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patients with type 2 DM. In the present study, we investigated
whether increased adiponectin levels are associated with
hippocampus volume and insulin resistance in patients with
type 2 DM.

2. Subjects and methods
2.1.  Subjects

We screened patients seen at the Department of Endocrinol-
ogy of Oita Red Cross Hospital between Jun 2008 and Jun 2010
for the treatment of type 2 DM, detected by medical
examination. Of these patients, 45 Japanese men aged
between 50 and 75 years (mean (SD) age 65 x 8 years)
fulfilled the inclusion criteria and were enrolled in the present
study. All subjects gave written informed consent to partic-
ipate in the study. The study protocol was approved by the
ethics committee of Oita Red Cross Hospital.

2.2. Assays

Blood was extracted from the antecubital vein from patients
in the recumbent position at 7:00 am after an overnight fast.
All patients underwent routine laboratory tests, including
assays for serum electrolytes, total cholesterol, triglycerides,
high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), fasting serum glucose (FSG),
and fasting immunoreactive insulin (F-IRI). Insulin resistance
was evaluated by the homeostasis model assessment (HOMA)
index, calculated as fasting serum insulin (WU/mL) x fasting
serum glucose (mmol/L) / 22.5 [15]. The concentrations of
total adiponectin, including trimers, hexamers and a high-
molecular weight form, were measured using a commercially
available enzyme-linked immunosorbent assay kit (Otsuka
Pharmaceuticals, Tokyo, Japan). The serum adiponectin cutoff
was 4.0 pg/mL, a value that has been used previously [16].

2.3.  Cognitive performance

Cognitive function was measured using the mini-mental state
examination (MMSE) [17], a 23-item global cognitive function
test that includes questions on orientation in time and place,
attention, language, memory and visual construction. Scores
range from 0 to 30, and the cutoff value of 27 suggests mild
impairment of cognition.

2.4.  Voxel-based analysis

Running on Windows XP, VSRAD compares the gray matter
image of an individual patient to the mean (SD) gray matter
images using voxel-by-voxel Z-score analysis after voxel
normalization to global mean intensities in the same manner
as is implemented in the easy Z-score imaging system. A
group of aged-matched healthy subjects was selected for each
group of patients in this study. The control subjects did not
have DM, showed no clinical evidence of cognitive deficits or
neurologic disease, and were not receiving short- or long-term
drug therapy at the time of imaging. They had no abnormal
findings in their images, disregarding age-related atrophy and

white matter changes in T2-weighted images. Each patient
gray matter image was compared to the mean (SD) gray
matter images using voxel-by-voxel Z-score analysis after
voxel normalization to global mean intensities. The following
formula was used: Z-score = (control mean - individual
value) / (control SD). Z-score maps were displayed by
overlaying on tomographic sections. VSRAD can automatical-
ly analyze the data as a series of segmentation, anatomical
standardization and smoothing using SPM2 without a
MATLAB program and performs Z-score analysis of the
bilateral temporal areas [18,19].

2.5.  Statistical analysis

Data are presented as the mean + SD. Differences between
the two groups were analyzed by unpaired Student’s t test, chi-
square test, or Fisher’s exact probability test. A P value of < .05
was considered statistically significant. Simple (Spearman’s
rank) correlation coefficients were calculated for correlations
between adiponectin and various parameters. Stepwise mul-
tiple regression analysis was performed.

3. Results

The mean ages of the patients with type 2 DM in the low and
normal adiponectin groups were similar, and there were no
significant differences between the groups with respect to
duration of diabetes or administered medications. Body mass
index (BMI) was higher in the low adiponectin group than in
the normal adiponectin group. Resting heart rate and systolic
and diastolic blood pressure did not differ significantly
between the two groups.

Fasting serum glucose and insulin concentrations and
HOMA index values were all higher in the low adiponectin
group than in the normal adiponectin group. However, there
was no significant difference in hemoglobin Alc percentage
between the two groups. The serum concentrations of tri-
glycerides and HDL-C were respectively higher and lower in
the low adiponectin group, as compared to the normal
adiponectin group. Serum total cholesterol, LDL-C and uric
acid levels did not differ significantly between the two groups.
Measures of renal function, including serum creatinine
concentration, were similar in the two groups.

Cognitive performance, assessed by MMSE score, did not
differ significantly between the two groups. However, hippo-
campus volume was lower in the low adiponectin group than
in the normal adiponectin group (P < .0001).

Table 1 shows the correlations between adiponectin level
and age, body mass index, and other variables in both groups.
Adiponectin levels were negatively correlated with BMI,
fasting serum glucose concentration, fasting serum insulin
concentration, HOMA index value, and Z-score, but were
positively correlated with HDL-C.

Multiple regression analysis was performed using a
stepwise procedure. BMI, waist circumference, TGL, HDL-C,
FSG, F-IRI, HOMA index and hippocampus atrophy were
included as variables in the multiple regression analysis.
The level of adiponectin was independently predicted by
Z-score (F = 16.974) and HOMA index (F = 22.109) (Table 2).
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Table 1 - Correlations between adiponectin and various
parameters,

~ Parameters

Age. oo 0075 6245

Duration of dlabetes mellitus: ©=0.205° 1722
Body mass index ) : - —0.430 -.0032
Waist c1rcumferences : 0.366 .0104
Systohc blood pressure -0.183 ' .2295
Diastolic blood pressure ~0.207 1729
Heart rate -0.111 4681
Total cholesterol -0.238 1157
Triglyceride -0.349 0187
High-density lipoprotein cholesterol - 0.339 .0225
Low-density lipoprotein cholesterol -0.253 .0942
Uric acid -0.254 " 0924
Fasting serum glucose -0.510 .0003
Fasting insulin L0615 <0001
Homeosta51s model assessment index -0.671 <.0001
Hemoglobin Alc -0.053 .7308
Creatinine . ~-0.066" 6673
MMSE 0.258 .0870
Hippocampus atrophy (Z-score) -0.634 <.0001

MMSE' = mini-mental status examination.

4, Discussion

Patients with type 2 DM with low adiponectin levels showed a
decrease in hippocampus volume in the present study.
Among the metabolic parameters we investigated, fasting
serum concentrations of glucose and insulin and HOMA index
were higher in patients with low adiponectin levels than in
those with normal adiponectin levels. In addition, multiple
regression analysis revealed that serum adiponectin levels in
patients with type 2 DM could be independently predicted by
HOMA index and hippocampus volume. It is possible that type
2 DM plus decreased adiponectin level is a predictor of
hippocampus volume.

Several mechanisms could explain our observations. First,
adiponectin has a neuroprotective effect on hippocampal
neurons [20]. Treatment with adiponectin preserves the
integrity of the blood-brain barrier and has a neuroprotective
effect on hippocampal neurons [20]. Second, adiponectin
plays a direct protective role against atherosclerotic vascular
change, and loss of effects enhances endothelial dysfunction
in the brain. Circulating adiponectin is strongly linked to
protection against endothelial cell damage [8]. Third, adipo-
nectin plays a role in the pathogenesis of multiple sclerosis
and Alzheimer's disease [13,14]. Taken together, these
findings suggest that the hippocampus and adiponectin
interact and reinforce each other through mechanisms that
may be associated with neuroprotective and vasculoprotec-
tive effects.

This study has several limitations. First, the number of
patients was small. Large cohort studies including other
populations may be beneficial for elucidating these relation-
ships. Second, the Z-score-based neuroimaging method we
used is not a standard method and it is unclear whether the

Table 2-Stepwise regression analysis between
diponectin and other parameters

Independent  Regression Standard Standard F alue
variable coefﬁc1ent error regre sion ,
L © coefficient

1‘3;‘2'11" g

“To adiponectin

intercept Lo S S ~
Hippocampus ~ -3.295 0.801 —0.435 16.974

' volume (Z-score) : g
HOMA index ~ -1.681 0.358 ~0.496 22.109

'HOMA = homeostasis model assessment.

Z-score can be directly translated into a measure of hippo-
campus volume without explicit anatomic segmentation of
the MR images (as was performed in the present study). Other
neuroimaging methods are needed to determine the relation-
ships between adiponectin, metabolic parameters and hippo-
campus volume in the future.

In conclusion, our findings suggest that hypoadiponecti-
nemia is associated with hippocampus volume.
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To clarify the functional roles of urotensin II in regulating energy balance, we investigated the effects
of a central infusion of urotensin Il on food intake, uncoupling protein (UCP) 1 mRNA expression, tem-
perature, and sympathetic nervous system activity in brown adipose tissue (BAT), a site that regulates
energy expenditure in rodents. A bolus central infusion of urotensin Il at a dose of 1 nmol/rat into the
third cerebral ventricle decreased food intake (p<0.05). Additionally, urotensin II induced c-Fos-like-
immunoreactivity (c-FLI) in the paraventricular nucleus (PVN) as compared with that in the control
(phosphate buffered saline [PBS]-treated) group. Furthermore, urotensin II increased BAT UCP 1 mRNA
expression (p<0.05). Finally, central infusion of urotensin II significantly increased BAT sympathetic
nerve activity, which was accompanied by a significant elevation in BAT temperature (p <0.05) in rats.
Taken together, central infusion of urotensin Il regulates food intake and BAT sympathetic nerve activity
inrats.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Urotensin II is a vasoactive somatostatin-like cyclic peptide
that was originally isolated from the fish spinal cord [2,6] and
has since been cloned from humans [7]. Research on fish and
frog urotensin II has demonstrated the cardiovascular effects of
this peptide [11,13,24], which is involved in osmoregulation and
the regulation of lipid metabolism [6]. Furthermore, since the
urotensin Il receptor G-protein coupled receptor 14 (GPR14) is also
expressed extensively in glial cells within the brainstem, thalamus,
and hypothalamus [14], it may have additional activities.

Uncoupling protein (UCP) is an inner mitochondrial membrane
transporter of free fatty acids that dissipates the proton gradient
by releasing stored energy as heat [18]. UCP1 in brown adipose
tissue (BAT) plays a major role in energy expenditure and ther-
mogenesis in rodents and mammalian species, including humans.
BAT UCP1 is regulated by the sympathetic nervous system and sev-
eral peripheral factors [16,17]. To date, central administration of
feeding-related neuropeptides, such as melanin stimulating hor-
mone (MSH) and corticotropin releasing hormone (CRH), have been
shown to affect the activity of sympathetic nerves innervating BAT
[8,25].

* Corresponding author. Tel.: +81 975 86 5790/5792; fax: +81 975 49 4480.
E-mail address: masaki@oita-u.ac.jp (T. Masaki).

0196-9781/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.peptides.2012.03.001

Little is known regarding how an infusion of urotensin Il into the
third cerebral ventricle (i3vt) affects BAT. To address these issues,
the present study clarified the effects of acute central administra-
tion of urotensin I on BAT temperature, BAT sympathetic nerve
activity, and food intake.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (8-10 weeks old; Seac Yoshitomi,
Fukuoka, Japan) were maintained on a 12:12 h light:dark photope-
riod (lights on at 0700 h) in a temperature (21 + 1 °C) and humidity
(55 4 5%) controlled room. We used standard powdered food (CLEA
Japan, Tokyo, Japan) ad libitum. Daily food consumption and body
weights were measured at 1500 h. Measurements were monitored
4 and 24 h after urotensin Il infusion (1900 and 1500 h). All studies
were conducted in accordance with Oita Medical University Guide-
lines, which are based on the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

2.2. Reagents

Urotensin II (Sigma, St. Louis, MO) was dissolved in phosphate-
buffered saline (PBS) to a concentration of 1 x 104 M (adjusted pH
6.4-7.2). Solutions were prepared on the day of administration.
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2.3. Cerebroventricular cannula implantation

Each rat was fixed in a stereotaxic apparatus (Narishige, Japan)
under sodium pentobarbital anesthesia (45 mg/kg, i.p.) and a stain-
less steel guide cannula (23 gauge) was implanted chronically into
the i3vt. A stainless steel wire stylet (29 gauge) was left in the guide
cannula to keep it patent and prevent leakage of cerebrospinal fluid.
Surgery was carried out at least one week prior to the infusion of
the test solutions; the details of the surgical procedure have been
described elsewhere [28].

2.4. Measurement of food intake

All rats were handled for 5 min daily on three successive days
before each experiment to equilibrate their arousal levels. The rats
that underwent surgery were allowed to recover for five days before
the experiment. On the day of testing, the rats were confirmed to
have had normal food intake and have normal body weight. Eight
weight-matched rats were divided into two groups (n =4 for each)
and were treated with urotensin II (0, 0.01, 0.1, and 1nmol). The
dose of urotensin Il was based on our preliminary and previous
studies [12,14,15,23]. Test solutions were administered at 1900 h
to unrestrained, unanesthetized rats via an i3vt cannula at a rate of
1.0 pl/min for 10 min. Cumulative food consumption was measured
for 4 and 24 h after urotensin Il treatment. c-Fos-like immunoreac-
tivity (c-FLI), BAT UCP expression, and sympathetic nerve activity
were measured at 0, 1, 1.5, or 2 h after urotensin II treatment.

2.5. c-fos like immunoreactivity

To prevent stress-induced c-fos expression on the test day, rats
were regularly handled during recovery from surgery. On the test
day, rats were given i3vt infusion of urotensin II (1 nmol) or PBS
(n=4foreach). Then, 0, 1, 1.5 and 2 h after injection, rats were anes-
thetized with Nembutal (3.3 ml/kg, i.p.) and transcardially perfused
with isotonic PBS followed by 4% paraformaldehyde in 0.1 M phos-
phate buffer. Brains were removed and postfixed for 24 h and then
processed for c-FLIL Forty-micrometer slices were cut from the brain
with a microtome. Forebrain slices were made in the coronal plane
to allow visualization of the central nucleus of the various nuclei
of the hypothalamus [the PVN, ventromedial nucleus (VMH), arcu-
ate nucleus (ARC), and lateral hypothalamic area (LHA)]. Tissues
were rinsed (3x PBS), incubated for 1h in 0.3% H,0, in absolute
methanol to quench endogenous peroxidase, and rinsed (3 x PBS).
Slices were then transferred without rinsing to the primary anti-
body solution, consisting of 0.005 g/ml polyclonal rabbit anti-serum
(Santa Cruz Biotechnology Inc., Santa Cruz, CA), which recognizes
residues 3-16 of the c-Fos protein. After 24 h of incubation on ice,
slices were rinsed (3x PBS) and processed with the ABC method
(Vector Laboratories, Burlingame, CA). Slices were transferred to
biotinylated goat antirabbit antibody for 1h, rinsed, transferred to
avidin-biotinylated peroxidase for 1 h, rinsed, and developed with
diaminobenzidine substrate (6 min). Slices were rinsed, mounted
onslides, and coverslipped with Permount. Camera lucida drawings
of c-Fos-positive brain structures were prepared by an experi-
menter naive to group treatments. Care was taken so that structures
were scored in approximately the same plane. Drawings were
scored by blinded raters who recorded the number and location of
c-Fos-positive nuclei (Olympus Corp. Optical Co. Ltd., Tokyo, Japan).
Scores across raters were averaged for statistical analyses.

2.6. Real-time quantitative RT-PCR
BAT was dissected 1.5 h after urotensin Il treatment. BAT UCP1,

UCP2 and UCP3 mRNA was amplified by PCR and quantified
using real-time quantitative PCR as follows. Total cellular RNA

was prepared from BAT tissues using TRIzol (Lifetech, Tokyo,
Japan) according to the manufacturer’s protocol. Total RNA (20 p.g)
was electrophoresed on 1.2% formaldehyde agarose gels. RNA
quality and quantity were assessed using EtBr agarose gel elec-
trophoresis and by measuring the absorbance at 260 nm relative
to that at 280 nm. cDNA was synthesized from total RNA (150 ng)
in a volume of 20l using a ReverTra-Dash reverse transcrip-
tase kit (Toyobo, Tokyo, Japan) with random hexamer primers.
The reactions were diluted to 50 pl with sterile distilled water
and stored at —20°C. Primers were designed, synthesized, opti-
mized, and obtained as preoptimized kits: UCP1 (Catalog No.
Mm00494069m1), UCP2 (Catalog No. Mm00495907m1), and UCP3
(Catalog No. Mm00494074m1). Primers for ribosomal RNA for use
as an internal control was also obtained as a preoptimized kit (Cat-
alog No. Hs99999901). These preoptimized kits were purchased
from Applied Biosystems (Foster City, CA). Using an ABI PRISM
7000 sequence detector (Applied Biosystems), PCR amplification
was performed in 50-p] volumes containing 100 ng cDNA template
in PCR Master Mix (Roche, Nutley, NJ), according to the following
protocol: 50 days for 2 min, 95 °C for 10 min, and 40 cycles at 95°C
for 15s and 60°C for 1 min. Samples were analyzed in duplicate.
Target mRNA amounts were normalized to ribosomal RNA. In brief,
target genes and ribosomal RNA values were calculated from stan-
dard curves obtained by amplification of twofold serial dilutions
of cDNA from the tissue. We verified that the cDNAs and ribo-
somal RNA were amplified at approximately the same efficiency.
Results are expressed as the percent of ribosomal RNA-normalized
target mRNA in experimental groups vs. control groups. The resuits
were analyzed using sequence detection software (Applied Biosys-
tems), as outlined in PerkinElmer’s user bulletin no. 2 (PerkinElmer,
Wellesley, MA).

2.7. Measurement of BAT temperature

A plastic-coated thermocouple was inserted into the inter-
scapular BAT of rats, each with an i3vt cannula, under anesthesia
(urethane, a-chloralose; Sigma, Tokyo, JPN). The temperature was
measured at 10-min intervals for 60 min after urotensin II or PBS
was infused as described above.

2.8. Measurement of BAT sympathetic nerve activity

After being allowed 7-10 days to recover from surgery, exper-
iments were carried out under anesthesia. After dissection of the
fine branches of the intercostal nerves that supply the interscapu-
lar BAT, the nerves were transected where they entered the IBAT.
Electrical discharges were recorded from fine filaments placed
proximal to the transaction site using bipolar tungsten wire elec-
trodes immersed in heavy white mineral oil to prevent dehydration
of the nerves. Discharges were amplified through a condenser-
coupled differential input preamplifier and fed into a window
discriminator to differentiate signals from background noise. The
number of pulses was integrated over 5s. During stable periods
of neuronal activity, Urotensin Il was infused via a 30-gauge infu-
sion cannula that was lowered to 1 mm below the tip of the guide
cannula. Urotensin II was infused into the third ventricle (0 nmol,
0.01 nmol, 0.1 nmol and 1 nmol/10 1) over 10 min. Controls were
infused with PBS alone. The method used to record nerve has been
described elsewhere [19,25-27].

2.9. Statistical analysis

Differences among groups were assessed using two-way ANOVA
with repeated measures and the Dunnett test for multiple com-
parisons. A two-sided p value of less than 0.05 was considered
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Fig. 1. Effects of intra third cerebroventricular (i3vt) infusion of urotensin Il (1 nmol) or phosphate-buffered saline (PBS; control group) on cumulative 4 h (A) and 24 h (B)
food intake. Effects of i3vt infusion of urotensin II or PBS on c-fos in the Paraventricular nucleus (PVN). Representative photomicrographs of c-fos (C) and average c-fos
number in PVN (D). Effects of i3vt infusion of urotensin Il or PBS on BAT uncoupling protein (UCP)1, UCP2 and UCP3 mRNA expression (E). All data are the mean+SEM (n=4

per group). Uroteinsin II (U II). *p <0.05, **p<0.01 vs. controls.

statistically significant. The dose-dependent effects were assessed
by Fishers Z score.

3. Results

Central administration of urotensin II (1 nmol) caused a signif-
icant decrease in food intake over 4h as compared with control
animals (controls: 8.3+0.3 g vs. urotensin II: 5.7+0.6g; Fig. 1A;
p<0.05). Food consumption recovered within 24 h after urotensin
Il treatment (controls: 18.94+0.7 g vs. urotensin II: 17.8+1.1g;
Fig. 1B). »

The numbers of c-FLI-positive cells in the paraventricular
nucleus (PVN) are shown in Fig. 1C and D, and representative pho-
tomicrographs of the PVN are presented in Fig. 1C. Administration
of urotensin II to rats caused induction of c-FLI in the PVN after 1.5 h
(Fig. 1C and D; p <0.05), but not in the arcuate nucleus, ventrome-
dial nucleus, or lateral hypothalamic area as compared with thatin
the control group. Results of a time-course study with urotensin II
revealed that the best time for c-Fos expressioninthe PVNwas 1.5h
after treatment (Omin, 9+ 3; 60min, 85+16; 90 min, 127 + 26;
120 min, 71 415 per PVN).

Fig. 1E shows the changes in BAT UCP1, UCP2, and UCP3 mRNA
levels after urotensin II treatment. BAT UCP1 and UCP3 mRNA
expression increased after treatment with urotensin I as com-
pared with that in controls (p < 0.05 for each). No significant change

occurred in white adipose tissue (WAT) UCP2 mRNA expression in
the urotensin Il group as compared with the controls.

Ventricular infusion of urotensin Il caused a rapid and signif-
icant elevation in BAT temperature as compared with controls
(p<0.05) (Fig. 2A). In addition, BAT temperature reached a nadir
about 50-60 min after the infusion and gradually recovered.

Dose-dependent effects of urotensin Il were observed (R% =0.72,
p<0.01) on sympathetic nerve activity. Fig. 2B illustrates the typ-
ical responses of BAT sympathetic nerve activity in response to
the ventricular infusion of urotensin II. Sympathetic nerve activity
increased significantly after the central administration of urotensin
IL. This response reached a peak about 20-30 min after the infusion
and gradually recovered. Mean changes in sympathetic nerve activ-
ity in response to urotensin II treatment were statistically different
from those in the control (phosphate buffered saline [PBS]-treated)
group (p<0.05 or p<0.01; Fig. 2C).

4. Discussion

We initially investigated the acute effects of centrally admin-
istered urotensin II on BAT temperature and BAT sympathetic
nerves in urethane anesthetized rats. The results showed that
urotensin II treatment increased BAT temperature with a time
course similar to that seen for sympathetic nerve activity. It has
been reported previously that central administration of urotensin
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after i3vt infusion of urotensin II or PBS (C). Horizontal bars: 10-min time scale. All data are the mean + SEM (n=4 per group). 4 =urotensin I -treated animals. @ = control.

*p<0.05, **p<0.01 vs. controls.

II significantly increases rearing and grooming behaviors, and
increases motor activity in a familiar environment [10]. Central
administration of urotensin II produces presser and tachycardiac
responses through sympathetic activation [15]. Administration of
a B3 agonist increases UCP1T mRNA expression in BAT [29]. In the
present study, urotensin Il increased sympathetic nerve activity
and BAT UCP1 and UCP3 mRNA expression. Based on previous
studies, human urotensin II is known to increase plasma prolactin
and thyroid stimulating hormone levels [10] and chronic treat-
ment with thyroid hormone increases UCP1 mRNA expression in
BAT [17]. It is therefore possible that thyroid hormone might have
modulated BAT sympathetic nerve activity in the present study.
Sympathetic nerve activity and food intake are reciprocally
related in a number of experimental settings [3,4], including
hypothalamic lesions, peptide injection, or treatment with several
drugs. MSH decreases food intake when injected into the third cere-
broventricle and increases BAT sympathetic nerve activity [25]. In
addition, injection of CRH into the third cerebroventricle decreases
food intake and increases BAT sympathetic nerve activity [1,8]. In
the present study, urotensin Il decreased food intake and increased

BAT sympathetic nerve activity. These results are consistent with
previous studies suggesting that increased food intake is usually
associated with low levels of sympathetic activity and vice versa
[3,4]. Additionally, these responses were accompanied by corre-
sponding changes in BAT temperature, another parameter of UCP1
function. Collectively, our results indicate that urotensin Il may
regulate energy expenditure and thermogenesis during the acute
phase through efferent sympathetic nerves.

A great deal of interest has been focused on the urotensin II
system in relation to health and disease [21]. Previous studies
have suggested a relationship between urotensin I and metabolic
syndrome, including obesity, hypertension, insulin resistance,
hyperglycemia, and lipid metabolism. Indeed, some reports suggest
that urotensin Il is a marker for disease activity [9,20]. Urotensin I
is associated with insulin resistance and type 2 diabetes. Increases
in adipose tissue elevate free fatty acid levels in the plasma via
both the hydrolysis of triglycerides and the lipolysis of lipopro-
teins. Lipolytic enzyme activity within adipose tissue is significantly
enhanced by urotensin II treatment [22]. In addition to systolic and
diastolic blood pressure, plasma urotensin II levels are correlated
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with body weight [5]. Our results demonstrated that central admin-
istration of urotensin II regulates not only food intake but also
BAT UCP mRNA expression and sympathetic nerve activity. Taken
together, these studies indicate that the urotensin II system is also
involved in obesity and may be a target for therapeutic intervention
for metabolic syndrome.
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ARTICLEINFO ABSTRACT

Article history: The intestine plays important roles in the regulation of feeding behavior by sensing
Received 2 December 2011 macronutrients. Intestinal fatty acids strongly suppress food intake, but little is known
Accepted 23 February 2012 about whether intestinal fatty acids affect food preference. We investigated the effects of

jejunal fatty acids infusion on food preference by conducting two-diet choice experiments in
rats fed a high-fat diet (HFD) and a high-carbohydrate diet (HCD). Jejunal linoleic acid (18:2)
infusion reduced HFD intake dose-dependently, while HCD intake increased with the middle
dose of the infusion we examined (100 pL/h) and reduced to the control level with the higher
doses (150 and 200 uL/h). a-Linolenic acid (18:3), but not caprylic acid (8:0), altered the food
preference and total calorie intake in the same manner as linoleic acid. Linoleic acid infusion
dose-dependently increased plasma glucagon-like peptide-1, peptide YY and cholecystokinin
levels, but not ghrelin levels. Subdiaphragmatic vagotomy or midbrain transection prevented
the change in food preference and total calorie intake by linoleic acid infusion. Jejunal linoleic
acid infusion increased norepinephrine turnover in the paraventricular hypothalamic
nucleus, while intracerebroventricular injection of idazoxan, an a2-adrenergic receptor (AR)
antagonist, suppressed the increased HCD intake, but did not affect the decreased HFD intake.
These findings indicated that intestinal long-chain fatty acids modulated food preference as
well as total calorie intake via the vagal nerve and midbrain-hypothalamic neural pathways.
The effects of the «2-AR antagonist in the brain suggested that the brain distinctly controlled
HCD and HFD intake in response to jejunal linoleic acid infusion.
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1. Introduction

Humans as well as rodents show a strong preference for fat
diets [1-4]. Obese subjects show a greater preference for
fatty foods than non-obese subjects [3,4]. Correcting the
preference for food stuffs is a beneficial treatment for obese
or type 2 diabetes mellitus patients [5]. The intestine has
important roles in the regulation of energy homeostasis as
well as the principal roles in the digestion and absorption of
nutrients. It has been postulated that the intestine has
specific cells that express receptors for nutrient perception
and transmit signals to the brain [6-11]. Long-chain fatty
acids potently suppress food intake, compared with short-
or medium-chain fatty acids [12]. Intestinal fatty acids
stimulate the release of anorectic gut hormones [13-15]
and increase the levels of fatty acid derivative [16,17],
subsequently transmitting the visceral sensory information
to the hypothalamus and brain stem via the vagal afferent
nerve and/or through the bloodstream [17-20]. The suppres-
sion of food intake in response to intestinal fatty acids is
partially reversed by vagal denervation [21]. Short-term
infusion of oleic acid increases the levels of intestinal
oleylethanolamide thereby decreasing food intake through
the activation of nuclear receptor PPAR-« and vagal afferent
nerves [16,17]. However, the effect of fatty acid infusion on
food preference remains elusive. To determine the regula-
tory role of intestinal fatty acids in food preference, we
conducted food-choice experiments in rats with jejunal fatty
acid infusion. The rats were given a free choice of a high-fat
diet (HFD) and a high-carbohydrate diet (HCD), because fats
and carbohydrates are the main sources of food energy. We
found that jejunal infusion of long-chain fatty acids,
including linoleic acid, preferentially suppressed HFD intake
but not HCD intake. HCD intake was rather increased with
the middle dose of linoleic acid (100 uL/h), and then
decreased to the control level with the higher infusion
doses (=150 uL/h).

Visceral sensory information is transmitted to the
nucleus of the solitary tract (NTS) via the vagal afferent
nerves [22]. The signals are then relayed to not only the
hypothalamus but also the mesolimbic “reward” circuits
through the dorsal and ventral bundles of catecholaminer-
gic neurons, which include dopamine (DA) neurons origi-
nating from the ventral tegmental area and reaching the
nucleus accumbens (NAc) [23]. It has been shown that
norepinephrine (NE) injection into the paraventricular
hypothalamic nucleus (PVH) preferentially stimulates car-
bohydrate feeding through the «2-adrenergic receptor (AR)
[24,25]. Orosensory stimuli derived with corn oil or high-fat
feeding also increase DA release in the NAc [26,27].
Therefore, assuming that neuronal pathways and brain
areas are involved in the change in food preference after
jejunal fatty acid infusion, we investigated the effects of
vagotomy and midbrain transaction, the NE and DA
turnovers in these brain areas, and the effects of a specific
«2-AR antagonist in the brain. Jejunal linoleic acid infusion
modulated food preference through the vagal nerve and
midbrain-hypothalamic neural pathways and NE system in
the PVH.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (Charles River Japan, Shiga, Japan)
weighing 280-320 g at surgery were housed individually in
cages under controlled temperature (22-24 °C) and light (lights
on 22:00-10:00) conditions. The rats were given access to both
an HFD and an HCD. Macronutrient sources and compositions
were indicated in Table 1. Energy contents of the diets were
5.1 kcal/g for the HFD and 3.3 kcal/g for the HCD, respectively.
All procedures were conducted in accordance with the
Japanese Physiological Society guidelines for animal care.

2.2. Intrajejunal cannulation

Prior to surgery, the rats were fasted overnight and then
anesthetized with intraperitoneal 50 mg/kg pentobarbital
sodium (Abbott Laboratories, Chicago, IL). After abdominal
celiotomy, a polyethylene tube (SP28; I.D. 0.4 mm, O.D. 0.8;
mm, Natsume, Tokyo, Japan) was inserted into the duode-
num (5 cm from the pylorus). The end of the tube reached
the proximal jejunum (10 cm from the pylorus). The tube
was fixed to the entrance of the intestine with silk sutures.
The opposite end of the tube was threaded through the
opening in the abdominal wall and tunneled subcutaneously
to the dorsal surface of the neck, where a Dacron mesh
anchor button (DC95; Instech Solomon, Plymouth Meeting,
PA) was implanted. The tube was also fixed to the ventral
abdominal wall and the anchor button mesh using silk
sutures. The rats were allowed to recover for 1-2 weeks and
become sufficiently adapted to the continuous infusion
apparatus (Instech Solomon) before further experiments
were performed. Daily food intakes of both diets were
monitored continuously to assess the recovery after surgery
and adaptation to the apparatus.

2.3. Feeding tests

At 1hbefore onset of the dark phase, both diets were removed
from the cage. Linoleic acid (Nacalai Tesque, Tokyo, Japan), a-
linolenic acid (Nacalai Tesque), caprylic acid (Nacalai Tesque)
or saline was then infused into the jejunum at rates of 50, 100,
150 or 200 pL/h. At the onset of the dark phase, 1 h after
starting the infusion, the HFD and HCD were provided again.
The jejunal infusion of linoleic acid continued for 7h (-1 to 6 h)
and the cumulative food intake was measured at 3, 6 and 23 h,

Table 1 - Macronutrient sources and compositions of HFD

Starch 73 50

_ Carbohydrate . 73 .50 ..
0 . Sucose. 144 107 144

Fat . lard 350 634 31
“'Protein 288 209 288

. Casein
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while the other infusions lasted for 4 h (-1 to 3 h) and the food
intake was measured at 3 h, except for the measurements of
plasma gut hormones in the portal vein (see below). Calorie
intake was determined under the following provisions: fat,
9 kcal/g; carbohydrate, 4 kcal/g; protein, 4 kcal/g; fatty acids,
9 kcal/g; weight/volume ratio of fatty acids, 0.9 g/mL. All
experiments were conducted in a crossover manner with 3 to
4 days interval, in which all animals received jejunal infusion
of fatty acids or saline on separate days. To validate the
recovery from each treatment, daily food intakes of both diets
were monitored continuously and we confirmed recovery of
food intake to pre-treatment level.

2.4. Measurement of plasma gut hormone levels

At 1hbefore onset of the dark phase, both diets were removed
from the cage. Linoleic acid (100 or 200 pL/h) or saline was then
infused into the jejunum. The rats were anesthetized with
pentobarbital sodium and blood samples were collected from
the portal vein after 1 h of infusion. The portal blood samples
(2 mL) were mixed with 60 pmol/L EDTA (Wako, Osaka, Japan),
2000 kIU aprotinin (Wako) and 50 pmol/L dipeptidyl peptidase
IV inhibitor (Millipore, Billerica, MA). Plasma was separated by
centrifugation at 12,000 rpm for 15 min at 4 °C. Plasma
glucagon-like peptide-1 (GLP-1) levels were measured using a
Glucagon-Like Peptide-1 (Active) ELISA Kit (Millipore), which
measures the biologically active forms of GLP-1;.55 and
GLP-1;.3; NH2 and does not cross-react with glucagon, GLP-2 or
inactive GLP-1g.37 and GLP-14.3; NH2. Plasma peptide YY (PYY)
levels were measured with a Peptide YY EIA Kit (Peninsula
Laboratories, San Carlos, CA, USA), which measures the forms
of PYY,.35 and PYYs.35 and does not cross-react with NPY.
Plasma cholecystokinin (CCK) levels were measured using an
EIA for Cholecystokinin Octapeptide (Desulfated) Kit (Penin-
sula Laboratories), which is specific for CCK-8 (Desulfated) and
CCK-33 (sulfated). Plasma ghrelin levels were measured using
an Active and Desacyl Ghrelin ELISA Kit (Mitsubishi Chemical
Medience, Tokyo, Japan), which measures the biologically
active forms of octanoylated ghreling.ps.

2.5. Subdiaphragmatic bilateral vagotomy

Subdiaphragmatic bilateral vagotomy was performed as
previously described [18] prior to intrajejunal cannulation.
After exposure of the bilateral subdiaphragmatic trunks of the
vagus nerve along the esophagus, trunk sections of at least
0.5 cm in length were excised. The rats were allowed to
recover for 1-2 weeks and daily food intakes of both diets were
monitored continuously to assess the recovery after surgery.
To validate the vagotomy, we confirmed that intraperitoneal
administration of CCK did not induce an anorectic effect in
vagotomized rats [18,28].

2.6. Bilateral midbrain transection

Bilateral midbrain transection was performed as previously
described [29] prior to intrajejunal cannulation. The heads
were fixed in a stereotaxic instrument in a 2.4-mm nose-
down position. A 1.5-mm-wide razor was inserted into the
brain bilaterally in a coronal plane, 1 mm anterior to the

lambdoidal suture, 0.5 mm from the midline and 7.7 mm
ventral to the dura. The rats were allowed to recover for 1-2
weeks and daily food intakes of both diets were monitored
continuously to assess the recovery after surgery. To
validate the efficacy of the midbrain transection surgery,
we confirmed that the procedure abrogated the anorectic
effect induced by intraperitoneal administration of CCK in
transectioned rats [29]. The brains were removed after
feeding tests and the location of each lesion was verified
histologically. The sectioned noradrenergic fibers were
identified by immunostaining with an anti-DA B hydroxy-
lase antiserum (1:1000; Chemicon International, Temecula,
CA) using an avidin-biotin complex method [30].

2.7.  Measurements of NE and DA turnover

NE and DA turnovers were assessed based on decreases in
the tissue monoamine concentrations after inhibition of
catecholamine biosynthesis with a-methyl-p-tyrosine (a-MT)
(Sigma, St. Louis, MO) as previously described [31]. At 1 h
before onset of the dark phase, both diets were removed
from the cage. Linoleic acid or saline infusion into the
jejunum was then initiated at a rate of 100 pl/h. At the
onset of the dark phase, the rats were injected with «-MT
(300 mg/kg, ip). At 0 and 3 h after the «-MT injection, the
rats were decapitated and the brain tissues were rapidly
removed and weighed. The hypothalamus, cortex, NTS, NAc,
striatum and amygdala were dissected from 1-mm-thick
coronal sections of fresh brain. The NAc and striatum were
dissected from the second sections anterior to the bregma.
The amygdala, hypothalamus and cortex were dissected
from the third sections caudal to the bregma. The NTS was
dissected from the eighth sections caudal to the bregma.
The hypothalamic regions were dissected from 1-mm-thick
sagittal sections of fresh brain. The arcuate nucleus (ARC),
PVH and ventromedial/dorsomedial hypothalamus (VMH/
DMH) were dissected from the first sections from the
midline of the brain. The lateral hypothalamus (LH) was
dissected from the next lateral sections. The coordinates for
each brain tissue were as previously described [32,33]. The
tissue samples were homogenized in 0.2 mol/L perchloric
acid containing 0.1 mmol/L EDTA, and the homogenates
were centrifuged at 4 °C. The monoamine contents of the
supernatants were assayed by HPLC (EP-300 system; Eicom,
Kyoto, Japan) with a reversed-phase column (CA-50DS;
Eicom) and an electrochemical detector (ECD-300; Eicom).

2.8. Cerebral cannulation

An intracerebroventricular (icv) cannula was implanted into
the third ventricle as previously described [34] prior to
intrajejunal cannulation. The heads were fixed in a stereo-
taxic instrument in a nose-down position. Guide cannulas
(22G; Plastic One, Dusseldorf, Germany) were implanted into
the third ventricle, 1.8 mm posterior to the bregma, on the
midline and 8.6 mm ventral to the dura. To validate the correct
location of each cannula, we confirmed that icv administra-
tion of angiotensin Il induced water drinking. The brains were
removed after feeding tests and the location of each cannula
was verified histologically.
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2.9.  Icv injection of idazoxan

Idazoxan HCI (Sigma) was dissolved in saline and injected
into the third ventricle using an internal cannula (28G;
Plastic One) attached to a Hamilton microsyringe. Saline or
25 nmol of idazoxan in a volume of 5 pL was injected over a
period of 1 min with the internal cannula left in place for an
additional 30 s to permit drug diffusion. Icv injections were
performed at 1 h before the onset of the dark phase, just
before jejunal linoleic acid infusion.

2.10. Statistical analysis

All data are expressed as means+SEM. Differences between
two groups were analyzed using the F-test, followed by
Student’s t test for equal variances or Welch's test for unequal
variances. For the multiple comparisons, differences vs saline
group were tested using Bartlett’s homogeneity of variance
test, followed by Dunnett’s test for equal variances or Steel’s
test for unequal variances.
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3. Results

3.1.  Jejunal long-chain fatty acid infusion modulates food
preference as well as total calorie intake

Linoleic acid was infused into the jejunum of rats at 50-200 uL/
h for 7 h (-1 to 6 h). At 1 h after starting the infusion, the HFD
and HCD were provided and the cumulative intake of each diet
was measured at 3, 6 and 23 h. Jejunal infusion of linoleic acid
dose-dependently decreased HFD intake at all time points,
with significant decreases observed at the infusion rates of
100-200 pL/h (Fig. 1A). Differing from the decrease in HFD
intake, jejunal linoleic acid infusion did not suppress HCD
intake compared with the saline group. HCD intake was
significantly increased at the infusion rate of 100 pl/h at 3 h
(P<0.05) and tended to increase at 6 h (Fig. 1B). HCD intake
decreased to the control level with the higher infusion doses
(150 and 200 pl/h). As a result, the total calorie intake,
including the calories of the infused linoleic acid, was

HCD intake (kcal)
> [+2] (2] 8
A

N
o
1

o
L

B 3h 6h 23h

100

Percentage of HCD in
U total calorie intake (%)

23h

Fig. 1-]Jejunal linoleic acid infusion modulates food preference in rats. Linoleic acid (50-200 pL/h) or saline was infused into the
jejunum from -1 to 6 h in rats implanted with a jejunal cannula. The cumulative HFD intake (A) and HCD intake (B) were
determined at 3, 6 and 23 h. The total calorie intake, including the calories of the infused linoleic acid infused, was calculated
(C). The percentages of HCD in the total calorie intake (D) and macronutrient calorie intake at 3 h (E) were also calculated. The
results are expressed as the means+SEM of seven rats per group. *P<0.05 and **P<0.01 vs saline infusion by Dunnett’s test.
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Fig. 2 - Fatty acid chain length affects the induction of food
preference modulation. a-Linolenic acid (A) and caprylic acid
(B) were infused into the jejunum from -1 to 3 h at rates of
50-200 pL/h. The HFD and HCD intakes were determined at
3 h. The results are expressed as the means=+SEM of eight
rats per group. *P<0.05 and **P<0.01 vs saline infusion by
Dunnett’s test.

suppressed at the infusion rates of 150 and 200 pL/h, but not at
the infusion rates of 50 and 100 uL/h (Fig. 1C). The percentage
of HCD intake in the total calorie intake was significantly
increased for the infusion rate of 100 pL/h at 3 and 6 h (Fig. 1D).
Concerning the intake of each macronutrient over the first 3h
(Fig. 1E), fat intake, including the calories of the infused
linoleic acid, was significantly reduced at the infusion rates of
100 and 150 pl/h, while carbohydrate intake tended to
increase at 100 pL/h and to decrease at 200 pL/h. Protein
intake was decreased at the infusion rates of 150 and 200 pL/h
compared with the saline group. These findings suggest that
jejunal linoleic acid infusion decreased HFD intake dose-
dependently, while HCD intake did not alter, but rather
increased with the middle infusion dose (100 pL/h). Jejunal
linoleic acid infusion decreased the total calorie intake only at
the higher infusion doses (150 and 200 pL/h).

Next, we examined the effects of a-linolenic acid (18:3),
another long-chain fatty acid, and caprylic acid (8:0), a
medium-chain fatty acid. «-Linolenic acid infusion had
similar effects on the HFD and HCD intakes to linoleic acid
(18:2) infusion (Fig. 2A). a-Linolenic acid infusion suppressed
HFD intake dose-dependently, while it increased HCD intake
at 100 pLl/h and decreased HCD intake at 150 and 200 pL/h.
Caprylic acid infusion had weaker inhibitory effects on HFD
intake than infusion of the long-chain fatty acids, and had no
effect on HCD intake (Fig. 2B). Caprylic acid infusion did not
affect on HFD and HCD intake at 6 and 23 h (data not shown).

The total calorie intake, including the calories of the infused
fatty acids, decreased with a-linolenic acid infusion, but not
with caprylic acid infusion.

3.2 Changes in the plasma level of gut hormones
in response to jejunal linoleic acid infusion

Gut hormones play important roles in food intake regulation.
We measured the plasma GLP-1, PYY, CCK and ghrelin levels
in portal blood obtained after infusing saline or linoleic acid
for 1 h (Fig. 3). Fatty acid infusion increased the plasma GLP-1 -
and PYY levels dose-dependently at the infusion rates of 100
and 200 pL/h (Fig. 3A and B). The plasma CCK level was slightly
increased by fatty acid infusion at 200 pL/h (Fig. 3C), whereas
the plasma active ghrelin level was not affected (Fig. 3D). We
also evaluated the plasma inactive desacyl ghrelin levels, and
confirmed that there was no difference between groups
(saline; 4.05+0.64 ng/ml, linoleic acid 100 pL/h; 3.71
+0.68 ng/mlL, linoleic acid 200 pL/h; 3.83+0.74 ng/mL).

3.3. Involvement of the neural pathways in the
modulation of HCD and HFD intake by jejunal linoleic
acid infusion

To investigate the role of the neural pathway between the
intestine and the brain in food preference, we examined the
effects of bilateral subdiaphragmatic vagotomy and bilateral
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Fig. 3 - Effects of jejunal linoleic acid infusion on plasma gut
hormone levels. Linoleic acid (100 or 200 pL/h) or saline was
infused into the jejunum for 1 h. Blood samples were
collected from the portal vein and the plasma GLP-1 (A), PYY
(B), CCK-8 (C) and ghrelin (D) levels were measured. The
results are expressed as the means+SEM of five rats per
group. *P<0.05 and **P<0.01 vs saline infusion by Dunneit’s
or Steel’s test.
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midbrain transection on the changes in the HCD and HFD
intakes in response to jejunal linoleic acid infusion in rats
(Fig. 4). In these experiments, linoleic acid was infused at
100 pL/h, because this rate induced marked changes in food
preference, with an increase in HCD intake as well as a
decrease in HFD intake. Bilateral subdiaphragmatic vagoto-
my and bilateral midbrain transection prevented the effects
of fatty acid infusion on food preference at 3 h (Fig. 4A and
4B). The similar results were observed at 6 and 23 h between
all surgical groups (data not shown). To validate the efficacy
of surgeries, we confirmed that intraperitoneal administra-
tion of CCK did not induce an anorectic effect in both
vagotomized rats (1 h food intake: sham-vehicle; 26.6
+7.6 kcal, sham-CCK; 12.7+9.0 kcal, P<0.01 vs sham-vehicle,
vagotomy-vehicle; 19.2+5.9 kcal, vagotomy-CCK; 19.4
+7.6 kcal) and transectioned rats (1 h food intake: sham-
vehicle; 26.5+8.5 kcal, sham-CCK; 12.3x5.6 kcal, P<0.01 vs
sham-vehicle, transection-vehicle; 28.7+8.6 kcal, transec-
tion-CCK; 26.8+8.5 kcal) as described previously [18,28,29].
The brains were removed from transectioned rats after
feeding tests and the location of each lesion was verified
histologically. The sectioned noradrenergic fibers were
identified by immunostaining with an anti-DA p hydroxy-
lase antiserum (data not shown).

3.4.  Intestinal linoleic acid infusion increases NE turnover
in the PVH

The NE and DA turnovers in the brain were measured by
assessing the decreases in tissue monoamine contents from
the basal levels after inhibition of catecholamine synthesis by
an a-MT injection. NE turnover was increased in the PVH, but
not in the ARC, LH or VMH/DMH following fatty acid infusion
(Fig. 5A), while the basal NE content in the PVH did not differ
between the saline and linoleic acid infusion (104.93+9.52 and
111.32+7.74 ng/mg protein, respectively). NE turnover was not
affected in the cerebral cortex, NTS, NAc, striatum or
amygdala (data not shown). Jejunal linoleic acid infusion did
not affect DA turnover in the NAc, striatum, amygdala,
hypothalamus, cerebral cortex or NTS (Fig. 5B).

3.5. An «2-AR antagonist, idazoxan, suppresses the
increase in HCD intake induced by jejunal linoleic acid infusion

NE injection into the PVH stimulates carbohydrate intake
preferentially via «2-AR signaling [24,25]. We examined
whether an «2-AR selective antagonist altered the increase
in HCD intake and decrease in HFD intake in response to
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Fig. 5 - Jejunal linoleic acid infusion increases NE turnover in
the PVH. Linoleic acid (100 pL/h) or saline was infused into
the jejunum from -1 to 3 h in rats. a-MT (300 mg/kg, ip) was
injected at 0 h. The NE and DA contents in the brain tissues
were measured at 0 and 3 h after the o.-MT injection. The NE
and DA turnovers were assessed based on the decreases in
the tissue monoamine contents. The results are expressed as
the means=+SEM of six rats per group. **P<0.01 vs saline
infusion by Student’s t test.
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cerebral cannula at -1 h, followed by jejunal linoleic acid
infusion. The HFD and HCD intakes were determined at 3 h.
The results are expressed as the means=+SEM of seven rats
per group. *P<0.05 vs saline infusion by Student’s t test.

jejunal linoleic acid infusion at 100 uL/h (Fig. 6). Administra-
tion of idazoxan (25 nmol) into the third ventricle suppressed
the increase in HCD intake induced by jejunal linoleic acid
infusion, but not affect the decrease in HFD intake. Idazoxan
did not alter the HFD and HCD intakes in the control rats. The
similar results were obtained by the 12.5 nmol dose of
idazoxan (data not shown).

4, Discussion

We have revealed that intestinal infusion of long-chain fatty
acids suppressed HFD intake in a dose-dependent manner,
while HCD intake rather increased with the middle infusion
dose (100 pL/h) and decreased to the control level with the
higher infusion doses. A medium-chain fatty acid did not
affect on feeding when infused into the jejunum. Linoleic acid
infusion dose-dependently increased plasma GLP-1, PYY and
CCK levels in the portal vein. Subdiaphragmatic vagotomy or
midbrain transection prevented the changes in food prefer-
ence and total calorie intake induced by linoleic acid infusion.
Jejunal linoleic acid infusion increased NE turnover in the
PVH. An icv injection of an «2-AR antagonist suppressed the
increased HCD intake in response to linoleic acid infusion, but
did not affect the decrease in HFD intake. These findings
suggested that intestinal long-chain fatty acids modulated
food preference as well as total calorie intake via the vagal
nerve and midbrain-hypothalamic neural pathways. Further-
more, the effects of the «2-AR antagonist on the HCD and HFD
intakes suggested that the brain distinctly controlled the HCD
and HFD intakes after jejunal linoleic acid infusion.

In a two-bottle preference test, rodents show a greater
appetite for long-chain fatty acids than triglycerides and
medium-chain fatty acids {1,35]. Long-chain fatty acids seem
to be the chemical cue involved in the orosensory perception
of dietary lipids and regulation of fat preference. Oral lipid
perception increases attraction to preferable fatty foods by

activating mesolimbic reward circuits [26,27]. The lipid-
binding protein CD36 [35] and two G-protein coupled re-
ceptors, GPR40 and GPR120 [36], are distributed across the
lingual taste buds and play major roles in orosensory
perception of long-chain fatty acids and fat preference.
Present study showed that direct infusion of long-chain fatty
acids into the jejunum selectively decreased HFD intake in a
dose-dependent manner (Fig. 1A). As shown in Fig. 1C, jejunal
linoleic acid (18:2) infusion reduced total calorie intake with
the higher doses (150 and 200 ul/h), consistent with the
previous reports [37,38]. However, when we examined the
HCD and HFD intake individually, jejunal long-chain fatty acid
infusion reduced HFD intake dose-dependently, while HCD
intake increased with the middle dose of the infusion we
examined (Fig. 1A and B). Protein intake was decreased with
the higher infusion rates, similar to the total calorie intake
(Fig. 1E). Alpha-linolenic acid (18:3) infusion altered the food
preference and total calorie intake in the same manner as
linoleic acid (Fig. 2A). Thus, while the increase in HCD intake
did not show the dose-response manner, we understood that
jejunal fatty acid infusion increased HCD intake but it was
suppressed at the higher doses as a consequence of the
suppression of total calorie intake.

Fatty acids in the small intestine stimulate the release of
gut hormones such as CCK, GLP-1 and PYY [12,13], and these
gut hormones transmit satiety signals to the brain via the
vagal pathways [18,39,40] as well as through the blood-
stream. We showed that jejunal linoleic acid infusion dose-
dependently increased the plasma GLP-1, PYY and CCK
levels in the portal vein (Fig. 3). The suppression of the total
calorie intake with the higher infusion doses (=150 pL/h) was
correlated with increases in the plasma levels of anorectic
gut hormones in the portal vein. These results suggested
that gut hormones might be involved in the suppression of
the total calorie intake.

PVH is highly innervated by noradrenalin-containing
terminals and expresses a2-AR abundantly [41]. PVH neurons
give rise to descending fibers which function to inhibit food
intake [42]. Alpha2-AR is linked to Gi protein which inhibits
neuronal activity. Therefore, NEs released by intestinal fatty
acid infusion in the PVH access to «2-AR and then inactivates
PVH inhibitory neurons, resulting in feeding. Leibowitz et al
reported that NE injection into the PVH preferentially in-
creases carbohydrate intake with little change in protein or fat
intake via the «2-AR signaling pathway [24,25]. Consistent
with these findings, our study revealed that jejunal linoleic
acid infusion increased NE turnover in the PVH, and admin-
istration of the selective a2-AR inhibitor idazoxan into the
third ventricle suppressed HCD intake but did not affect the
decrease in HFD intake induced by jejunal linoleic acid
infusion (Fig. 6). Our results suggested that «2-AR signaling
in the brain, probably including the PVH, is involved in the
HCD intake increase induced by jejunal long-chain fatty acid
infusion. Further investigations are necessary to determine
the sensing mechanism and chemical mediator at the
intestinal level induced by jejunal long-chain fatty acid
infusion for food preference regulation. In addition, we need
to determine the important chemicals and nutrients in the
HFD and HCD, including fats and carbohydrates, which are
necessary for the food preference changes.
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In conclusion, food preference, as well as total calorie
intake, is modulated by intestinal long-chain fatty acid
infusion through the vagal afferent nerve and midbrain-
hypothalamic neural pathways. The «2-AR signaling in the
brain is involved in the increase in HCD intake in response to
jejunal long-chain fatty acid infusion, but not the decrease in
HFD intake. These findings indicate that the brain distinctly
regulates HCD and HFD intakes in response to jejunal long-
chain fatty acid infusion.
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Introduction Pulmonary rehabilitation (PR) including exercise training is well
accepted to improve exercise performance and quality of life in

Pulm011aw Ca?heXia is common in the advanced stage of  coPD patients [4], and it has been regarded as a nutritional
chronic obstructive pulmonary disease (COPD), and it is an adjunct therapy [5].

independent risk factor for death in such patients [1,2]. Based on
the notion that advanced COPD affects the whole body and causes [6]. Ghrelin, first discovered in 1999 as a novel growth hormone
wasting syndromes, many different therapeutic approaches have (GH)-releasing peptide isolated from the stomach, has been
been attempted to improve this syndrome [1,3]. identified as an endogenous ligand for GH secretagogue receptor

During the 1970s and 1980s, many gut peptides were identified

@ PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | 35708



[7]. Ghrelin also has a variety of GH-independent effects, such as
causing a positive energy balance and weight gain by decreasing
fat utilization [8], stimulating food intake [9], and inhibiting
sympathetic nerve activity [10,11]. In addition, plasma ghrelin
levels were elevated in cachectic COPD patients and were
associated with the cachectic state and pulmonary function
abnormalities, suggesting that endogenous ghrelin increased to
compensate for the cachectic state and may provide important
clues to improve the catabolic-anabolic imbalance in such
patients[12]. In an open-label pilot study, we showed that ghrelin
treatment increased walking distance in cachectic COPD patients
[13]. Based on the above available evidence, a multicenter,
randomized, double-blind, placebo-controlled study was conduct-
ed to test the hypothesis that the addition of ghrelin treatment to
PR might benefit cachectic COPD patients. The objectives were
to investigate the efficacy and safety of adding ghrelin to PR in
cachectic COPD patients.

Methods

The protocol for this trial, supporting CONSORT checkist,
and Supplementary Methods are available as supporting infor-

[ Randomized (n = ssu

! Pre-treatment measurements l

Ghrelingroup,n=18
3-week treatment

Ghrelin (2 ug/kg) Placebo

-+ -+

Pulmonary rehabilitation

Ghrelin to Cachectic COPD Patients

mation; see Protocol S1, Checklist S1, and Supplementary
Methods S1.

Study Design and Patients

The study was a 3-week, multicenter, randomized, double-
blind, placebo-controlled trial of ghrelin administration during
PR. The study was finally conducted at four clinical centers
(National Cerebral and Cardiovascular Center, Miyazaki Univer-
sity School of Medicine, Nara Medical University, and National
Hospital Organization Toneyama National Hospital) in Japan
from September 2005 through May 2009, because Graduate
School of Medicine, Osaka City University did not participate just
before the start of the clinical trial. The study was conducted
according to the Declaration of Helsinki and Good Clinical
Practice guidelines and approved by the ethics committees of all
participating study centers: The ethics committee of the National
Cerebral and Cardiovascular Center (approval number, M17-13);
The ethics committee of Miyazaki University School of Medicine
(approval number, 218): The ethics committee of Nara Medical
University (approval number, 05-012); and The ethics committee
of the National Hospital Organization Toneyama National
Hospital (approval number, 0311). All patients gave written
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Analyzed forsafety
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Figure 1. Trial profile.
doi:10.1371/journal.pone.0035708.g001
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informed consent (in Japanese). The inclusion criteria were as
follows: 1) severe to very severe GOPD (forced expiratory volume
in one second (FEV1)/forced vital capacity (FVC) of less than 70%
and FEV1 percent predicted of less than 50%); 2) underweight
(body mass index (BMI)<21 kg/m?); 3) clinically stable and able
to participate in PR; 4) between 20 and 85 years old; and 5) signed
the agreement for participation in this study. Participants were
excluded for any of the following: 1) malignant tumors; 2) active
infection; 3) severe heart disease; 4) hepatic dysfunction (serum
aspartate aminotransferase and alanine aminotransferase levels at
least twice the upper limit of normal); 5) renal dysfunction (serum
creatinine levels =2.0 mg/dl); 6) asthma; 7) definitely or possibly
pregnant; 8) change in drug regimen within 4 weeks before
participation in this study; or 9) judged to be unable to participate
in this study by their physician. This study was registered with
UMIN (University Hospital Medical Information Network in
Japan: http://www.umin.ac.jp/ctr/), number C000000061.

Randomization and Interventions

Randomization was done in each center considered as a block.
The randomization list was generated by a statistician from
Hamamatsu University School of Medicine and maintained there

Table 1. Patients’ baseline characteristics. *

Ghrelin to Cachectic COPD Patients

until the study was finished and unblinded. Neither the physicians
nor the patients were aware of the treatment assignments. Patients
who met the eligibility criteria were enrolled and randomly
assigned in a 1:1 ratio to receive PR with either ghrelin (2 pug/kg)
or placebo twice a day for 3 weeks in hospital. The administration
of ghrelin (2 pg/kg, ghrelin solution with 10 ml saline) or placebo
was done intravenously over 30 minutes at a constant rate and
repeated twice a day for 3 weeks. Patients were tested at pre-
treatment, Week 3 after start of ghrelin or placebo administration
with PR, and Week 7 after start of ghrelin or placebo
administration with PR, ie., 4 weeks after the completion of the
combination treatment (Figure 1).

Preparation of Human Ghrelin

Human ghrelin obtained from the Peptide Institute Inc. was
dissolved in distilled water with 3.75% D-mannitol and sterilized
as described previously [13]. Ghrelin was stored in 2-ml volumes,
each containing 120 pg ghrelin. The chemical nature and content
of the human ghrelin in vials were rarefied as described previously
[13]. All vials were stored frozen at —30°C until the time of
preparation for administration.
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Data are presented as means (SD), and the minimum and maximum values unless otherwise stated. BMI =body mass index; FEV, =forced expiratory volume in one
second; FVC =forced vital capacity; ICPET =incremental cardiopulmonary exercise testing; ICS =inhaled corticosteroids; LABA =long-acting B,-agonist; LAMA =long-
acting muscarinic antagonist; SABA = short-acting B,-agonist; SAMA = short-acting muscarinic antagonist; VC = vital capacity.

*The groups shown represent only patients analyzed for efficacy. Medications are not mutually exclusive, and data are presented separately.

TAnalyzed using a Wilcoxon rank sum test.
*Analyzed using a Fisher's exact test.
doi:10.1371/journal.pone.0035708.t001
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