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Abstract

Purpose Laparoscopic sleeve gastrectomy (SG) and gas-
tric banding (GB) are popular bariatric procedures for treat-
ing morbid obesity. This study aimed to investigate changes
in the hypothalamic feeding center after these surgeries in a
diet-induced obese rat model.

Methods Obesity was induced in 60 Sprague-Dawley
rats using a high-energy diet for 6 weeks. These rats were
divided into four groups: the sham-operated (SO) control,
pair-fed (PF) control, SG and GB groups. Six weeks after
the surgery, metabolic parameters, the plasma levels of lep-
tin, ghrelin, peptide YY (PYY) and glucagon-like peptide-1
(GLP-1) and the hypothalamic mRNA expressions of neu-
ropeptide Y (NPY) and pro-opiomelanocortin (POMC)
were measured.

Results Compared with those observed in the SO group,
the body and fat tissue weights were significantly decreased
and the metabolic parameters were significantly improved
in the PF, SG and GB groups 6 weeks after surgery. The
plasma ghrelin levels were significantly lower and the PYY
and GLP-1 levels were significantly higher in the SG group
than in the PF, GB and SO groups. Compared with that
seen in the PF and GB groups, the hypothalamic mRNA
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expression of NPY was significantly lower and the expres-
sion of POMC was significantly higher in the SG group.
Conclusions SG may affect the neurological pathway
associated with appetite in the hypothalamus and thereby
control ingestive behavior.

Keywords Sleeve gastrectomy - Gastric banding -
Bariatric surgery - Hypothalamus - Ingestive behavior

Introduction

Bariatric surgery is the most effective long-term treat-
ment for morbid obesity and leads to both durable weight
loss and significant improvements in comorbidities. Lapa-
roscopic sleeve gastrectomy (SG) is a typical restric-
tive bariatric procedure that has been proven to be effec-
tive in treating morbid obesity in the clinical setting [1,
2]. This procedure causes rapid and extensive weight loss
by decreasing the gastric volume and ghrelin level, short-
ening the gastrointestinal transit time and improving glu-
cose metabolism [3]. Recently, we reported a high gastric
emptying rate and improved glucose metabolism following
SG in an obese diabetic rat model [4]. In addition, we also
reported that SG improves lipid metabolism in this model
[S].

Neuropeptide Y (NPY) is a peptide neurotransmitter that
is ubiquitously synthesized in several areas of the brain.
However, within the arcuate nucleus (ARC) of the hypothal-
amus, one group of NPY neurons containing leptin recep-
tors is under the control of the local leptin levels. These
NPY neurons project to the paraventricular nucleus (PVN)
of the hypothalamus where NPY is released. Reduced lep-
tin signaling activates these ARC neurons to synthesize
and release NPY into the PVN, and increased NPY in the
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PVN promotes increased food intake, body weight gain
and reduced energy expenditures [6]. Melanocortins con-
stitute a family of peptides that include the adrenocortico-
tropic hormone and alpha-melanocyte-stimulating hormone
(alpha-MSH). Melanocortins are peptides cleaved from the
pro-opiomelanocortin  (POMC) precursor molecule and
exert their effects by binding to members of the melano-
cortin receptor family. Within the hypothalamus, some mel-
anocortins, including alpha-MSH, have effects on energy
homeostasis that are opposite to those of NPY [6]. POMC
neurons are stimulated by leptin and reduce food intake.
Ghrelin is a hormone produced primarily by the gas-
tric fundus and is related to appetite stimulation [7]. The
intracerebroventricular injection of ghrelin strongly stimu-
lates feeding in rats and increases body weight gain in these
animals [8]. Ghrelin signals from the stomach transmit to
the nucleus of the solitary tract at the medulla oblongata,
finally leading to the increased secretion of NPY/agouti-
related protein (AGRP) from the hypothalamus and inhibi-
tion of POMC [9]. Peptide YY (PYY) and glucagon-like
peptide-1 (GLP-1) are postprandial hormones released
by distal gut enteroendocrine L cells. Mechanistic stud-
ies have proposed that PYY may exert its anorectic effect
by targeting neuropeptide Y2 receptors in the ARC of the
hypothalamus, thereby decreasing the expression of NPY
mRNA in NPY/AGNR neurons and increasing the expres-
sion of POMC mRNA [10]. GLP-1 is also a neurotransmit-
ter involved in the brain stem hypothalamus pathway sign-
aling satiety. GLP-1 stimulates POMC neurons directly and
is suggested to indirectly inhibit ARC-NPY neurons [11].
Romanova et al. evaluated the neurobiological changes
in the rat hypothalamus associated with weight loss after
Roux-en Y gastric bypass (RYGB) using immunohisto-
chemical quantification [12]. Diet-induced obese rats after
RYGB demonstrate changes in the hypothalamic down-
regulation of NPY and upregulation of alpha-MSH. How-
ever, the authors did not investigate metabolic or hormonal
changes in the blood. Therefore, it is unclear whether SG
and gastric banding (GB) surgeries have an effect on the
levels of gastrointestinal hormones or expression of NPY
and POMC. The aim of the present study was to evaluate
the changes in gastrointestinal hormones and hypothalamic
expression of NPY and POMC after these procedures.

Materials and methods

Animals

Sixty male Sprague—Dawley rats (3 weeks of age, weight:
55-60 g) were obtained from Charles River Japan, Inc.

(Saga, Japan) and housed in individual cages. After accli-
mation, all rats were fed a high-fat diet containing 60 %

calories as fat (Research Diet D12492; Research Diets Inc.
New Brunswick, NJ, USA) and tap water (24 &+ 2 °C) and
were maintained at 50 & 10 % humidity with a 12-h light
cycle (7:00 am to 7:00 pm) for 6 weeks. This study was
approved by the Animal Committee of Oita University
(Oita, Japan) and conformed to the Guidelines for Animal
Experimentation of Oita University.

Surgical procedure

Rats weighing 325-375 g were divided into four groups
(n = 15/group): the sham-operated (SO) control group, pair-
fed (PF) control group, SG group and GB group. The rats
were fasted for 24 h before surgery, and the surgical proce-
dures were performed under anesthesia (4 % sevoflurane;
Maruishi Pharmaceutical Co., Osaka, Japan). SG was per-
formed as previously described [4, 13]. In brief, the greater
curvature from the antrum to the fundus across the forestom-
ach and glandular stomach was incised and approximately
90 % of the forestomach and 70 % of the glandular stomach
were removed. The incision line in the stomach was then
closed using polydioxanone sutures (5-0 PDS®; Ethicon,
Tokyo, Japan) in three layers. The method for performing GB
has been described previously [14, 15]. In brief, a 5-mm inci-
sion was made on the midline between the upper and lower
portions of the stomach, and the incision lines were closed
using 5-0 PDS®. Then, a gastric band made of nylon (Insulok;
Hellermann Tyton, Tokyo, Japan) was tied around the suture
line. The SO control rats underwent laparotomy, and their
stomachs were elevated and returned to the abdominal cav-
ity. The PF control rats consumed a high-fat diet after laparot-
omy. Body weight and food intake were measured (Animal
Scale; Clare, Tokyo, Japan) weekly in all groups (at 10:00
am). The amount of food in the PF group was yoked ad lib
to the weekly intake observed in the SG and GB groups, as
previously described [16]. Indeed, the mean amount of food
intake among the surgery groups was given to the PF group.

Measurement of fat tissue weight from the retroperitoneum

Fat tissue samples of the retroperitoneum around the kid-
neys were collected 6 weeks after surgery, as previously
described [17], and their weights were measured in each of
the four groups.

Biochemical tests

Blood samples were collected 6 weeks after surgery. The
blood glucose data were evaluated using a commercial test
kit (Accu-Chek; Sanko Junyaku Co. Ltd., Tokyo, Japan).
The total cholesterol, triglyceride (TG) and free fatty acid
(FFA) levels were estimated using an H7180 automatic bio-
chemical analyzer (Hitachi, Tokyo, Japan). Enzyme-linked
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immunosorbent assay (ELISA) kits were used to evaluate
the plasma levels of insulin (rat insulin ELISA kit; Shibay-
agi, Gunma, Japan), leptin (rat leptin ELISA kit; Wako Pure
Chemical Industries, Osaka, Japan), active ghrelin (active
ghrelin ELISA kit; Mitsubishi Chemical Medience, Tokyo,
Japan), PYY (mouse/rat PYY ELISA kit; Wako Pure Chemi-
cal Industries, Osaka, Japan) and GLP-1 (rat GLP-1 ELISA
kit; Shibayagi, Gunma, Japan). To evaluate insulin resistance,
the homeostasis model assessment ratio (HOMA-R) was cal-
culated based on the following formula: HOMA-R = fasting
glucose (mmol/l) x fasting insulin (WU/ml)/22.5 [18].

Quantitative real-time polymerase chain reaction (PCR)
for the mRNA expression of NPY and POMC in the
hypothalamus

Each rat was decapitated, and sections containing the hypo-
thalamus were then cut according to the rat brain atlas of Pax-
inos and Watson [19, 20] and immediately frozen in liquid
nitrogen. Total RNA isolation was performed as previously
described [21]. Quantitative real-time PCR was performed
as previously described [21] with a LightCycler system
(Roche Diagnostics, Lewes, East Sussex, UK). The follow-
ing primers were used: NPY: 5-CCGCTCTGCGACACTA
CAT-3’ (forward) and 5-TGTCTCAGGGCTGGATCTCT-3’
(reverse) (Nihon Gene Research Laboratories, Sendai,
Japan), and POMC: 5-AGGACCTCACCACGGAAAG-3'
(forward) and 5'-CCGAGAGGTCGAGTCTGC-3' (reverse)
(Nihon Gene Research Laboratories). The data were ana-
lyzed using the LightCycler analysis software program
(Roche), and a standard curve that correlated the cycle num-
ber with the amount of formed products was plotted for each
sequence of interest. The mRNA expression levels of NPY
and POMC were then normalized to those of rat glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH).

Statistical analysis

All data are expressed as the mean + standard deviation
and were evaluated using a one-way analysis of variance
with Bonferroni correction for multiple comparisons. A P
value of <0.05 was considered to be statistically significant.
The statistical analyses were performed using the Statisti-
cal Package for Social Sciences (SPSS) Ver. 21 software
package (IBM Corp. Armonk, NY, USA).

Results
Changes in body weight, food intake and fat tissue weight

The body weights were significantly lower after surgery in
the PF, SG and GB groups than in the SO group; however,
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Fig.1 Changes in body weight, food intake and fat tissue weight.
a Changes in body weight after surgery in the sham-operated (SO),
pair-fed (PF), sleeve gastrectomy (SG) and gastric banding (GB)
groups. Each group consisted of 15 rats. *P < 0.01 versus the SO
group. b Weekly food intake after surgery in the SO, PF, SG and GB
groups. Each group consisted of 15 rats. *P < 0.01 versus the SO
group. ¢ Weight of fat tissue from the retroperitoneum in the SO, PF,
SG and GB groups. Each group consisted of 15 rats. *P < 0.01

there were no significant differences in weight between the
PF, SG and GB groups (Fig. 1a). The weekly food intake
in the PF, SG and GB groups was significantly decreased
compared with that observed in the SO group after surgery
(Fig. 1b). The weight of fat tissue from the retroperitoneum
6 weeks after surgery was significantly lower in the PF, SG
and GB groups than in the SO group, and there were no
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Table 1 Metabolic parameters SO PF SG GB
and hormones 6 weeks after the
surgery Glucose (mg/dl) 212.6 £ 18.1 163.0 £ 16.0* 166.2 + 11.4* 165.6 £ 6.9*

TC (mg/dl) 111.8 £9.6 71.8 £ 6.6% 63.4 + 2.0* 71.8 £ 6.6*
TC total cholesterol, TG TG (mg/dl) 185.4 + 10.2 3724 6.1% 53.3 4 2.4% 3724 6.1%
triglycerides, FFA free fatty FFA (WEQ/I) 4772+ 404 308.0 + 47.6* 295.8 + 41.6% 330.6 + 33.6*
acids, HOMA-R homeostasis Tnsulin (WIU/) 38405 1.1 £ 0.3* 1.0 £ 0.8% 1.9 & 0.9%
;’lzcifloif;iiﬁe;}rgzg’ fiz G  HOMAR 19402 0.6 0.2* 0.7 £02% 1.0 £0.2%
sleeve gastrectomy, GB gastric  Leptin (ng/ml) 7.54£3.02 1.06 £ 0.11% 1.00 £ 0.1% 1.08 £ 0.04*
banding Ghrelin (fmol/ml) 3.04 £0.58 4.50 £0.21 1.66 £ 0.31%% 6.05 £ 0.70*
: P <0.01 versus the SO group, PYY (ng/ml) 0.187 +0.038 0.226 4 0.050 0.348 + 0.074**  0.242 +0.016
. £ <001 versus the PF group, 51 p_| (no/m)) 0.679 + 0.030 0.663 + 0.034 1.905 + 0.013*  0.670 £ 0.015

< 0.01 versus the GB group
significant differences in this parameter between the PF, 25 1 "
SG and GB groups (Fig. 1c). | ¥ e o
g 2 [ I I I
Changes in metabolic parameters and hormones ;‘:
Z &g
The mean plasma levels of glucose, TC, TG, FFA and é :T % 15T
insulin and HOMA-R 6 weeks after surgery are shown in é = g
Table 1. The levels of glucose, TC, TG, FFA and insulin s 8 °z; 1F
and HOMA-R were significantly lower in the PF, SG and £
GB groups than in the SO group, although there were no g os |
significant differences between the PF, SG and GB groups.
The plasma leptin levels were significantly lower in the j -

PF, SG and GB groups than in the SO group, similar to the 0 SO PF SG GB

results for the other metabolic parameters (Table 1). How-
ever, the plasma ghrelin levels were significantly lower in
the SG group than in the PF, GB and SO groups. In addi-
tion, the plasma PYY and GLP-1 levels were significantly
higher in the SG group than in the other three groups.

mRNA expression levels of NPY and POMC in the
hypothalamus

The mRNA expression levels of NPY in the hypothalamus
were significantly lower in the SG group than in the PF and
GB groups (Fig. 2), while the mRNA expression levels of
POMC were significantly higher in the SG group than in
the PF and GB groups (Fig. 3).

Discussion

A significant number of patients have been recognized
as being morbidly obese in national epidemiologic stud-
ies. These patients have comorbidities, such as type 2
diabetes and heart disease, which can lead to premature
death. Some surgical procedures, including SG and GB,
may reduce these comorbidities and risk factors. The use
of laparoscopic SG has rapidly increased worldwide, and
several studies have reported its long-term effects. For

Fig. 2 The mRNA expression of neuropeptide Y (NPY) in the hypo-
thalamus was quantified using real-time polymerase chain reaction
(PCR) and expressed as the ratio to that of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). SO sham operated, PF pair fed, SG
sleeve gastrectomy, GB gastric banding. *P < 0.01, **P < 0.05

10 %
%

Relative mRNA
expression in the hypothalams
(POMC/GAPDH)

SO PF SG GB

Fig. 3 The mRNA expression of pro-opiomelanocortin (POMC) in
the hypothalamus was quantified using real-time polymerase chain
reaction (PCR) and expressed as the ratio to that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). SO sham operated, PF pair
fed, SG sleeve gastrectomy, GB gastric banding. Each group con-
sisted of 10 rats. *P < 0.01
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example, Himpens et al. reported a percent excess weight
loss (%2EWL) 6 years after laparoscopic SG of 57.3 % [22],
and Bohdjalian et al. reported a %EWL 5 years after lapa-
roscopic SG of 55.0 % [23]. The morbidity of laparoscopic
SG has been reported to be 3.2-7.3 %, with a mortality rate
of 0-0.7 % [24-26]. The SG procedure reduces the size of
the gastric reservoir and decreases lipid absorption, thus
contributing to weight loss. Surgical intervention using
the banding system has also been shown to be an effective
method for sustaining significant weight loss for the major-
ity of severely obese subjects [1]. However, the effects of
SG and GB on the CNS and their roles in weight loss have
not been previously described.

Body fat is regulated by a complex neuroendocrine sys-
tem, making it difficult to maintain weight loss achieved
through caloric restriction. A key component of this regu-
latory system is the adipocyte hormone leptin [27]. In the
present study, the plasma leptin levels were significantly
lower in the PF, SG and GB groups than in the SO group. In
most obese patients, the leptin levels are elevated in direct
proportion to the amount of body fat; similar findings were
observed in our study, in which the fat tissue weight cor-
responded to the leptin level. Exogenous leptin treatment
produces little or no weight loss [28]. The failure of leptin
to produce the same effect in obese individuals as in lean
individuals is believed to be due to leptin resistance [27].
In our previous studies, we used Zucker diabetic fatty rats
that contained a mutation in the leptin receptor and demon-
strated tolerance to leptin. It is likely not adequate to inves-
tigate the expression in the hypothalamic feeding center to
avoid the low sensitivity of leptin, and we therefore used a
high-fat diet-induced obese rat model in the current study.
In this study, the SG and GB procedures reduced the fat
mass and consequently decreased the plasma leptin levels.

The ghrelin levels were significantly lower in the SG
group than in the other three groups in this study. A marked
reduction in the ghrelin levels has been reported after SG
in both clinical and experimental studies [29, 30]. In the
present study, the plasma PYY and GLP-1 levels were
significantly higher in the SG group than in the PF, GB
and SO groups. In a previous clinical study, SG increased
the plasma levels of PYY and GLP-1. Similarly, Peterli
et al. described that the blood GLP-1 and PYY levels are
increased after SG in humans [31]. In our previous ani-
mal studies, we demonstrated higher gastric emptying and
greater small bowel transit in the SG group than in the GB
and SO groups [4, 5]. In another clinical study, Shah et al.
reported that the small bowel transit time and gastric emp-
tying half-time were shortened after SG [3]. SG may acti-
vate PYY and GLP-1 secretion as a result of the shorter
small bowel transit time of food.

Satiety hormones influence a feedback mechanism that
controls energy intake via the receptors in the ARC of the
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hypothalamus. These receptors are situated on anabolic
NPY/AGRP and catabolic POMC neurons; the anabolic
neurons are stimulated by ghrelin and suppressed by leptin
and insulin [32]. These phenomena explain the appetite-
stimulant effect of ghrelin and the satiety-inducing prop-
erties of leptin [9]. In addition, putative direct PYY and
indirect ghrelin target POMC neurons in the ARC. PYY,
which may induce an overall negative energy balance, has
been shown to have high affinity for Y2 receptors, which
are expressed on both NPY/AGRP and POMC neurons and
induce a reduced food intake [10]. GLP-1 directly stimu-
lates POMC/cocaine- and amphetamine-regulated tran-
script neurons and indirectly inhibits neurotransmissions in
neurons expressing NPY via GABA-dependent signaling
[11].

In the present study, the mRNA expression of NPY in
the hypothalamus was significantly lower in the SG group
than in the PF and GB groups, whereas there were no dif-
ferences between the SG and SO groups. In addition, the
mRNA expression of POMC in the hypothalamus was sig-
nificantly higher in the SG group than in the PF and GB
groups, and there were no differences between the SG and
SO groups. These differences in the mRNA expression
between the SG, GB and PF groups are likely associated
with the differences in the ghrelin, PYY and GLP-1 levels.
Furthermore, the decrease in the NPY levels and increase
in the POMC levels in the SO group may have been influ-
enced by the elevated leptin levels. Furthermore, in the
SG group, the decreased ghrelin levels may have directly
suppressed the NPY activity and indirectly stimulated the
POMC activity (Fig. 4). In addition, the increased PYY and
GLP-1 levels may have directly activated POMC.

Ferreira et al. reported that the overexpression of NPY
in the ARC induces sustained body weight gain and severe
fat accumulation, whereas the downregulation of NPY
does not affect body weight gain [33]. NPY-overexpression
rats show a marked increase in the insulin and leptin lev-
els. Moreover, Zhan et al. examined the behavioral func-
tions of POMC neurons in the ARC using pharmacoge-
netic approaches [34]. In that study, the chronic activation
of POMC neurons reduced food intake, and ablating these
neurons resulted in hyperphasia, obesity and metabolism
disorders. Additionally, ablating POMC neurons signifi-
cantly reduced the plasma corticosterone levels, demon-
strating the possibility of a feedback mechanism.

The current study had two control groups: the SO and
PF groups. A comparison of the surgery and two control
groups clearly demonstrated different effects of the sur-
geries on the gastrointestinal hormones and hypothalamic
feeding center. A preliminarily examination of the expres-
sion of NPY and POMC just before surgery indicated that
the expression levels were the same as those observed in
the SO group. Therefore, we consider that SO rats may
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Fig. 4 Schematic drawing of the changes in the levels of gastroin-
testinal hormones, hypothalamic expression of NPY and POMC and
ingestive behavior after sleeve gastrectomy

show normal expression levels of NPY and POMC, based
on our findings. Many experimental studies have demon-
strated that food intake in animals is decreased just after
surgery and that appetite loss is temporary. The central
mechanisms involved in the acute stress-induced inhibition
of energy intake have not been fully investigated; however,
certain peptides and neurotransmitters are believed to be
involved in the response. It is generally accepted that the
corticotropin-releasing factor (CRF) is responsible for ini-
tiating and coordinating the responses to stress [35], and
an elevated CRF level in response to stress in the CNS
decreases food intake [36]. In addition, the overexpression
CRF may reduce the expression of NPY in the hypothala-
mus [37]. Therefore, the decreased food intake noted 1
week after surgery in the SG and GB groups in this study
may be related to temporary changes in the feeding center.
Previously, in a clinical crossover study, Dixon et al.
reported that laparoscopic adjustable GB prolonged sati-
ety under conditions of optimal restriction [38]. They also
evaluated changes in the blood glucose, insulin, ghrelin and
leptin levels, although they found no relationships between
the changes and the satiating effect. In the present study,
upregulation of NPY and downregulation of POMC were
observed in the GB group; however, the prolonged satiety

detected after GB could not be explained. Considering that
there were no differences in weight loss, food intake or the
fat tissue weight between the SG and GB groups, the mech-
anisms inducing increased satiety may be related to differ-
ent neurological pathways for appetite.

This manuscript first demonstrated changes in the hypo-
thalamic feeding center after SG and GB. In addition, this
study is the first to show the relationships between changes
in the hypothalamic feeding center and the levels of gas-
trointestinal hormones after SG (Fig. 4). Therefore, bariat-
ric surgeries, such as SG, may influence the hypothalamic
feeding center and change ingestive behavior. However,
this study used a rodent model, which differs from humans.
Therefore, our results have limitations when applying the
findings to the human neuron system, and further clinical
studies are needed to investigate the relationship between
these bariatric procedures and the neurological pathways in
the hypothalamus.

In conclusion, SG may affect the neurological path-
way of appetite in the hypothalamus and control ingestive
behavior.
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