cumulative food inteke wes measured once every 24h for esch of the 14
days of treatment. Body weight, the histology of cpididymal WAT, snd the
adipocytokine mRNA expression levels were examined and mezasuzed in ofl the
animals at the énd of the 14-day treatment pesiod. WAT was dissected from the
epididymal fut, mesenteric fat and retroperitoneal fat as viscesal fat, The body
2t mass wes measured to assess changes in body fat accomulstion in mice. The
tissues were remaved, welghed end immediately frozen in Bquid nitrogen and
then stered st ~80°C until subjected to mRNA extrsction, The blood was
withdmown from the jugular vweln, end the serum was separated and
fmmediately frozen at -m‘Cmﬁamyad.Thamgtmse.m&,
triglyceride and free fatty-acid levels were measured using commercially
availsble assay kits (Weko Chemical, Tokyo, Jupen).

Measurement of blood pressures
Afiey treatment for 2 weeks, the systolic and disstolic blood pressures (SBP and
DBP) and heart rate (HR) of the offtpring were measured noninvasively using
the tall-cuff method in consclous mice, &3 desaribed previously (BP-2000;
Visitech-Systems, Apex, NC, USA).'®

Histelogical analysis

Epididymal WAT samples were fixed with 109% formalin and embedded in
paraffin. Sections of 20 um were cut and stained with hemstoxylinand easin to
examine the histology of tha white adipocytes used in the microscopy analysis
system (Glympus, Tokyo, Japan).

Measurement of triglycerides in tiasues

A tota] of 100mg of epididymal WAT wes homogenized using a polytron
homegenizer (NS-310E; Micra Tech Nichtan, Chiba, Japan) for 1 min in 2m}
cf a solution contxining
X-100 and Tris at 1 x 10~3mall~! (10mm). The triglyceride content of this
solution was determined using a commescially available kit (Wako Chemical).

Intraperitoneal glucese and ITT .

W#hm&mwwmmm«hmm&

mice were treated with 2g of ghitose per kg body welght or 0.5 mU of reguler
insulin per g body weight via an intraperitoneal injection (Nobelin Rs Novo
Nordisk, Bagsvaerd, Daamark). Hlood was sampled from the tail vein before
and 30, 60 and 90 min sfter these injoctions, and the serum ghicoss and insulin
concentrations were determined.

Cell culture and differentiation

Murine 3T3-L1 preadipocytes were obteined from the American Type Culture
Collection (Dainippon Pharmaceutical, Oszka, Japan). Dulbecco’s Modified
Eagle Medium, fetal bovine serum, penicillin, streptomycin, D-bictin, insulin,
dexamethssone and all other cell culture reagents were obtained from Wako
Chemical. Cells were grown at 37°C in 5% CO; in Dulbecco’s Modified Bagle
Medium coatsining 25mu HEPES, 8mgl~?! D-biotin, 100Umi™! penicillin
and 163 fetal bovine serum (conditioned medium) and were seeded In six-

NaQ at 1.5 x 104 moli~? (150mw), 0.1% Triten -

Clnidipino Imprones tnsulln sensiBily
DU eted

well plates when used for experiments, Differentiation into mature
adipocytes was induced by exposzing the cells to conditioned medium
supplemented with 1pum of dexamethasons and 10ugmi~! of insulin
(induction medium) for 2 days. Cells were then incubated with medium
contzining Sugml=! of insulin. ARer 2 days, the medium was repliced

" with the conditioned medium, Subsequently, the conditionsd medinm was

cheaged regularly every 2 days. We have exemined the effects of cilnidipine
on adiponectin mRNA expression and secvetlon of adiponectin in 3T3-L1
edipocyte 12h after CIL treatment. 3T3-L1 cells were protreated with the
concentration of cilnidipine (200um) for 12h.

Real-time quantitative reverse PCR

mRNAs were amplified using PCR and quantified using real-time quantitative
PCR 25 follows, The total ceflular RNA was prepared from selected mouse
tissues using TRIzol (Lifetech, Tokyo, Japan) eccording to the manufacturers
protocol, Total RNA (201:g) was electrophoresed on 1.2% formaldehyde.
agarase gels. The RINA quality and quantity were assessed using ethidiom
bromide ogerose gul electrophoreds end by caleulating the 260280nm
absotbance ratios, cDNA was synthesized from 150ng of total RNA in a
volumse of 20pl using a Reverlra-Dash reverse transcriptese kit (Toyobo,
Tokyo, fapan) with raadem hexamer primers. Reactions were difuted to 501
with sterile distilled H0 and stored at —20°C, Primers were provided as
qpre-optimized kits from Assay-on-Demand: resistin, IL-6 (the primers were
generated by Nihon Gene Research Lab, Semdal, Japan), TNFeelphs
{(Mm00443258m}) 2nd adiponectin (Mm00456425m1). Primers for ribosemal
RNA, used as an intermnal control, were also provided o3 a pre-optimérzed kit
(H:95999501). PCR amplification was performed using an ABI PRISM 7000
sequence detector: {Applied Biosystems, Foster Citp CA, USA) in 50-d
volumes containing 100 ng of cDNA template in 8 PCR Master Mix (Roche,
Nautley, NJ, USA) 2ocording to the folowing program: 50°C for 2min, 95°C
for 10min, 40 cycles at 95°C for 153 and 60°C for 1min. Samples were
analyred in duplitate. The results were snalyred using Sequence Detection
Software (Applied Blosystems), snd the level of mRNA expression was
normalized to that of ribosormal RNA a3 cutlined in the Perkin-Elmer User
Bulletin No. 2 (Perkin-Elmer, Wellesley, MA, USA).

Determination of levels of serum resistin, IL-6, TNF-alphs, and
total and high-molecular weight adiponectin

The levels of WAT, serum resistin, IL-6, TNFeelpha, and tots! and HMW
adiponectin were determined using an envyme-finked immunosorbent assay
kit (BioSource, Tokyo, Japan; Otsuka Pharmaceutical, Tokushims, Japan) and
an optice] density reeder aocording to the manufacturer’s instrections.

Statistical analysis
Aﬂdatamexpwdutheumtn.d.mﬂpaimdr-t&wm!ys{sof

m-mmdmmuadwummdmd&ﬁum
using StatView 4.0 (SAS Institute, Cary, NC, USA).

RESULTS

B&'easofeﬂnidiphemamnonbodywdg&.aﬁpoaimgm
and insalin

Figure 1a summarizes the body weight and Figures 1b and ¢ show the
average food and drink intakes over the 6 wesks of the study period.
No significant differences in the daily HF food consumption and body
weight were noted between the cilnidipine-treated (HF-CIL) and the
non-treated (HF) animals. Cilnidipine treatment, when compared
with the results in the non-treated HF group, did not affect ediposity
as assessed using the epididymal WAT weight (HE 1.5+02g vs. HR-
CIL, 1.6%02g, P>0.1) or the mesenteric, retroperitoneal WAT
weight and the triglyceride content of the epididymal WAT (Figures
1d~f, P>0.]). We did not observe any notsble morphological
diffecences between the two groups (data not shown). In addition,
both the serum gluecose and insulin levels were not decreased in the
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HR-CIL group, compared with the untreated HF group (Figures 2a
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Figure 1’ Effects of cilnidipine’ on (2} body weight changes (b} daily average food mitzke, (o) daily average drink intake, (d) weights of epididymal,
(e} mesenteric and () refroparitoneal WAT and (g} trigiveeride content of epididymal WAT in DIO mice. Results are shown for the control group not treated
with cilnidipine {HF) and for (he experimental group freated with cilnidipine (HF-CILY Eack value and vertica! bar ceprasents the mean 2a.d. (o=4 {or zack
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and b, P>01). The serum triglyceride and free fany-acid levels were
not significanty changed in the HE-CIL group {(Figures 2¢ and 4,
Pelilk ‘

the controls {pre MR HE 605 £ 824 HF-CIL, 827 2537

2 s post HRG HE
378#65 v HF-CIL 5393 % ?2, Py

Effects of cilnidipine treatment on blood pressure and HR

The SBP and DBP were both higher in the DIO group, compared
with (the control groups {P<0,01). The SBP and DBF were not
significantly -« changed before cilnidipine treatment  {$BP: HE

Intraperitoncal glucose and ITT s

During the imraperitoneal glucose tolerance test, the ClL-reated mice
showed lowered levels of blood glucose at zach measurement point,
compared with the controls (Figure Jg; P<0.01 for each parameter)

12V 4 mmHg ve. HF-CIL, 122 25 mm Hy DBEP HE 95+ 3mm Hg
vs. HECIL, 99 24 mmHg, P> 0.1 for cach parameter). As expecied,
the SBE and DBP decreased with cilnidipine treatiment (SBP: HE
1154 3mmHg ys. HE-CIL, 982 2mm Hg DBP: HE 94 £3mmHg
ve HF-CIL, 82 22 mmHg, P<0.01 for each parameter). The HR
tended to decrease; but the change was not significant compared with

Hypertension Research

The lowered glucose level in the Cli-treated mice pessisted even
9fimin after-the inftiation of the test. The levels of drculating Thsulin
during the test were not sgnificanty’ changed by CIL treatment,
During the intraperitoneal ITT, the Cll-treated mice showed lowered
levels of bload glucose at each measurement point, compared with the
controls {Figure 26 P<0.05 or <0.01 for ¢ach paramerer).



Effects of nicardipine treatment on food intake body weight,
glucose tolerance test and adiponectin levels

Mo significant differences in the daily HF food consumption and body
weight swere observed between the nicardipine-treated ‘and the non-
treated animals {Figures 32 and b). The SBP and DBP decreased
significantly with nicardipine treaument (SBP: HE 1202 3mmHg vs
HE nicardipine, 104Z22mmHy DBP: HE 96+ 3mmHg vs HF
nicardipine, | 87 £ immHg, P<0.01 for each paramerer). The
improvements of glucose metsbolism during the intreperitoneal
glucose tolerance test were not observed in mice treated with
nicardiping (Figure 3¢). In addition, the levels of HMW and totl
adiponectin in the sera were not significantly changed by nicardipine
wreatment {Figure 34). ‘
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Figure 3 Effects of nicardiping on (a) body weight changes (b} daily average
food intzke, fc) glucose levels during the inbrepentoneal glucose tolerance
sest and {d) serom lotzl and HIAW adiponectin lovels in DIO mice. Resulis
are shown for the control group not trezled with nicardipine [HF) and for
the mrperimentzl group treated with picardiping [HF niczdiping). Each
walue and vertica! bar represents the mean5.d. {n-= 4 for cach parameter).
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sffects of cilnidipine treatment on inflammatory adipocytokine
levels

We examined the mRNA expression and serum levels of TNF-alpha,
resisiin and 1L-6 in epididymal WAT and found that none of these
levels (Figures 4a-c) were altered in the HE-CiL group, compared
with the HF group (TNF-alpha mRNA: HE 100 % 14% vs. HF-CIL,
98 & 259%; resistin mRNA: HE 100 £20% v, HF-CIL, 113 £ 3295 {16
mRNA: HE 100%14% vs, HEF-CIL, 88£23%, P>0.1 for each
parameier),

Effect of cilnidipine treatment on adiponectin level

Figure 4d shows that the adiponectin mRNA levels in epididymal and
retroperitoneal WAT were incressed in the HF-CIL group, compared
with the HF group (epididymal WAT: HE 100 & 16% vs. HF-CIL,
178+ 26%, P<00%  mesenteric WAT: HE  100£1206 s
HE-CIL, 111#£15%, P>0.1; reroperiioneal WAT: HE 1001 16%
vs. HE-CIL, 1624 349, P<0.03). Similarly, Figure 4¢ shows thet the
serum levels of total adiponectin and HMW adiponectin werz both
significantly increased in the HF-CIL group, compared with the
contral HE group (#<0.05 or <0.01). Of note, the ratio of HMW/
tonal adiponectin “in the sera increased dramatically with CIL
treatment (Figure 41).

Effect of cilnidipine treatment on total znd HMW adiponectin
fevels in adipocytes '

Figures 5a and b show the levels of adiponectin in 373-L1 cells after
cilnidipine treatment. The mRNA expression level of adiponectin in
the 373-L1 cells was increased in the CIL group, compared with the
CONT group (P<0.08). Similarly; the level of adiponectin in the
medium was increased in the 3T3LY cells (CONT, 24202 ugml~!
s, CHL, 35202 ugml ™Y, P 0.05). There was no significantly change
in the levels of TNF-alpha and INF-gamma between the groups
{TNFealpha: CONT, 4.1 # L3pgmi~™! e ClL, 5.1209pzml™h

P>01;  INFgamma:  CONT,  23:03pgmi™! s CIL,
26+ 04pgmiTh, P> 010
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Figure 4 Effects of cilnidipine on {a) TNF-alpha mRNA, 1L-6 mRNA snd resistin mRNA expression levels in epididymal WAT, and (b} circulating THF-zipha,
L6, (e} tS;cuEaéing resistin, {d) adiponectin mRNA expression levels in WAT, (e} serim adiponectin fzvels and {f) the ratio of serum HEAWAckal adiponsciin
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DISCUSSION
In the present study, we have demonstrated that the caldum channed
inhibitor cilnidipine improves glucese and insulin tolerance accom-
panied by an increase in zdipenectin in DIO mice, Obesity and/or fxt
accumulation are well known to lead porentially to insulin resistance,
although o reduction in body weight or adr;msgsy can minimize
problems, such as insulin resistance, that are often associated with
abcsxt}»mh!ed metabolic disorders’? In the present study, however,

cilmidipine treatment did not affect either the body weight or
adiposity. Therefore, cilnidipine treatment may modify glucase
metaboliam and/or insulin sensitivity independent of body adiposity.

The pharmacoiogical properties of cilnidipine, which acts a5 an
L-oype and an N-type calcium channel antagonist, should be
mentioned.” ™ Liype andfor W-type calcium channel drugs are
Lnown to affect insulin resistance favorably,”?% and the regulation
of sympathetic nerves may affect Insulin signeling, thereby affecting
the activity of intracellular  signaling  molecules  including
adipocytes.?™2 In addition to signaling molecules in adipocytes, a
number of factors have been shown o be nvolved in regulating
insulin resistance by adipocytokines, such as adiponectin and TNF-
alpha i In the present study, we focused on the effect of cilnidipine
on the adipocytokines resistin, IL-6, TNF-alpha and adiponcctin,
Tremmmz with cilnidipine did not affect the levels of resistin, 1L-6 or

TiF-alpha in serum or WAL, Howevern we fouad that cilnidipine
i:::asmuz! regulnted the levels of adiponectin in WAT and sera.
Adiponectin is known to be an insulin-sensitizing adipocytokine®™
that regulates glucose métsbolism by accelérating nsulin signaling
and ghicose uptake in the liver and skeletal muscles.?® Adiponeatin
also regulates markers of inflamimation, contributing o its positive
effect on insulin sensitivity®® These findings suggested that
adiponecin might be involved in czimdz;;mé‘mda,:zd improvements
in insulin =<msi{§vi*y in DI0 mice. In the present study Letype
celcium channel antagonist nicardipine did not significantly influence
the giz:cm»f: ms:babcv ism and adiponectin levels in DIO mice. Although
the dewailed mechanisms remain unknown, N-type calcium channels
may effectively influence adipanectin and/or cthzd}pmc may have
pleistropic effects on adiponecting

Adiponectin is generally present in serum o a trimer, hammer or
HMW form® Ameng the forms of adiponecting, the HMW
adiponectin fonm is the most active and confers a protective effect
an blood vessels®™ Furthermore, HMW adiponectin appears fa be
better associated with insulin sensitivity than total adiponectin and o
be srongly associated with a lower risk for incident diabeies®
coromary artery. disease®™ and cercbrovascular disease, Interestingly,

<il md:pme trepiment accelerated the secretion of HMW adiponectin,

,ﬂype’rig:@sisa Reséarr;it‘ :

1% Shimata K, Miyazaki T, Daida B A £

This result suggests that cilnidipine may improve glucose metabolism
in a manner involving HMW adiponectin: The present siudy provides
novel insights inta the involvement of cilnidipine as a therapeutic tool
in the treatment of metabolic syndrome, including hypertension
and insulin resistance. . Several studies presented the nifedipine
influenced on glucose metabolism, lpid oxidation and adipocyte
dysfunction ' Thus, it s possible that several caldam channel
blockers, including cilnidipine, have an acton on adipocyie,

The present study has. several lmitetons. First, this study is
pharmacologically experiment and the dose of cilnidipine in this
study is relatively high. Second, the number of mice might not be
enough. Third, the experients using specific inhibitor of N-type Ca
channel or deficient mice of the channel would be useful. Further
basic and clinical studies are needed to clarify the detatl mechanisms
af clnidipine.

In supmunary, the resulis of our study suggest that dinidipine
treatment may prevent the development of insulin resistance without
affecting bedy adiposity in DIO mice, Associated changes in the levels
and/or activity of adiporicctin, especially FIMW adiponectin, may
contribute to the beneficial therapeutic effect of cilnidipine on
metabolic disurders,
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k "Abstract t
- Nesfatin-1, cortlcotroprn releasrng hormone (CRH) thyrotro-
pin- releasmg hormone (TRH) and hypothalam|c “neuronal
'dhrstamrne act as anorexrgemcs in the hypothalamus We

~ examined rnteractlons among nesfat|n1 CRH TRH, and
: ”hlstamme in the regulatron of feedmg behavror in rodents :
We mvestrgated whether the anorectlc effect. of nesfatm 1,
a—ﬂuoromethyl hrstldrne (FMH a specrflc surcrde mhlbltor of.
‘ hrstldlne decarboxylase that depletes hypothalamrc neuronal :

hrstamrne) a CF(H antagonlst oranti-TRH antlbody aﬁects the

T;anorectlc effect of nesfatm 1, whether nestatrn 1 increases .
",CRH and TRH contents ‘and. hlstamrne turnover in the'

hypothalamus and whether hrstamrne rncreases nesfatmt

”content in the hyp' halamus We also rnvestrgated whether"f :
7 nesfatrnt decreases food |ntake 1n m|ce wrth targeted:“'

The gene encoding nucleobindin-2 (NUCB2) in the hypo-
thalamus can be cleaved into the novel peptides, nesfatin-1,
-2, and -3 (Oh-I et al. 2006). Nesfatin-1, but neither
nesfatin-2 nor nesfatin-3, reduces dark-phase food intake
in rats when injected into the third ventricle (Oh-I ez al.
2006). Although a nesfatin-1 receptor has not been identi-
fied, several studies have demonstrated abundant NUCB2/
nesfatin-1 expression in the hypothalamic and medullary
sites involved in feeding regulation in rats, including the
paraventricular nucleus (PVN), the arcuate nucleus (ARC),
and the nucleus of the solitary tract (NTS) (Brailoiu et al.
2007; Berthoud and Morrison 2008; Elmquist ez al. 2009;
Goebel et al. 2009). These findings support the notion that
nesfatin-1 is involved in the regulation of food intake.
Levels of NUCB2 mRNA and nesfatin-1 are significantly
decreased in the PVN of rats deprived of food for 24 h
compared with that of rats fed ad libitum, suggesting that

1, Faculty of Medzcme, OIIa Umverszty, Yuﬁj Japan

drsruptron of the h|stamrn\‘ H1 eceptor (H1KQ mice) f
the H1. receptor (H1 -R) Co-| Iocalrzes in nesfatrn-t neurons

Nesfatin-1- suppressed feedmg was partrally attenuated in rats

° admmrstered with . FMH, a CRH antagomst or antr—TRH ',
‘ antrbody, and in H1KO mice. Nesfatrn 1 mcreased CRH and,

TRH Ievels and hrstamme turnover whereas hlstamrne .

mcreased nesfatin- 1inthe hypothalamus lmmunohlstochem—'
ical analysrs revealecl H1 R expression on nesfatm 1

urons
in the paraventncular nucleus of the. hypothalamus These
results |nd|cate that CRH THH and hypothalamlc neuronal '

’,hlstamrne medrate the suppressrve effects of nesfatmt on*f
feeding behavror : S , -
Keywords CRH,

feedlng behavror histaminé,':hypotha;‘,‘,

lamus nesfatlnt TRH.

tJ Neurocher. (2013) 124 90—99

nesfatin-1 in the PVN plays a role in satiety, and possibly
energy homeostasis, after food intake (Oh-I et al. 2006).
Conversely, daily food consumption increased and body
weight cumulatively increased after endogenous NUCB2
was blocked by administering an anti-NUCB2 antisense
oligonucleotide into the third ventricle (Oh-I et al. 2006).
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Hypothalamic histamine neurons originating from the
tuberomammillary nucleus (TMN) distributed in the poster-
ior hypothalamus project diffusely throughout the brain,
including the PVN and the ventromedial nucleus (VMH),
which is known as the satiety center (Kennedy 1950). Other
study showed that hypothalamic histamine suppresses food
intake via histamine H1-receptor (H1-R) in VMH and PVN
(Fukagawa et al. 1989), several distinct endogenous peptides
in the PVN such as corticotropin-releasing hormone (CRH)
and thyrotropin-releasing hormone (TRH), inhibit food
intake (Kow and Pfaff 1991; Richard er al. 2000). Moreover,
CRH and TRH directly activate histamine neurons (Gotoh
et al. 2005, 2007). Based on these findings, we hypothesized
that nesfatin-1, CRH, TRH, and hypothalamic neuronal
histamine constitute a neuronal network within the hypo-
thalamus that regulates energy metabolism. The aim of this
study was to examine whether nesfatin-1 affects the expres-
sions of CRH or TRH and histamine turnover in the
hypothalamus, whether a central infusion of histamine
activates nesfatin-1 neurons and whether nesfatin-1 expres-
sion is altered in HIKO mice.

Methods

Animals

Male Sprague-Dawley rats weighting 250-280 g (Seac Yoshitomi,
Fukuoka, Japan), male C57BL/6N mice weighting 25-30 g (Seac
Yoshitomi), and male HIKO mice weighting 25-30 g (Kyushu
University, Fukuoka, Japan) were used. They were housed in a
room with daily illumination from 07:00 to 19:00 (12/12-h light/
dark cycle) and maintained at 21 + 1°C with 55 + 5% humidity.
HI1-R knockout (H1KO) mice that lack the HI1-R neuronal
histamine receptor for backcrossing were maintained at Oita
University (Yufu, Japan). Backcrossing H1-R—/— homozygous
mice with the C57BL/6N strain (Kyudo, Fukuoka, Japan) for six
generations resulted in incipient congenital N5 mice with two
genotypes (H1-R—/— and HI1-R+/+). All genotypes were con-
firmed by Southern blotting as described (Inoue et al. 1996).
Animals were fed standard chow (Clea chow, Clea, Japan),
allowed access to and tap water ad libitum, and handled for
5 min each on four successive days to habituate arousal levels
before the experiment. On test days, all animals had recovered to
at least their pre-experiment body weight. All experiments
proceeded in accordance with the Oita University Guidelines,
which are based on the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health.

Surgery

Rats were placed in a stereotaxic apparatus under intraperitoneal (i.
p.) anesthesia with 100 mg/kg of sodium pentobarbital (Narishige,
Tokyo, Japan). The implantation of a chronic cannula (a 23-gauge
stainless steel; length, 15 mm) into the third cerebroventricle (3vt)
was performed at least 10 days before starting infusions. A 30-
gauge stainless steel wire stylet was inserted into the guide cannula
to prevent cerebrospinal fluid (CSF) leakage and cannula obstruc-
tion. A chronic cannula was inserted into the 3vt along the midline,
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6.0-mm anterior to the zero ear bar coordinate, to a depth of 7.8 mm
from the cortical surface according to the atlas of Paxinos and
Watson (1986).

At least 1 week before starting infusions, a cannula was similarly
implanted into the lateral cerebroventricle (Ivt) of the mice, 1.0-mm
lateral to the midline, and 0.22-mm posterior to the bregma at a
depth of 2.0 mm from the cortical surface, according to the atlas of
Franklin and Paxinos (1997).

Reagents

On the day of the experiment, L-histamine (0.1 pmol/pL),
recombinant nesfatin-1 (5 ng/pL; Sigma Chemical Co., St Louis,
MO, USA), a-helical CRHg.4; (o-helical CRH, 1 pg/ul; Sigma)
which is a competitive CRH receptor antagonist that blocks both
CRH types 1 (CRHI1-R) and 2 (CRH2-R) receptors, rabbit anti-
TRH serum that neutralizes endogenous TRH of rat (Antibodies-
online GmbH, Atlanta, GA, USA), pargyline hydrochloride
(1 mmol/mL), and o-fluoromethylhistidine (FMH), a suicide
inhibitor of histidine decarboxylase (HDC) (100 pg/uL; Research
Biochemical International, Natick, MA, USA) were dissolved in a
fresh phosphate-buffered saline (PBS) and the pH was adjusted to
6.5-7.5.

Experimental protocol
Experiment 1: A total of 108 rats were divided into 18 groups (n = 6
per group) as follows: the PBS/PBS (4 groups, #n = 6 in each),
FMH/PBS (2 groups, n = 6 in each), PBS/nesfatin-1(3vt, 3 groups,
n =6 in each), PBS/nesfatin-1(i.p.), FMH/nesfatin-1(3vt), FMH/
nesfatin-1(i.p.), o-helical CRH (10 or 50 pg)/PBS (n = 6 in each),
a-helical CRH (50 pg)/mesfatin-1(3vt), anti-TRH serum/PBS, and
anti-TRH serum/nesfatin-1(3vt) groups. They were pre-treated with
an 3vt injection of FMH (1 mg/10 pul/10 min; this dose depletes
most neuronal histamine in the hypothalamus), a-helical CRH (10 or
50 pg/10 pL/10 min), anti-TRH serum (10 pL/10 min, this dose
decreases rectal temperature by approximately 1°C; Prasad et al.
1980) or PBS (10 pL/10 min) at 2 h before a further 3vt or i.p.
injection of nesfatin-1 (30 ng/10 pL/10 min), or 3vt infusion of
PBS (10 pL/10 min).

Experiment 2: Twelve wild-type and 12 H1KO mice were
divided into the nesfatin-1 (5 ng/1 pl/1 min; Ivt) and PBS (1 pL/
1 min; Ivt) groups, respectively (n = 6 in each).

Measurement of food intake in rats and mice

Food intake was measured in rats and mice fed ad libitum for 4 h
during the dark phase (between 19:00 and 23:00 h) after the
administration of each agent as described above, using an indirect
calorimetry system (Columbus Instruments, Columbus, OH, USA).

CRH, TRH, and tele~methylhistamine contents, and histamine-
regulated changes in hypothalamic and plasma nesfatin-1 levels
Forty-two rats were divided into seven equal groups (n = 6 per
group) as follows: the PBS/PBS, a-helical CRH/PBS, anti-TRH
serum/PBS, PBS/nesfatin-1(3vt), PBS/nesfatin-1(i.p.), o-helical
CRH/nesfatin-1 (50 ng, 3vt), and anti-TRH serum/nesfatin-1(3vt)
and PBS/histamine (1 pmol/10 pL/10 min) groups. Each group
was pre-treated by i.p. administration of pargyline hydrochloride
(0.33 mmol/kg), which inhibits monoamine oxidase B and induces
the extraneuronal accumulation of tele-methylhistamine (t-MH), a
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major metabolite of released neuronal histamine. All rats were
anesthetized with sodium pentobarbital (100 mg/kg, i.p.), and then
given a transcardiac perfusion of 100 mL of saline containing
200 U heparin. Each rat was decapitated, and then sections
containing the hypothalamus were cut according to the rat brain
atlas of Paxinos and Watson (1986) to measure t-MH content.
Tissue blocks were homogenized in 400 pL of 0.5 M acetic acid,
boiled for 10 min, and then protein was assayed (Bio-Rad,
Hercules, CA, USA) in 50 pL aliquots. Blood from all rats
obtained by cardiac puncture was collected into tubes containing
EDTA (7.5%, 10 pL/0.5 mL blood; Sigma Chemical Co.) and
aprotinin (0.6 U trypsin inhibitor/0.5 mL blood; ICN Pharmaceu-
ticals, Costa Mesa, CA, USA) and then separated by centrifuga-
tion at 4000 g for 10 min at 4°C. Plasma was immediately frozen
and stored at —80°C. The CRH and TRH contents were measured
in PVN-specific hypothalamus section punches dissected with a
frozen blade, using CRH (Yanaihara Co. Shizuoka, Japan) and a
TRH (Life Science Inc., Houston, TX, USA) ELISA kits. Plasma
and hypothalamic nesfatin-1 levels were measured in punches
from LH-, PVN-, VMH-, and TMN-specific sections using a
nesfatin-1 EIA kit (Phoenix Pharmaceuticals Inc., Burlingame,
CA, USA). The t-MH content in the LH, PVN, VMH, and TMN
was assayed by HPLC using deproteinized supernatants containing
amine extracts. Details of the amine assays are described
elsewhere (Sakata er al. 1981).

Immunohistochemistry

Rats were anesthetized using 100 mg/kg sodium pentobarbital i.p.,
and killed by transcardiac perfusion with 50 mL PBS that
contained 50 U heparin, followed by 50 mL 4% p-formaldehyde
in PBS. The brains were removed and divided into forebrain,
diencephalon, and brainstem segments. The specimens were
rapidly frozen at —80°C and sectioned at a thickness of 40 pum
using a cryostat at —20°C. The sections were incubated overnight
at 4°C with polyclonal rabbit antiserum against rat HDC
(1 : 2000; Chemicon Inc., Temecula, CA, USA), followed by
biotin-conjugated goat anti-rabbit IgG and fluorescein isothiocy-
anate-conjugated streptavidin (ABC reagent; Vector Laboratories,
Burlingame, CA, USA). Next, they were incubated with a specific
polyclonal rabbit antiserum against rat nesfatin-1 (1 : 2000;
Phoenix Pharmaceuticals Inc.) in 0.3% Triton X-100 containing
1% normal rabbit serum. Biotin-conjugated secondary IgG anti-
bodies (ABC reagent; Vector Laboratories) were added, followed
by rhodamine-conjugated streptavidin (ABC reagent; Vector
Laboratories).

Other sections were incubated overnight at 4°C with a specific
polyclonal rabbit antiserum against rat nesfatin-1 (1 : 2000;
Phoenix Pharmaceuticals Inc.) and a specific polyclonal rabbit
antiserum against rat H1-R (1 : 1000; Millipore, Billerica, MA,
USA). The sections were then incubated with biotin-conjugated
secondary IgG antibody (ABC reagent; Vector Laboratories),
fluorescein isothiocyanate-conjugated streptavidin for H1-R and
rhodamine-conjugated streptavidin (ABC reagent; Vector Labora-
tories) for nesfatin-1. The negative controls in each experiment
were incubated with normal serum instead of the primary antibody
(nesfatin-1 or HI1-R), followed by both secondary antibodies.
We determined the specificity of the nesfatin-1 and H1-R antisera,
after incubating each with recombinant nesfatin-1 (Sigma) or

HI-R (Gene Tex Inc., Irvine, CA, USA) protein. Increasing
amounts of protein were added to a fixed concentration of
nesfatin-1 and H1-R antiserum ata 1 : 1, 1:5, and 1 : 10 molar
ratio to the concentration of each recombinant protein. Stained
sections were analyzed using a confocal immunofluorescence
microscope (Olympus, Tokyo, Japan) and imaging software
(Lumina Vision; Mitsutani Corp., Tokyo, Japan). The resultant
digital images of the same section were not adjusted or altered,
except for an occasional change in brightness. Nesfatin-1 or H1-R
immunoreactivity was determined by drawing areas of PVN in
hypothalami and applying an optical density scale using automated
counting tools from the imaging software (Lumina Vision;
Mitsutani Corp.). Ratios of co-expressed signals were also
assessed by counting single-labeled nesfatin-1 and double-labeled
nesfatin-1 and H1 receptor-positive neurons. Every fifth section of
serial hypothalamus samples from six rats (seven sections per rat)
was analyzed.

Western blotting

We examined the molecular weight of proteins recognized by the
nesfatin-1 and HI1-R antibodies by western blotting recombinant
nesfatin-1 (Sigma), and H1-R (Gene Tex Inc.) protein in the
hypothalamus of rats. These proteins were diluted to final
concentrations in sample buffer (50 mM Tris-HCI, pH 8.0, 10%
glycerol, 1 mM EDTA, 2 mM dithiothreitol, and 1 mM o-vana-
date), heated at 94°C for 4 min, and then separated by centrifu-
gation (12 000 g) for 5 min. The supernatants were resolved by
7.5% sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and electrophoretically transferred onto polyvinylidene difluoride
membranes. After blocking non-specific binding with 0.5% non-fat
milk, the membranes were incubated overnight at 4°C with the
same anti-nesfatin-1 and anti-H1-R antisera. The membrane was
repeatedly washed and then incubated with IgG secondary
antibodies. Immunopositive bands were visualized on Hyperfilm
(GE Healthcare Bioscience, Piscataway, NJ, USA) using enhanced
chemiluminescence.

In mice, hypothalamic preparations were homogenized in sample
buffer, separated by centrifugation and the supemnatant was boiled
for 4 min. The total protein content of the tissue was measured using
the Bradford method. Equal amounts of total protein were resolved
by electrophoresis on 8% sodium dodecyl sulfate-polyacrylamide
gels and then electrophoretically transferred onto polyvinylidene
difluoride membranes (Bio-Rad Laboratories). Non-specific binding
on the membranes was blocked with 5% non-fat milk for 1 h, and
then the membranes were incubated overnight with primary
antibodies at 4°C followed by secondary antibody for 1 h at
20°C. The primary antibody was polyclonal rabbit anti-human
nesfatin-1 (with specificity for rat and mouse nesfatin-1; LifeSpan
Bioscience Inc., Seattle, WA, USA). Nesfatin-1 was detected using
enhanced chemiluminescence (Amersham Life Sciences, Arlington
Heights, IL, USA). Each protein was measured using Quantity One
imaging software (Bio-Rad).

Statistics

Data are expressed as means + SEM. Statistical significance was
evaluated using a two-way analysis of variance (anova) followed by
the Scheffé test for post hoc comparisons. The level of significance
for all tests was established at p < 0.05.
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Results

Effect of FMH on subsequent nesfatin-1-induced
suppression of food intake and effect of nesfatin-1 on t-MH
content in rat hypothalamus

The 1i.v.t. administration of nesfatin-1 significantly
decreased food intake for 4 h compared with PBS and
FMH partially attenuated this decrease (both n = 6 per
group, p < 0.05). In contrast, FMH alone did not affect
cumulative food intake compared with the control (Fig. 1a).
Nesfatin-1 increased the pargyline-induced accumulation of
t-MH in the PVN, VMH, and TMN, but not in the LH,
compared with PBS (n = 6 per group, p < 0.05; Fig. 1b).
However, nesfatin-1 administered intraperitoneally did not
affect either appetite (Fig. 1c) or t-MH accumulation
(Fig. 1d). Moreover, plasma levels of nesfatin-1 did not
significantly differ after either i.v.t. or i.p. administration
(Fig. le). Immunohistochemical analysis of double-labeled
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Fig. 1 Food intake at 4 h after intracerebroventricular (i.v.t.; a) and
intraperitoneal (i.p.; ¢) administration of phosphate-buffered saline
(PBS), o-fluoromethyl histidine (FMH), nesfatin-1, or FMH followed by
nesfatin-1. Hypothalamic tele-methylhistamine content after i.v.t. (b) or
i.p. (d) infusion of PBS or nesfatin-1, FMH + nesfatin-1, and FMH
followed by nesfatin-1. Plasma nesfatin-1 levels after i.v.t. or i.p.
administration of nesfatin-1 (e). *p < 0.05 versus PBS and FMH;
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neurons revealed very few nesfatin-1-positive fibers pro-
jecting into to histamine neurons in the TMN (2.4 £ 0.5%;
Fig. 1f), whereas nesfatin-1-positive neurons were detected
in the PVN (Fig. 1g). These findings suggested that few
nesfatin-1 neurons localized in the PVN directly activate
histamine neurons in the TMN.

Effect of e-helical CRH pre-treatment on nesfatin-1-
induced suppression of food intake and effect of nesfatin-1
infusion on CRH and t-MH contents in rat hypothalamus
Both 10 and 50 ng of o-helical CRH attenuated the
nesfatin-1-induced suppression of food intake (n = 6 per
group, p < 0.03), whereas o-helical CRH alone did not alter
feeding behavior compared with PBS (Fig. 2a). Nesfatin-1
significantly increased CRH content in the PVN compared
with PBS (n = 6 per group, p < 0.05; Fig. 2b). Nesfatin-1
also increased pargyline-induced t-MH accumulation in the
PVN, VMH, and TMN, but not in the LH, and o-helical
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fp < 0.05 versus nesfatin-1 (i.v.t.). Immunohistochemical staining for
nesfatin-1 (red) in histaminergic neurons (green; yellow arrows) in the
tuberomammillary nucleus (TMN) (f). Very few histamine neurons are
co-localized with nesfatin-1-positive fibers (blue arrow). Immunohisto-
chemical staining for nesfatin-1 in the paraventricular nucleus (PVN)
(g). Scale bar, 10 um.
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p < 0.05 versus nesfatin-1. Food intake at 4 h after central adminis-

CRH attenuated this effect (n = 6 per group, p < 0.05;
Fig. 2¢).

Anti-TRH antiserum diminished the subsequent nesfatin-
l-induced appetite loss like CRH (n =6 per group,
p < 0.05), but did not affect food intake alone (Fig. 2d).
Nesfatin-1 increased the TRH content in the PVN compared
with PBS (n = 6 per group, p < 0.05; Fig. 2e). Moreover,
nesfatin-1 elevated pargyline-induced t-MH accumulation in
the PVN, VMH, and TMN, but not in the LH, and prior
loading with anti-TRH antiserum attenuated this effect
(n = 6 per group, p < 0.05; Fig. 2f).

Attenuation of the anorexic effect of nesfatin-1 in

H1KO mice

The 1vt administration of nesfatin-1 led to approximate 40%
and 25% reductions in food intake by wild-type and HIKO
mice, respectively, within 4 hours (both n = 6 per group,
p < 0.05; Fig. 3).
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tration of PBS, anti-thyrotropin-releasing hormone (TRH), nesfatin-1,
or anti-TRH followed by nesfatin-1 (d). *p < 0.05 versus PBS and
anti-TRH, 'p < 0.05 versus nesfatin-1. Hypothalamic TRH content
after central infusion of PBS or nesfatin-1 (e). *p < 0.05 versus PBS.
Hypothalamic t-MH content after central administration of PBS, anti-
TRH, nesfatin-1, or anti-TRH followed by nesfatin-1 (f). *p < 0.05
versus PBS and anti-TRH; Tp < 0.05 versus nesfatin-1. o-hCRH,
a-helical CRH.

Effect of histamine infusion on nesfatin-1 content

in rat hypothalamus

Histamine significantly increased nesfatin-1 contents in the
PVN, but not in the LH, VMH, or TMN of the rat
hypothalamus compared with PBS (n =6 per group,
p < 0.05; Fig. 4a). The effects of histamine and PBS on
plasma nesfatin-1 levels did not significantly differ (Fig. 4b).

Differential hypothalamic nesfatin-1 expression in
wild-type and H1KO mice

Nesfatin-1 expression in the hypothalamus was significantly
decreased in H1KO, compared with wild-type mice (n = 6
per group, p < 0.05; Fig. 4c).

Immunohistochemical staining for nesfatin-1 and

H1-R in the PVN

Immunohistochemical analysis of double-labeled neurons
revealed several nesfatin-1-positive neurons expressing
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nesfatin-1 (wild type).

HI-R in the PVN (Fig. Sa—c). We pre-absorbed the
antibodies with purified nesfatin-1 and H1-R protein to
examine their specificity. The immunohistochemical find-
ings showed significantly less antibody labeling compared
with the absence of absorption (Fig. 5d—g). Moreover,
labeling specificity was controlled by omitting the nesfatin-
1 and HI-R antibodies (Fig. 5h and j). Figure 5k shows
the semi-quantitative findings of nesfatin-1 immunolabeling
after pre-absorption with nesfatin-1 protein. With increas-
ing concentrations of recombinant nesfatin-1 protein rela-
tive to primary antibody (1:1, 1:5, and 1: 10 molar
ratio of nesfatin-1 antibody concentration to recombinant
protein concentration), nesfatin-1 immunolabeling was
decreased significantly compared with immunolabeling
using the primary antibody alone. The staining intensity
of the anti-nesfatin-1 antibody signal for nesfatin-1 protein
was linearly reduced up to fivefold the molar ratio of
antigen to antibody. Pre-absorption with HI-R peptide
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yielded similar results (Fig. 51). Moreover, an immuno-
positive band was evident at the predicted molecular
weight of full length NUCB2 (50 kDa), the nesfatin-1
(~10 kDa) and H1-R (~57 kDa) proteins, indicating that
the respective primary antibodies recognized nesfatin-1 and
H1-R (Fig. 5m).

Discussion

Nesfatin-1, CRH, TRH, and hypothalamic neuronal histamine
exert anorexigenic effects in the hypothalamus, but their
functional relationships are not clear, particularly those
between nesfatin-1 and histamine. Our results showed that
FMH-induced depletion of neuronal histamine or HI-R
deficiency partially attenuated the subsequent nesfatin-1-
induced suppression of food intake. These findings indicate
that endogenous neuronal histamine and associated H1-R
partially mediate the anorexigenic effect of nesfatin-1. Thus,
understanding how nesfatin-1 affects hypothalamic neuronal
histamine levels is important. After release from nerve
terminals, histamine is rapidly converted into the metabolite,
t-MH, which is then deaminated, indicating that more infor-
mation is generated about histamine by measuring metabolite
concentrations than by measuring histamine itself. Pargyline, a
monoamine oxidase B inhibitor, induces t-MH accumulation
in extraneuronal spaces (Oishi ez al. 1987). We showed that
nesfatin-1 increased t-MH levels in the PVN, VMH, and TMN,
but not in the LH. However, very few nesfatin-1-positive fibers
projected into histamine neurons, suggesting that nesfatin-1
indirectly activates histamine neurons. Furthermore, we found
that nesfatin-1 increased the CRH and TRH contents in the
PVN, suggesting that nesfatin-1 increases histamine turnover,
synthesis and release in the hypothalamus via CRH and/or
TRH neurons in the PVN.
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A recent study has shown that nesfatin-1 influences the
activity of a large proportion of PVN neurons, including
those containing CRH and TRH in vitro (Price et al. 2008).
Because the activation of brain CRH and TRH signaling
pathways inhibits food intake (Kow and Pfaff 1991; Richard
et al. 2000), we investigated whether endogenous CRH or
TRH activation mediated the central action of nesfatin-1 on
food intake. We demonstrated that a central nesfatin-1
infusion increased CRH and TRH levels in the PVN of the
hypothalamus. The central administration of a-helical CRH
and anti-TRH attenuated the nesfatin-1-induced reduction in
food intake, suggesting that CRH and TRH mediate the
anorectic effect of nesfatin-1 in the hypothalamus.

Our results provide insight into the relationships among
CRH, TRH, and neuronal histamine. We previously demon-
strated that CRH- and TRH-induced increases in histamine
turnover are suppressed by a-helical CRH and anti-TRH pre-
treatment, respectively. Moreover, CRH1-Rs and TRH type
2 receptors (TRH2-Rs) are expressed on the cell bodies of
histamine neurons in the TMN (Gotoh er al. 2005, 2007).
Thus, we speculated that nesfatin-1 signaling regulates

Hi-R e HeR+ Hi-R+
twpro, Sxpro. 10 xpro.

Nes-l+ Hi-R

1:1(x1pro.), 1:5(x5pro.), and 1: 10 (x10 pro.) molar concen-
trations of nesfatin-1 or H1-R antibodies (k and 1). Values in graph
represent mean total immunolabeling; *p < 0.05 versus nesfatin-1 or
H1-R; Tp < 0.05 versus nesfatin-1 + 1 x 1 pro. or H1-R + 1 x 1 pro.
Nes-1 means nesfatin-1. Pro. means protein. (m) Western blots show
that nesfatin-1 and H1-R antibodies detected NUCB2 (~50 kDa),
nesfatin-1 (~10 kDa), and H1-R (~57 kDa) proteins, respectively.

neuronal histamine via CRH and/or TRH. Our results
support this hypothesis because o-helical CRH and anti-
TRH attenuated the subsequent nesfatin-1-induced increase
in hypothalamic histamine turnover. We demonstrated that
nesfatin-1 suppressed food intake by activating histamine
neurons in the TMN via CRH and TRH neurons, which
supports the finding that 20-30% of PVN nesfatin-1 cells
synthesize TRH and that a subpopulation of about 20% of
nesfatin-1 PVN neurons co-express CRH, which inhibits
food intake (Stengel er al. 2010). Nesfatin-1 was found to act
centrally to reduce dark-phase food intake through CRH
pathways, using the non-selective CRH antagonist, astressin
B; however, a-helical CRH diminished nesfatin-1-induced
hypophagia (Stengel et al. 2009a). These data support our
finding that the nesfatin-1-induced appetite loss involves
TRH neurons. The mechanism underlying this discrepancy is
not clear, but one possible explanation is that it is due to
differences in pharmacological mechanism between these
CRH antagonists.

Here, essential questions can be raised as to why
hyperphagia was not evident in rats depleted of histamine
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by FMH and why food intake did not differ between wild-
type and H1KO mice. A definite answer to the query has not
yet been proposed. However, these results are compatible
with the findings that histamine depletion by FMH does not
affect daily food intake, and that HIKO mice tended to
consume more basal food than in wild-type mice; but this
effect was not significant (Yoshimatsu er al. 1999; Mollet
and Lutz 2001). One possible explanation is that the
differences in mean daily food intake between PBS and
FMH administration as well as between wild-type and HIKO
mice are relatively small compared with the deviation of
daily food intake in both groups. In addition, neither
o-helical CRH nor anti-TRH alone increased food intake.
These results are also compatible with those of others
showing that o-helical CRH attenuates the leptin-induced
reduction of food intake although a single administration of
a-helical CRH does not significantly affect food consump-
tion, and TRH as well as a TRH-R deficiency does not affect
feeding behavior (Yamada et al. 1997; Uehara et al. 1998;
Zeng et al. 2007; Sun et al. 2009). A higher dose of
o-helical CRH and anti-TRH might have resulted in signif-
icantly less food intake compared with a control group as
well as a more sustained attenuation of the anorexigenic
effect of nesfatin-1.

Finally, we examined whether neuronal histamine acti-
vated nesfatin-1 neurons. We showed that histamine activates
nesfatin-1 neurons in the PVN, suggesting that histamine
neurons may activate some nesfatin-1 neurons via CRH and
TRH release. Others have shown that central leptin admin-
istration activates CRH and TRH neurons and increases
histamine turnover in the hypothalamus (Yoshimatsu et al.
1999; Nillni et al. 2000). Leptin-induced suppression of food
intake is attenuated in rats pre-treated with FMH, which
depletes neuronal histamine, and in H1KO mice that lack
H1-R (Yoshimatsu et al. 1999). Moreover, we previously
demonstrated that CRH directly mediated the effect of leptin
signaling on neuronal histamine turnover and TRH stimu-
lated histamine neurons (Gotoh et al. 2005, 2007). Further-
more, the results of this study showed that nesfatin-1
administration activates CRH, TRH, and histamine neurons,
all of which are involved in the regulation of leptin in the
hypothalamus. However, leptin does not appear to be a
modulator of NUCB2 and nesfatin-1 expression in hypotha-
lamic nuclei (Oh-I et al. 2006; Garcia-Galiano et al. 2010).
‘This observation confirms the suggestion that nesfatin-1 has
a leptin-independent mode of action (Shimizu er al. 2009).
Thus, we speculated that the anorexigenic action of nesfatin-
1 is mediated by CRH, TRH, and neuronal histamine via
leptin-independent pathways, although a leptin to CRH,
TRH, and neuronal histamine signaling cascade exists
(Gotoh et al. 2005, 2007).

Nesfatin-1 is synthesized in several areas of the hypothal-
amus, including the PVN, VMH, ARC, and LH, where it co-
localizes with neurotransmitters/neuropeptides (Oh-I er al.
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2006; Brailoiu et al. 2007; Foo et al. 2008; Fort et al.
2008). These hypothalamic nuclei play important roles in
the regulation of energy metabolism, and they contain
receptors that signal nutritional status, including leptin
levels (Mercer et al. 1996). Far less is known about the
role of nesfatin-1 in the LH. The LH has often been referred
to as a feeding center because lesions in this region
result in hypophagia and weight loss (Anand and Brobeck
1951). The LH contains cells that synthesize melanin-
concentrating hormone (MCH) and orexin, both of which
are orexigenic factors (Date er al. 1999). We found that the
central administration of histamine increased nesfatin-1
content in the PVN, but not in the LH, suggesting that
nesfatin-1 does not act in the LH to regulate feeding
behavior. This finding is not consistent with a previous
study showing that about 80% of the nesfatin-1-positive
neurons were double labeled with MCH (Fort et al. 2008).
Co-expression of nesfatin-1 and MCH suggests a complex
physiological relationship because nesfatin-1 induces satiety
(Oh-I et al. 2006), whereas MCH stimulates the appetite
(Pissios et al. 2006). Moreover, the central administration
of nesfatin-1 increases orexin mRNA expression in fed
goldfish, but decreases it in unfed goldfish, suggesting that
the effect of nesfatin-1 on brain expression of peptides that
regulate appetite might may depend on feeding status (Kerbel
and Unniappan 2012). Considering the opposing anorectic
and orexigenic actions of nesfatin-1 and MCH, nesfatin-1
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Feeding-related
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Fig. 6 Proposed model for interactions among nesfatin-1, corticotro-
pin-releasing hormone (CRH), thyrotropin-releasing hormone (TRH),
and histamine neurons in regulation of food intake. Nesfatin-1 neurons
in paraventricular nucleus (PVN) regulate tuberomammillary nucleus
(TMN) histamine neurons via CRH and/or TRH neurons for which
receptors are expressed on the histamine neurons. Neuronal hista-
mine directly suppresses food intake via H1-R, which is expressed on
neurons (including nesfatin-1 neurons) in the ventromedial nucleus
(VMH) and PVN that are related to feeding. Such neurons produce
peptides such as BDNF and NPY or co-localize with H1-R and
influence feeding behavior.
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might modulate the effect of MCH in integrative feeding
behavior.

Intraperitoneal and subcutaneous routes of nesfatin-1
administration suppress food intake and thus, peripheral
nesfatin-1 probably crosses the blood-brain barrier (BBB)
and acts in the hypothalamus to regulate energy metabolism
and appetite (Shimizu er al. 2009). Nesfatin-1 has been
detected in rat serum (but its origin remains unknown) and in
rat gastric mucosa (Stengel er al. 2009b). Furthermore,
nesfatin-1-immunoreactive cells co-localize with insulin in
pancreatic islets (Gonzalez et al. 2009) implying that
centrally infused nesfatin-1 might leak into the periphery
via the venous system. Our results showed that the central
administration of a single dose of nesfatin-1 at a concentra-
tion too low to exert effects when delivered peripherally
immediately suppressed feeding behavior. We found no
significant difference in plasma nesfatin-1 levels after the
iv.t. and i.p. administration of nesfatin-1. These findings
support that the dose of peripherally administered nesfatin-1
required to reduce food intake is about 1000-fold higher than
effective dose of centrally treated nesfatin-1 (Stengel ez al.
2010).

We developed a working model of the feeding and satiety
neuronal network via signaling between nesfatin-1 and
histamine (Fig. 6). Nesfatin-1 might act on CRH and TRH
neurons in the PVN, and then activated CRH and TRH
neurons might in turn regulate histamine neurons in the TMN
of the hypothalamus through CRH1-R and TRH2-R, respec-
tively. Furthermore, we suggest that neuronal histamine
stimulates nesfatin-1 neurons in the PVN directly via H1-R.
This study provides novel insight into the action of nesfatin-1
in the hypothalamic regulation of energy metabolism.
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