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Abstract
Introduction: Weight regain is a major obstacle for most dietary procedures. Gastric stimulation has been shown
to affect hormone levels.
Aim: The aim of the present study was to determine the effect of irregular external gastric stimulation on longterm weight reduction.
Methods: External gastric stimulation was performed by holding a rotator device on the abdomen of mice for 5
minutes in a regular or irregular manner. Mice were assessed for body weight and serum ghrelin levels.
Results: External gastric stimulation was associated with a significant decrease in serum ghrelin levels. Irregular
external gastric stimulation was associated with a prolonged effect on body weight reduction compared with regular
stimulation. By the end of week 5, the body weight of untreated control mice had increased compared with a slight
weight increase in mice treated with regular stimulation, while there was a significant continued decrease in the body
weight of mice treated with irregular stimulation.
Conclusions: Irregular gastric stimulation is associated with a prolonged effect on weight loss and provides a
method for overcoming the brain-gut axis accommodation of weight loss.

Keywords: Ghrelin; Weight regain; Gastric stimulation

Introduction
Weight regain following dietary procedures is a major obstacle for
long-term weight reduction [1-3]. Strategies for the maintenance of
long-term weight loss are therefore needed [4]. Gastric electrical
stimulation (GES) using both external and internal devices is being
evaluated for the treatment of GI motility disorders, including
gastroparesis, and for weight loss [5]. While initial clinical studies
failed to show an effect on body weight, there is a renewed interest in
this method as a minimally invasive and low-risk intervention that
may assist some patients with obesity [6].
Appetite regulation is a complex system that involves a number of
orexigenic and anorexigenic peptide hormones [7,8]. Ghrelin is the
only circulating orexigenic gut hormone. Although ghrelin-producing
cells are found throughout the gastrointestinal tract, the
enteroendocrine cells of the gastric fundus are the main source of its
production [9]. Ghrelin regulates energy metabolism and acts as a
signal of hunger [10,11]. Ghrelin administration increases energy
intake and induces weight gain. In an acute setting, ghrelin levels are
elevated by fasting and suppressed following a meal or after an oral
glucose tolerance test [12]. In a chronic state, ghrelin levels are high in
obese subjects and low in lean subjects [13]. The ghrelin axis plays a
role in energy homeostasis, adipogenesis, and insulin regulation, and
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in the reward associated with food in stress-induced food intake
behavior [7,14].
The vagal afferent pathway is the neural path by which information
about ingested nutrients reaches the central nervous system (CNS) to
influence feeding behavior [15]. Ghrelin signals the presence of gut
nutrients to the CNS and up-regulates food intake while lowering
energy expenditure. In the CNS, ghrelin acts on the hypothalamus and
limbic system, areas that regulate appetite and energy expenditure. The
effects of ghrelin in the hypothalamus are mediated by homeostatic
pathways to signal hunger and increase food intake and adiposity,
promoting weight gain [16,17]. Ghrelin exerts its effect through a
network of neuroendocrine links, including the melanocortin and
endocannabinoid systems [18]. Hypothalamic nuclei, the
hippocampus, the amygdala, the caudal brain stem, and midbrain
dopaminergic neurons play roles in the orexigenic actions of ghrelin
[19]. The only known ghrelin receptor is the growth hormone
secretagogue receptor, which is located in several distinct regions of
the CNS [20].
As ghrelin is the only peripheral hormone known to transmit satiety
signals, inhibition of its signaling has being evaluated as an antiobesity strategy [10,21-23]. The efficacy of ghrelin has been tested in
diseases involving anorexia, negative energy balance, systemic
inflammation, gastroparesis, cancer, cachexia, cardiovascular
disorders, chronic heart failure, chronic renal failure, chemotherapy,
arthritis, and inflammatory bowel disease [9,24]. Ghrelin agonists have
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been developed for the treatment of hypomotility disorders, and the
peptidomimetic TZP-102 is in clinical trials for the treatment of
diabetic gastroparesis [25].
Body weight homeostasis involves the gut-brain axis, a complex and
highly coordinated system of peripheral appetite hormones, and
centrally mediated neuronal regulation [26]. A balance between the
level of orexigenic ghrelin and the levels of anorexigenic glucagon-like
peptide 1 (GLP-1), cholecystokinin (CCK), peptide YY (PYY), which
are produced in the gastrointestinal tract, and leptin, which is
produced in adipocytes plays a role in this process. The gut-brain axis
in obese individuals is different to that in lean individuals. Both fasting
and postprandial levels of gut hormones change in obese individuals
who lose weight [26]. Therefore, accommodation of the brain-gut axis
was suggested to underlie part of the mechanism responsible for
weight regain.
The aim of the present study was to determine the effect of irregular
external gastric stimulation on serum ghrelin levels as a strategy for the
long-term maintenance of weight reduction.

Materials and Methods
Animals: Male C57BL/6 mice (11-12 weeks old) were obtained from
Harlan Laboratories (Jerusalem, Israel) and maintained in the Animal
Core of the Hadassah-Hebrew University Medical School. Mice
received standard laboratory chow and water ad libitum and were
housed with a 12 hour light/dark cycle. Animal experiments were
performed according to the guidelines and with the approval of the
Hebrew University-Hadassah Institutional Committee for Care and
Use of Laboratory Animals.

immobilized in the wells of a microtiter plate coated with a pre-titered
amount of anchor antibodies, which simultaneously bound a second
biotinylated antibody to ghrelin. Then, the unbound materials were
washed away, followed by conjugation of horseradish peroxidase to the
immobilized biotinylated antibodies. Free enzyme was washed away,
and the immobilized antibody-enzyme conjugates were quantified by
monitoring horseradish peroxidase activities in the presence of the
substrate 3,3ˈ,5,5ˈ-tetra-methylbenzidine. The enzyme activity was
measured spectrophotometrically at 450 nm and corrected from the
absorbance at 590 nm after acidification of the products that formed.
Statistical analysis: All analyses were performed using Excel
(Microsoft, Redmond, WA, United States). The variables are expressed
as the mean ± the SD. Two independent groups were compared by
performing a Student’s t-test. All the tests applied were two-tailed. A p
value of 0.05 or less was considered to be statistically significant.

Results
Figure 1 shows the effect of irregular external gastric stimulation on
the serum levels of ghrelin. A statistically significant decrease in the
ghrelin serum levels was observed in mice treated with regular and
irregular external stimulation compared with untreated controls
(p=0.005 and 0.003, for regular and irregular stimulations,
respectively). Irregular gastric stimulation was associated with a trend
for a more profound decrease in ghrelin levels.

Assessment of the effects of external gastric stimulation on
the serum ghrelin levels
Experimental groups: Male mice (approximately 11-12 weeks old)
were purchased from Harlan Laboratories (Jerusalem, Israel). External
gastric stimulation was performed by holding a rotator device on the
abdomen of mice following 6 hours of fasting. Three groups were
included in this study, and each group comprised 4 mice. Group A was
the control; group B received regular stimulation by manually applying
the rotator for 5 minutes; group C received irregular stimulation by
manually applying the rotator for 1 minute followed by a 2 minute
break and an additional 1 minute of stimulation.

Assessment of the effect of external gastric stimulation on
long-term weight reduction
Experimental groups: Three groups were examined, and each group
comprised 5 mice. Group A was the control group: the mice were kept
on a standard diet without gastric stimulation for 5 weeks. The mice in
group B were exposed to regular external gastric stimulation by
manually applying an external rotator for 5 minutes every day, for 5
consecutive days per week, for 5 weeks. Group C received irregular
stimulation for 2 minutes followed by a 1 minute break, and an
additional 1 minute of stimulation for '5 consecutive days per week, for
5 weeks.
Measurement of ghrelin levels: Serum ghrelin levels were assessed
using a rat/mouse ghrelin sandwich ELISA kit with a 96-well plate
(Cat. EZRGRA-90K, EMD Millipore Corporation, Missouri 63304
USA). Ghrelin molecules (active form) in the sample were captured by
anti-ghrelin IgG antibodies, and the resulting complex was
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Figure 1: Effect of irregular external gastric stimulation on ghrelin
serum levels. Serum hormones levels were measured at the end of
the experiment.
Figure 2 shows the effect of external gastric stimulation on longterm weight reduction by following the change in weight at the end of
the first, fourth, and fifth week of the study compared to body weight
at the end of the preceding week. At the end of the first week, a
significant weight decrease was noted in both regular and irregular
external gastric stimulation-treated groups compared with the
controls. There was a 3.0% and 2.6% decrease in weight for the regular
and irregular stimulated groups, respectively, compared with an
increase of 3.1% in the untreated controls (p<0.005 for both treated
groups vs. untreated controls).
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Figure 2: Effect of irregular external gastric stimulation on longterm decreases in body weight. Mice underwent regular or irregular
external gastric stimulation for 5 weeks and were followed weekly
for body weight.
At the end of the fourth week, neither group showed a significant
change in body weight (an increase of 0.2 and 0% for regular and
irregular stimulation-treated groups, respectively) compared with an
additional increase of 3% in the untreated controls (p=0.04 for treated
vs. untreated mice).
However, a long-term effect on body weight was noted for the
irregular gastric stimulation-treated mice. These mice manifested an
additional decrease of 0.8% in their body weight over the preceding
week compared with an increase of 0.8% in the regular external
stimulation treated-group and an increase of 1.5% in the untreated
controls (p=0.06 for group A vs. group C and 0.3 for group A vs. group
B).

Discussion
Currently used medical and non-medical therapies have limited
effects on long-term weight loss [6]. A method to prevent weight
regain is required for patients undergoing any type of obesity-directed
therapy. While standard bariatric surgery is effective, it is associated
with morbidity and mortality. The data from the present study suggests
that irregular external gastric stimulation could be used as a method to
overcome the problem of weight regain. Irregular external gastric
stimulation resulted in increased suppression of serum ghrelin levels
and exerted a long-term effect on the maintenance of weight loss.
Although dietary restriction often results in initial weight loss, the
majority of obese dieters fail to maintain their reduced weight. Weight
loss causes changes in appetite and energy expenditure that promote
weight regain [27]. Diet-induced weight loss results in a compensatory
increase of hunger and decreased ghrelin suppression that encourage
weight regain [28]. Compensatory metabolic changes that accompany
weight loss, including increased ghrelin levels, contribute to weight
regain and difficulty in long-term weight loss maintenance [29]. It has
been suggested that ghrelin resistance is a mechanism to maintain a
higher body weight set-point during times of food availability [30].
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In a one year randomized controlled trial, weight loss was achieved
through a reduced calorie diet or exercise and was associated with
increased ghrelin levels in overweight or obese postmenopausal
women [29]. In a randomized l-year trial with a 12 month follow-up
period, obese Mexican-American women using interventions
including diet, exercise and orlistat showed increased ghrelin levels at 6
months, but the levels returned to the baseline at 12 months in the
weight loss group. Baseline ghrelin concentrations were directly related
to the degree of weight loss achieved after 12 months [31], suggesting
that ghrelin rises in response to weight loss as a counter regulatory
mechanism [31]. In a prospective study of 43 patients treated with a
BioEnterics® intragastric balloon, the ghrelin hyper-response in nonmorbidly obese patients was associated with greater short-term
treatment efficiency and weight regain to obesity [32]. Patients that
had undergone gastric bypass surgery showed a diet-induced weight
loss of 17% of the initial body weight, which was associated with a 24%
increase in the area under the curve of the 24 hour ghrelin profile [27].
In a follow-up of 45 patients, patients with higher preoperative ghrelin
levels were found to be more susceptible to weight regain after gastric
bypass than those patients with lower levels [33]. Population-based
studies suggest that repetitive cycles of weight loss and regain may be
associated with future weight gain [34]. A higher degree of weight
cycling, characterized by an increased frequency of intentionally losing
more than 10 lb, was associated with higher concentrations of ghrelin
[34].
Electrical stimulation can alter the gastric motor function or
modulate afferent signaling to the brain. In animal studies, various
methods of chronic GES achieved weight loss by reducing food intake,
fat tissue weight, and gastric emptying. Altered levels of neuropeptide
Y (NPY), alpha-melanocyte-stimulating hormone (alpha-MSH),
orexin (OX), and oxytocin and their receptors in the hypothalamus,
adipose tissue and stomach were observed [35].
In a recent review of 31 studies, weight loss was achieved during the
first 12 months. However, only a few studies had a follow-up period of
more than 12 months. The Transcend® (Implantable Gastric
Stimulation) device showed a relatively longer period of significant
weight loss. Other significant results included changes in appetite/
satiety, gastric emptying rate, blood pressure and neurohormone levels
or biochemical markers, such as ghrelin or HbA1c [36,37]. In a study
of 27 obese patients, GES using the Ability® system, featuring a
transgastric sensor that detects food intake, resulted in a 49% excess
weight loss (EWL) [38]. In a 12 month study of 34 obese subjects, the
mean EWL was 28.7% and the mean reduction in BMI was 4.8. The
effect was stable for up to 27 months [39]. GES performed using the
DIAMOND® device in 61 patients with type 2 diabetes led to a 5.7%
decrease in body weight and a 0.9% decrease in mean HbA1c [40]. The
meal-initiated implantable gastric contractility modulation (GCM)
device was tested in obese type 2 diabetes patients. At 12 months, body
weight and HBA1C levels had both decreased [41]. The SHAPE
(Screened Health Assessment and Pacer Evaluation) trial was a 24
month randomized multicenter placebo-controlled study to determine
the efficacy of using an implantable gastric stimulator (IGS) for weight
loss. At 24 months, the control group showed weight gain from the
baseline that was significantly different from the weight loss in the
treatment group. At 12 months, fasting ghrelin levels were significantly
increased in the treatment group but not in the control. These data
suggested that IGS does not prevent the increase in fasting plasma
ghrelin levels associated with weight loss [42].
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The present study provides preliminary results as to the potential
use of irregular gastric stimulation for alteration of the brain-gut axis
in a way that can overcome accommodation to stimuli. Long-term
trials are required for further evaluating this effect. Further studies of
additional hormones and metabolic parameters are required for
elucidation of the mechanism of action.
In summary, minimally invasive gastric manipulation methods
promoting safe, reliable and long-term sustainable weight loss are
needed. The data from the present study suggest that an irregular
external gastric stimulation-based algorithm is associated with
suppression of ghrelin levels, enabling long-term weight loss. This
method may be a strategy for overcoming the brain-gut axis
accommodation.
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