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To examine the peripheral and central roles of adi-
ponectin in energy intake and expenditure, we investi-
gated the effects of adiponectin on food intake,
adiposity, sympathetic nerve activity (SNA), and mRNA
expressions of uncoupling protein (UCP) in the brown
adipose tissue (BAT), white adipose tissue (WAT) and
skeletal muscle in agouti yellow (AY/a) obese mice.
Intraperitoneal administration of adiponectin (1.5
mg/kg for 7 days) attenuated body weight gain and
reduced visceral adiposity in AY/a obese mice compared
with PBS-treated controls. In addition, adiponectin
treatment increased the expression of UCP1 mRNA in
BAT, UCP2 mRNA in WAT, and UCP3 mRNA in skeletal
muscle compared with PBS-treated AY/a controls. Acute
peripheral administration of adiponectin (1.5 mg/kg,
one injection) also increased SNA in the BAT accompa-
nied by an increase in rectal temperature. Finally, these
above responses as well as expression of c-Fos-like
immunohistochemistry in the hypothalamus were not
induced by central application of adiponectin (0-15
ng/kg). Taken together, adiponectin effectively regu-
lated visceral adiposity, SNA, and UCP mRNA expres-
sion peripherally, suggesting that this substance can be
used as a therapeutic tool, administered peripherally, in
the treatment of visceral obesity and related metabolic
disorders. Diabetes 52:2266-2273, 2003

diponectin, an adipocytokine, was identified in
adipose tissue by screening adipose-specific
genes in humans (1). The mouse homologue of
adiponectin has been cloned as ACRP30 and
AdipoQ (2-4), which contain a signal sequence and a
collagen-repeat domain at the NH,-terminus and a globular
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domain at the C-terminus. Adiponectin mRNA is exclu-
sively expressed in adipose tissue, and the protein is
abundant in the plasma of humans and rodents (1-4). A
negative correlation between plasma adiponectin levels
and BMI has been demonstrated (5). The levels are lower
in obese human than in normal-weight subjects (5-7). In
addition, patients with type 2 diabetes also showed lower
levels of plasma adiponectin, indicating the involvement of
this adipocytokine in glucose metabolism (8-10). Hyper-
insulinemic and euglycemic clamp studies in humans and
monkeys showed that plasma adiponectin levels nega-
tively correlate with insulin resistance (8). However, it is
not clear whether the reduction of adiponectin is the cause
or result of the development of obesity or insulin resis-
tance. Recently, adiponectin treatment has been shown to
improve insulin resistance with attenuation of body weight
gain in mice (11-13). Furthermore, adiponectin treatment
has been shown to increase free fatty acid -oxidation via
AMP kinase-dependent pathway (14), and adiponectin-
deficient mice developed diet-induced obesity and/or have
abnormal fatty acid oxidation (15-17). These findings
suggest that adiponectin may regulate body weight and/or
insulin sensitivity and also that reduced adiponectin pro-
duction may be related to the pathogenesis of obesity and
its complications.

With the discovery of leptin, an ob gene product, a
variety of bioactive substances that regulate body weight
and energy metabolism have been identified in the brain as
well as peripheral tissue (18,19). Most of these regulatory
substances, including leptin, have targets in the brain, and
regulate body weight through affecting not only food
intake but also peripheral energy expenditure (18,19). The
peripheral administration of adiponectin attenuates body
weight gain but does not affect food intake (11). It is highly
probable that adiponectin may regulate body weight by
affecting the energy expenditure in peripheral tissue. How-
ever, the mechanism of adiponectin in body weight regu-
lation remains unclear. In particular, the central nervous
system-mediated actions of adiponectin, such as hypotha-
lamic regulation of feeding behavior and energy expendi-
ture, have not been investigated.

Uncoupling protein (UCP)-1 in the brown adipose tissue
(BAT) plays a major role in energy expenditure and
nonshivering thermogenesis in rodents and neonates of
larger mammalian species, including humans (20,21).
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UCP2, another member of the UCP family, is expressed
ubiquitously in peripheral tissue (22), and UCP3 is ex-
pressed mainly in the skeletal muscle and adipose tissues
(23-25). Gene expression of these proteins is regulated by
neuronal and humoral factors (26-28). In particular, the
sympathetic nervous system and the hypothalamus have
been well documented to regulate UCP1 levels (29-31).
The central administration of leptin and other feeding-
related neuropetides, such as corticotropine releasing
hormone and neuropeptide Y, has been shown to affect the
activity of sympathetic nerves innervating BAT and/or
UCP expression (26,32,33). Taken together, sympathetic
activity and the function of UCP1 can be considered
indicators of energy expenditure and seem to be targets
for anti-obesity action of adiponectin. However, little is
known about functional correlation between adiponectin
and UCP1 in obese models.

Thus, the functional roles of adiponectin in body weight
regulation together with their signaling pathways are still
not clear, although its contribution to energy metabolism
is certain. To address this issue, we investigated the effects
of adiponectin on 1) food intake and body weight change,
2) adiposity in peripheral tissue, 3) sympathetic nerve
activity (SNA), and 4) UCP1 mRNA expression as indica-
tors of energy expenditure, and its central effects on these
parameters in agouti yellow (AY/a) obese mice. The goal of
the present study was to examine the possibility of adi-
ponectin as an anti-obesity substance.

RESEARCH DESIGN AND METHODS

Animals. Mature male AY/a obese mice (Seac Yoshitomi, Fukuoka, Japan) at
12 weeks of age were housed in a room illuminated daily from 0700 to 1900 (a
12-h light-dark cycle) with temperature at 21 = 1°C and humidity at 55 * 5%.
The mice were allowed access to standard powdered mouse food (CLEA
Japan, Tokyo, Japan) and tap water ad libitum. Daily food consumption and
body weight of the mice were measured. The animals used were treated in
accordance with the Oita Medical University Guidelines for the Care and Use
of Laboratory Animals based on the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Reagent. Recombinant full-length adiponectin (Osaka University, Osaka,
Japan) was dissolved in PBS to concentrations of 0.5 pg/pl. Each solution was
freshly prepared on the day of administration. The pH of each solution was
adjusted to 6.8-7.4. The adiponectin preparation was free of any contaminants
such as endotoxin.

Implantation of a cannula in the cerebroventricle. The mice were
anesthetized with an intraperitoneal injection of nembutal (1 mg/kg) and
placed in a stereotactic device (Narishige, Tokyo, Japan) to implant a 29-gauge
stainless steel cannula chronically into the left lateral intracerebroventricular
(ICV) (0.5 mm posterior, 1.0 mm lateral, and 2.0 mm ventral to the bregma)
(31,34). After the procedure, a stainless wire stylet was inserted into the
cannula to prevent coagulation. The mice had 1 week of postoperative
recovery, after which they were handled daily to equilibrate their arousal
levels. After the completion of the experiments, the animals were decapitated
and the cannula location was verified histologically.

Adiponectin treatment procedures. Matched on the basis of body weight
and food intake during the adaptation period, mice were divided into
adiponectin and PBS groups. Mice were infused with 0, 150 ng/kg, 1.5 png/kg,
and 15 pg/kg adiponectin ICV and 0, 15 pg/kg, 150 pg/kg, and 1.5 mg/kg i.p. per
mice for 10 min at an infusion rate of 0.1 pl/min (ICV) and 10 pl/min
(intraperitoneal), respectively (n = 4-6 subjects for each adiponectin ICV,
intraperitoneal adiponectin, PBS ICV, or intraperitoneal PBS experimental
groups in the below experiments). These doses and the infusion speed were
selected on the basis of earlier results (11,12) and our preliminary study.
Experiment 1. For the analysis of food intake, body weight, histological
changes, and UCP mRNA expression, adiponectin ICV, intraperitoneal adi-
ponectin, PBS ICV, or intraperitoneal PBS were administered at 1700 once
daily for 7 days. Daily food intake of these mice was measured once daily for
7 days. Body weight change, body composition, serum parameters, histolog-
ical changes of tissues, BAT UCP1, WAT UCP2, and skeletal muscle UCP3
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mRNA expression were examined in each group after 7 days of ICV and
intraperitoneal treatment (15-16 h after the last injection).

Experiment 2. For the analysis of SNA, a bolus adiponectin ICV, intraperi-
toneal adiponectin, PBS ICV, or intraperitoneal PBS infusion was performed,
and SNA in BAT was recorded using an analogue-digital converter (Neurodata
ER98; Cygnus Technology, Tokyo, Japan) from 20 min before until 80 min
after the infusion.

Experiment 3. For the analysis of rectal temperature, a bolus adiponectin
ICV, intraperitoneal adiponectin, PBS ICV, or intraperitoneal PBS infusion
was performed, and rectal temperature was measured 60 min after the
infusion.

Experiment 4. For the analysis of c-fos-like immunoreactivity, a bolus
adiponectin ICV or PBS ICV infusion was performed, and c-fos-like immuno-
reactivity in hypothalamus was measured 90 min after the infusion.
Measurement of body composition and blood sampling procedures.
Body fat weights were measured to detect the difference in body fat
accumulation in AY/a obese mice (4-6 subjects for each). Fat weights were
obtained using an analytical balance (Mettler, Toledo, Osaka, Japan), and
epididymal, mescentric, retroperitoneal WAT, BAT, heart, and kidney were
dissected, weighed, immediately frozen in liquid nitrogen, and stored at —80°C
until RNA extraction. Blood samples taken through the jugular vein were
separated into serum and immediately frozen at —20°C until their use for
assay. Serum glucose, insulin, and triglycerides were taken after an overnight
fast and assayed with commercially available kits (Eiken Chemical, Tokyo,
Japan).

Histological analysis. Small pieces of BAT and retroperitoneal WAT and
liver were removed and rinsed with saline. The tissues were fixed with 10%
formalin and embedded in paraffin. Tissue sections were cut at a thickness of
20 pm and stained with hematoxylin and eosin.

Triglycerides in adipose tissues. Adipose tissue (100 mg) was homogenized
in 2 ml of solution containing 150 mmol/l sodium chloride, 0.1% Triton X-100,
and 10 mmol/l Tris, pH 8.0, at 50°C using a polytron homogenizer (NS-310E;
Micro Tech Nichion, Chiba, Japan) for 1 min. The triglyceride content of this
100-p.1 homogenized solution was determined by a determiner triglyceride kit
(Eiken Med, Tokyo, Japan).

Preparation of cDNA probe. Primers for PCR were designed for the coding
region of the UCP1 gene (GenBank accession no. U63419; upstream primer,
5'-TACACGGGGACCTACAATGCT-3": reverse primer, 5'-TCGCACAGCTTGG
T-ACGCTT-3"). Reverse-transcription of 10 pg total RNA from C57BL/6 mice
was performed using Moloney murine leukemia virus reverse transcriptase
(Life Technologies, Gaithersburg, MD). PCR was carried out with Tag DNA
polymerase (Amersham International, Buckinghamshire, England) and 20-
pmol primers. The reaction profiles were as follows: denaturation at 94°C for
1 min, annealing at 50°C for 1 min, and extension at 72°C for 1 min, for 30
cycles. The PCR fragment was subcloned into pCRTM2.1 vector (TA cloning
kit; Invitrogen, San Diego, CA), and the nucleotide sequence of amplified
cDNA was confirmed by sequencing. The nucleotide sequences were deter-
mined by the dideoxynucleotide chain termination method, using synthetic
oligonucleotide primers, which were complementary to the vector sequence
and ABI373A automated DNA Sequencing System (Perkin-Elmer, Norwalk,
CT). The UCP2 and UCP3 probes were generated in an analogous fashion
according to a previous report (35).

RNA extraction and Northern blot analysis. Total cellular RNA was
prepared from various mouse tissues with the use of TRIzol (Lifetech, Tokyo,
Japan) according to the manufacturer’s protocol. Total RNA (20 pg) was
electrophoresed on 1.2% formaldehyde-agarose gel, and the separated RNA
was transferred onto a Biodyne B membrane (Pall Canada, ON, Canada) in
20X saline sodium citrate by capillary blotting and immobilized by exposure
to ultraviolet light (0.80 J). Prehybridization and hybridization were carried
out according to the method described by the manufacturer’s protocol. After
washing the membranes, the hybridization signals were analyzed with a
BIO-image analyzer BAS 2000 (Fuji Film Institution, Tokyo, Japan). The
membranes were stripped by exposure to boiling at 0.1% SDS and rehybridized
with a ribosomal RNA that was used to quantify the amounts of RNA species
on the blots.

Measurement of SNA. Experiments were carried out using a mixture of
urethame (0.8 g/kg) and a-chloralose (80 mg/kg) as anesthesia. After dissec-
tion of the fine branches of the intercostal nerves supplying BAT, the nerves
were cut in the region where they entered the BAT. Nerve activity was
detected by a pair of silver wire electrodes that were immersed in a mixture
of liquid paraffin and white petroleum jelly to prevent dehydration. The action
potential was amplified and filtered at low- and high-frequency cutoffs. The
nerve signal was distinguished from background noise using a window
discriminator that enabled selection of action potentials right above a
background threshold voltage level. All of the nerve activities were analyzed
based on the values obtained after conversion of raw data to standard pulses
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FIG. 1. Effects of intraperitoneal adiponectin infusion on cumulative food intake (A), body weight change (B), tissue weight (C), triglyceride
content (D), and histology of WAT and/or liver (E) in A%a obese mice treated with either adiponectin (AD), PBS (control [CONT]). M,
mesenteric; r, retroperitoneal fat; e, epididymal fat. Each value and vertical bar represents the mean = SE. *P < 0.05, **P < 0.01 vs. the
corresponding PBS controls. N.S., not significant vs. the corresponding PBS controls. Scale bar denotes 100 pm.

using an analog-digital converter. Impulses were integrated by a rate meter
with a reset time of 5 s, and they were recorded by a pen recorder. To
determine the background firing rate of sympathetic nerves, changes in the
nerve activity following a bolus ICV infusion of adiponectin (15 pg/kg PBS,
over 10 min) and intraperitoneal infusion of adiponectin (1.5 mg/kg PBS, over
10 min) or PBS were measured up to a maximum of 80 min. Calculation of the
nerve activity was carried out at 20 min before, immediately before, and 15, 30,
45, and 60 min after adiponectin infusion. Each value after the infusion was
expressed as the percentage of difference from the initial value. Details of the
recording of nerve activity have been described elsewhere (36).

Measurement of c-fos-like immunoreactivity. On the test day, mice were
given an ICV infusion of 0, 150 ng/kg, 1.5 png/kg, and 15 pg/kg adiponectin or
PBS (n 4-6 for each). Then, 1.5 h after the injection, mice were
anesthetized with Nembutal (3.3 ml/kg i.p.) and perfused transcardially with
isotonic PBS, followed by 4% paraformaldehyde in 0.1 mol/l phosphate buffer.
Brains were removed and postfixed for 24 h before processing for c-fos-like
immunoreactivity . Slices (40 pm) were cut from the brain with a vibrotome.
Slices were then transferred without rinsing to the primary antibody solution,
consisting of 0.005 g/ml polyclonal rabbit antiserum (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), with specificity to residues 3-16 of the c-fos protein.
After 24 h of incubation on ice, the slices were washed three times in PBS and
processed with the ABC method (Vector Laboratories, Burlingame, CA).
Slices were transferred to biotinylated anti-rabbit antibody for 1 h, washed,
transferred to avidin-biotinylated peroxidase for 1 h, washed, and developed
with diaminobenzidine substrate for 6 min. Slices were then washed, mounted
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on slides, and coverslipped with Permount. Sections were examined for
c-fos-like immunoreactivity (Olympus Optical, Tokyo, Japan) including the
paraventricular nucleus (PVN), dorsomedial hypothalamus, lateral hypotha-
lamic area, arcuate nucleus (ARC) and ventromedial hypothalamus (VMH)
area based on Paxinos and Flanklins mice atlas (34).

Statistical analysis. All the data were expressed as the mean = SEM. The
statistical analysis of difference was assessed by the unpaired ¢ test, and
two-way ANOVA for multiple comparisons was used where appropriate.

RESULTS

Effects of adiponectin on cumulative food intake and
body weight. As shown in Fig. 14, cumulative food intake
was not affected by adiponectin treatment (1.5 mg/kg i.p.
for 7 days) compared with PBS-treated AY/a controls (P >
0.1). On the contrary, the physiological increase in body
weight was attenuated by 1.5 mg/kg i.p. adiponectin treat-
ment compared with PBS-treated AY/a mice (P < 0.05)
(Fig. 1B). The body weight change was dependent on the
peripheral dose of adiponectin when given intraperitone-
ally for 7 days (0, 2.2 = 0.4 g; 15 ng/kg, 1.7 = 0.2 g; 150
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FIG. 2. Effects of adiponectin infusion on SNA (A) in BAT, rectal temperature (B), and histology of BAT (C) treated with either adiponectin (AD)
or PBS (control [CONT]). Changes in discharge of sympathetic nerve after intraperitoneal infusion of adiponectin. Vertical axis, nerve impulses
per 5 s. Horizontal bars, scale for 10 min. Each value is expressed as percentage of PBS controls with statistical significance marked in
parentheses. *P < 0.05, **P < 0.01 vs. the corresponding PBS controls. Scale bar denotes 100 pm.

pg/kg, 1.6 £ 0.2 g and 1.5 mg/kg, 0.3 =
correlation = 0.83, P < 0.01).

Effects of adiponectin on serum glucose, insulin, and
triglyceride. Adiponectin treatment (1.5 mg/kg i.p. for 7
days) decreased serum glucose (137.8 = 29.9 vs. 231.5 =
31.8 mg/dl), insulin (2.2 *= 0.8 vs. 7.3 = 1.5 ng/dl), and
triglyceride (119.3 = 11.2 vs. 194.5 = 26.4 mg/dl) levels
compared with PBS-treated AY/a mice (all P < 0.05).
Effects of adiponectin on body fat accumulation and
triglyceride content in BAT, WAT, and liver. Adi-
ponectin treatment showed a decrease in the weight of
visceral WAT including epididymal, retroperitoneal, and
mesenteric fat tissue compared with the control mice (P <
0.01) but no change in the weight of kidney or heart (Fig.
1C). Adiponectin treatment also decreased triglyceride
content of the retroperitoneal WAT (23.7 = 4.8 vs. 47.6 =
4.4 mg/dl) (Fig. 1D) and liver (21.6 = 0.9 vs. 34.2 £ 2.5
mg/dl) as compared with the A%a control mice, respec-
tively (P < 0.01). Histological analysis showed that adi-
ponectin treatment decreased fat deposition in BAT,
retroperitoneal WAT, and liver compared with A%a con-
trols (Figs. 1E and 2C).

0.1 g ip.:
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Effects of adiponectin on SNA in BAT and body
temperature. Figure 2A shows the typical response of
BAT SNA to the acute administration of adiponectin (1.5
mg/kg i.p., one injection). Adiponectin treatment increased
BAT SNA immediately after administration. The changes
in activity of intraperitoneal sympathetic efferent nerves
innervating BAT following intraperitoneal infusion of adi-
ponectin are shown in Fig. 2. Figure 2A illustrates a typical
recording of the efferent nerve activity. After intraperito-
neal infusion of adiponectin, sympathetic efferent nerve
activity showed a sustained increase throughout the infu-
sion. The percentage change from the baseline value of the
nerve activity after the infusion is shown in Fig. 2A. The
mean discharge rate was 90.1 = 7.7, 80.5 £ 8.2, 125.1 =
15.4, 152.3 = 7.5, 170.1 = 7.3, and 217.5 = 12.3 impulses/b
s at 15 min before; 0 immediately before; and 15, 30, 45,
and 60 min after the infusion, respectively (P < 0.01) (Fig.
2A). PBS infusion did not show any remarkable change in
sympathetic nerve activity (P > 0.1) (Fig. 24). As shown in
Fig. 2B, adiponectin treatment (1.5 mg/kg i.p., one injec-
tion) also increased rectal temperature by 0.3—0.5°C com-
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FIG. 3. Effects of intraperitoneal adiponectin infusion on UCP1 mRNA expression in BAT (4), UCP2 mRNA expression in WAT (B), UCP3 mRNA
expression in skeletal muscle (MSL) (C) in A%a obese mice treated with either adiponectin (AD) or PBS (control [CONT]). The columns
represent the mean + SE with each value expressed as percentage of PBS controls. **P < 0.01 vs. the corresponding PBS controls.

pared with AY%a controls 60 min after the infusion (P <
0.05).

Effects of adiponectin on BAT UCP1, WAT UCP2, and
skeletal muscle UCP3 mRNA expression. Figure 34
shows the change in BAT UCP1 mRNA levels after treat-
ment with adiponectin (1.5 mg/kg i.p. for 7 days). BAT
UCP1 mRNA expression was increased by 98% after treat-
ment with adiponectin compared with the AY%a controls
(P < 0.05) (Fig. 3A). WAT UCP2 mRNA expression and
skeletal muscle UCP3 mRNA expression were also in-
creased by 68 and 125%, respectively, after treatment with
adiponectin compared with PBS-treated AY/a mice (P <
0.01 for each) (Fig. 3).

Effect of central administration of adiponectin on
food intake, body weight, UCP mRNA expression, and
BAT SNA hypothalamic c-fos-like immunoreactivity.
Compared with the controls, food intake, body weight, and
UCP mRNA expression were not significantly changed by
the ICV application of adiponectin (0, 150 ng/kg, 1.5 ng/kg,
and 15 pg/kg ICV for 7 days). Figure 4A and B shows the
changes in food intake and body weight in response to 7
days central administration of adiponectin (15 pg/kg ICV
for 7 days). Figure 4C shows changes in BAT SNA in
response to the acute central administration of adiponec-
tin (15 pg/kg ICV, one injection). BAT SNA showed no
remarkable changes after administration of adiponectin
(P > 0.1) (Fig. 4C). The central administration of adi-
ponectin did not induce expression of c-fos-like immuno-
reactivity in discrete hypothalamic regions (cell counts;
PVN 25 * 8 vs. 30 = 12 vs. ICV group 25 = 8, VMH: 10 =
4vs.8 + 3vs. ICV group 10 = 4, ARC: 8 £ 2vs. 7 £ 3 vs.
ICV group, and LH: 6 = 2 vs. 5 = 2 for all treated versus
controls, P > 0.1). Figure 4D shows an example of a
c-fos-like immunoreactivity study indicating no remark-
able change in c-fos-like immunoreactivity expression in
the PVN after adiponectin treatment (15 pg/kg ICV, one
injection) (Fig. 4F).

DISCUSSION

In agreement with previous studies (14,15), the present
study demonstrated that the peripheral administration of
adiponectin attenuated body weight gain and reduced
body adiposity. The present study indicates that the adi-
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ponectin-induced attenuation of body weight gain may be
the result of a reduction in visceral adiposity, since the
weight of other organs, such as heart and kidney, have
shown no remarkable change after treatment. The histo-
logical analysis also showed a reduction in fat deposition
in visceral WAT and liver after adiponectin treatment. It is
well established that visceral fat plays a key role in the
pathogenesis of obesity-related metabolic disorders (37).
In fact, reflecting the reduction in visceral adiposity,
hyperglycemia and hyperinsulinemia in AY/a obese mice
were partially improved by adiponectin treatment. Taken
together, previous studies and the present results indicate
that the reduction of visceral fat by adiponectin may
contribute to the normalization of these metabolic disor-
ders.

Another interesting point of the present study is that
adiponectin treatment affects body weight and adiposity
without influencing food intake. From the viewpoint of
energy balance, we must focus on the effect of adiponectin
on energy expenditure. It is well known that BAT plays an
important role in thermogenesis and energy expenditure
through the function of UCP1 (38-41). The physiological
functions of BAT and gene expression of UCP1 are under
the control of the sympathetic nervous system and hypo-
thalamus (29-31). In the AY/a obese mice, brown adipo-
cytes showed hypertrophy reflecting increased fat
deposition. These morphologic changes of brown adipo-
cytes in obese animals may induce disturbance of BAT
function to regulate energy expenditure and thermogene-
sis. In fact, body temperature and/or mRNA expressions of
BAT UCP1 in obese mice were lower than that in their lean
littermates (40,41). A previous study demonstrated that
transgenic mice with a BAT deficiency due to UCP1
promoter-driven diphtheria toxin A expression develop
obesity that is initially due to decreased energy expendi-
ture (42). In the present study, peripheral adiponectin
treatment induced an increase in BAT SNA and BAT UCP1
mRNA expression accompanied by morphologic changes
of brown adipocytes, such as reduced fat deposition. In
addition, our unpublished observations (T.Y. and H.Y.)
demonstrate that similar changes of BAT SNA by adi-
ponectin are observed in both lean and obese models.
Rectal temperature was also elevated by adiponectin

DIABETES, VOL. 52, SEPTEMBER 2003
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FIG. 4. Central effects of adiponectin infusion on cumulative food intake (A), body weight change (B), SNA in BAT (C), and hypothalamic
c-fos-like immunoreactivity (D) in A%a obese mice treated with either ICV adiponectin (AD ICV) or PBS (control [CONT]). E: Representative
photomicrographs of c-fos-like immunoreactivity in PVN. N.S., not significant vs. the corresponding PBS controls.

treatment, indicating acceleration of BAT thermogenesis.
These findings indicate that adiponectin may enhance
energy expenditure by an increase in BAT SNA and
consequent upregulation of BAT UCPL. Thus, it is likely
that the combined effects of these morphologic and func-
tional changes of brown adipocytes induced by adiponec-
tin treatment may have a protective effect against the
development of obesity in AY/a mice.

DIABETES, VOL. 52, SEPTEMBER 2003

In the present study, adiponectin treatment increased
UCP2 mRNA expression in WAT, in agreement with a
previous report (14), and increased UCP3 mRNA expres-
sion in skeletal muscle. Adiponectin treatment increased
BAT SNA in the present study. Since both WAT UCP2 and
skeletal muscle UCP3 mRNA expression are influenced by
sympathetic nerve activity (43), it is probable that adi-
ponectin accelerates WAT UCP2 and skeletal muscle
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UCP3 expression through activation of sympathetic nerve,
innervating both tissues. However, the functional roles of
adiponectin-induced WAT UCP2 and skeletal muscle
UCP3 are still unknown, since there is little evidence
supporting energy expenditure functions for UCP2 and
UCP3.

The present study showed that peripheral administra-
tion of adiponectin failed to affect food intake, although it
clearly changed adiposity in peripheral tissue. Since adi-
ponectin has a high molecular weight (1-4,11), it is
expected that it cannot cross the blood-brain barrier under
physiological conditions. This may be one of the reasons
why peripheral treatment with adiponectin cannot induce
central action, such as the regulation of food intake.
Leptin, another fat tissue—derived regulator for energy
metabolism, regulates both food intake and energy expen-
diture through action in the hypothalamus (18,19). There-
fore, the difference in the actions of adiponectin and
leptin, especially the effect on food intake, led us to
hypothesize that the target of adiponectin differs from that
of leptin. To examine whether adiponectin regulates adi-
posity as well as energy expenditure by peripheral or
central mechanisms, we analyzed the effect of ICV admin-
istration of adiponectin on food intake, body weight, BAT
SNA, and expressions of BAT UCP1 mRNA and hypotha-
lamic c-fos-like immunoreactivity. ICV administration of
adiponectin induced no remarkable change in these pa-
rameters compared with the controls. These data indicate
that adiponectin may regulate body weight, SNA, and UCP
mRNA expression predominantly by acting directly on the
peripheral mechanism. However, the possibilities that a
smaller form, such as globular adiponectin, centrally af-
fects energy metabolism or that the dose of adiponectin
given was too low for central adiponectin effects cannot be
excluded.

Next, we must discuss how adiponectin upregulates
BAT SNA and UCPI, if this regulatory function does not
originate from the hypothalamic neural circuit. It is possi-
ble that adiponectin may regulate BAT SNA through
neuronal reflex loop from peripheral adiponectin sensor to
sympathetic nerve. For example, an infusion of glucose
into the hepatic portal vein increases efferent sympathetic
nerve activity to BAT (44). If such a reflex pathway is
involved in adiponectin signaling to regulate BAT SNA,
several factors including peripheral sensor, afferent vagal
nerve, relay neurons in the brain stem, and efferent
sympathetic nerve may constitute this reflex loop. In any
case, the mechanism needs further clarification and merits
further study.

In summary, we demonstrated that administration of
adiponectin attenuates body weight gain and decreases
adiposity in AY/a obese mice by affecting BAT SNA and
UCP mRNA expression. It is suggested that the reduction
in visceral fat mass, prevention of adipocyte hypertrophy,
and acceleration of energy expenditure under the influ-
ence of adiponectin may contribute to the amelioration of
obesity and insulin resistance.
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