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H I G H L I G H T S

• In obese persons, gastric emptying rates of solids and liquids are delayed.
• Post-prandial plasma GLP-1 and PYY levels are attenuated in obese subjects.
• Obese participants had a higher total caloric intake compared to their normal weight counterparts.
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Objective: The gastrointestinal tract plays a key role in feelings of satiation. It is known that there is a reciprocal
interaction between the stomach and intestine, but it is not known which factors are of gastric origin and
which are intestinal. This three-step study therefore sought to provide illumination on satiation parameters
with respect to body mass.
Method: In the first part, the time needed to reach maximal satiation and total caloric intake was calculated after
participants (20 normalweight, 20 obese) imbibed a standardized nutrient drink. In the second part gastric emp-
tying of solids and liquids was evaluated using the 13C-breath test (participants: 16 normal weight, 9 obese for
gastric emptying of solids; 15 normal weight, 14 obese for gastric emptying of liquids). And in the third part,
fasting and post-prandial plasma glucagon-like peptide-1 (GLP-1), peptide tyrosine tyrosine (PYY) and ghrelin
levels were measured after a standardized nutrient drink (participants: 20 normal weight, 20 obese).
Results: Our results show that, when compared to those of normal weight, obese participants reached maximal
satiation sooner (P = 0.006), their total intake of calories was higher (P = 0.013), and their gastric emptying
rateswere delayed (P b 0.001). Furthermore, their post-prandial increase in plasma GLP-1 and PYYwas reduced,
(P b 0.001 for both), as was their ghrelin suppression (P = 0.001).
Discussion: We conclude that, in obese subjects gastric emptying can be impaired with delayed interaction of
nutrients with the intestine resulting in decreased GLP-1 and PYY secretion. This could imply that obese partic-
ipants would require more calories before their maximal satiation is reached and they stop eating.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Obesity has reached pandemic proportions; worldwide, since 1980,
it has more than doubled. Obesity-associated complications are exten-
sive and expensive; projections cite that direct, obesity-related health
care costs will be more than double every decade.

Current therapy options are limited. Lifestyle modification results in
only modest weight loss; poor adherence and recidivism are significant

problems [1]. Few pharmacological treatments are available, though
they are also far from effective (b5 kg at one year) [2]. Currently, the
only adequate management for obesity is bariatric surgery (mean ex-
cess weight loss of 60–75%) [3], however, the perioperative risks, the
limited availability of surgical expertise and the financial cost restrict
access to a wide population [4]. The need for alternative effective and
safer treatment options underscores the importance of an improved
understanding of the pathogenesis of obesity.

The combination of genetic, environmental, and behavioral factors
seems to influence the balance between food intake and energy expen-
diture.With respect to food intake, the gastrointestinal tract plays a key
role in the control of hunger and satiation—where gastric and intestinal
satiation parameters are especially crucial. It seems that, in response to
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food consumed, gastric and intestinal signals interact in order to in-
crease satiation and to limit meal size; gastric parameters in particular
are decisive in the short-term control of appetite. We recently showed
that infusions of glucose directly into the small intestine elicit only
weak effects on appetite and the secretion of glucagon-like peptide-1
(GLP-1) and peptide tyrosine tyrosine (PYY). In contrast, identical
amounts of glucose delivered intragastrically markedly suppressed
appetite [5].

To date, uncertainties exist to the role of both gastric (e.g., distention
and emptying) and intestinal (e.g., satiation peptides) parameters in the
control of satiation in relation to body mass. Gastric emptying has been
evaluated in normal weight and obese participants, but contradictory
results are showing accelerated [6,7], normal [8–10] or even delayed
[11,12] gastric emptying rates in the obese. For the secretion of GLP-1
there is limited and inconsistent information in obese persons: most
studies report no difference in fasting GLP-1 concentrations, and a
post-prandially attenuated GLP-1 response [13–16]; however, some
studies found post-prandially no such correlation [9,10,17]. Likewise
ambiguous is PYY: some studies show a negative correlation between
fasting PYY levels and adiposity markers (such as BMI), and that the
post-prandial PYY response is attenuated in the obese [18,19]. In con-
trast, no differences in fasting plasma levels of PYY were found by
Pfluger et al. [20]; furthermore, Vazquez Roque et al. [9] and Brennan
et al. [21] found no significant differences in post-prandial PYY levels
between obese and normal weight participants. To improve the under-
standing of the reciprocal control between gastric functions and intesti-
nal parameters in the development of satiation in obese participants,
we compared satiation parameters, gastric emptying rates and plasma
GLP-1, PYY and ghrelin levels between normal and obese healthy
volunteers.

2. Methods and procedures

2.1. Participants

A total of 51 healthy normal weight (mean BMI: 22.0 ± 0.2 kg/m2,
range: 18.3–25.0 kg/m2) volunteers (23 men and 28 women; mean
age: 28.0 ± 1.1 years, range: 20–48 years) and 43 healthy severe
obese (mean BMI: 38.9 ± 0.9 kg/m2, range: 30.0–55.9 kg/m2) partici-
pants (16 men and 27 women; mean age: 34.9 ± 1.4 years, range:
21–62 years) took part in the study. All participants were healthy.
The study consisted of three experimental parts. From among
the above-mentioned volunteers, 20 normal weight (mean age:
33.7 ± 1.9 years; mean BMI: 22.2 ± 0.4 kg/m2) and 20 severe obese
(mean age: 36.4± 2.1 years;mean BMI: 39.6± 0.7 kg/m2) participants
participated in parts I and III of the study; the remaining 31 normal
weight and 23 severe obese participated in part II of the study, of
which 16 normal weight (mean age: 24.5 ± 1.0 years; mean BMI:
21.8 ± 0.5 kg/m2) and 9 severe obese (mean age: 39.6 ± 3.2 years;
mean BMI: 36.6 ± 2.6 kg/m2) received a solid test meal and 15 normal
weight (mean age: 24.1 ± 0.6 years; mean BMI: 21.8 ± 0.4 kg/m2)
and 14 severe obese (mean age: 29.8 ± 1.9 years; mean BMI: 39.3 ±
1.9 kg/m2) received a liquid test meal.

The protocol was submitted and approved by the State Ethical Com-
mittee of Basel and the study was carried out in accordance with the
principles of theDeclaration of Helsinki. Each subject provided awritten
informed consent for the study. Before acceptance, each participantwas
required to complete a screening and medical interview, received a full
physical examination and underwent an initial laboratory screening.
The criteria for exclusionwere smoking, substance abuse, regular intake
of medications (except for oral contraceptives), medical or psychiatric
illness and any abnormalities detected during physical examination or
laboratory screening. None of the participants had a history of gastroin-
testinal disorders, food allergies or dietary restrictions. Participants
were instructed to abstain from alcohol, caffeine and strenuous exercise
for 24 h before each treatment.

2.2. Experimental procedure

On each study day, participants were admitted to the Phase 1
Research Unit of the University Hospital of Basel in the morning after
a 10 h overnight fast. Vital signs (blood pressure, heart rate) were
measured before and after study-related procedures.

2.2.1. Part I: satiation from a standardized nutrient drink
A standardized nutrient drink test (Ensure Plus®; 17% protein, 29%

fat and 54% carbohydrate; 1.5 kcal/mL; Abbott AG, Baar, Switzerland)
was used to measure satiation in 20 normal weight and 20 severe
obese participants. While drinking, the subjective sensation of satiation
wasmeasured every 3 min using a visual analog scale (VAS). The scales
and scores have previously been described in detail [22]. In brief, the
VAS consists of a horizontal, unstructured, 10 cm line with words
anchored at each end, describing the extremes (‘not at all’ or ‘extreme-
ly’) of the unipolar question, ‘How satiated are you right now?’ To en-
sure reliable and valid results, participants rated their feeling of
satiation as precisely as possible, and they could not refer to their previ-
ous ratings whenmarking the VAS. Nutrient intake was stopped at tmax,
the time needed to reach a maximal level of satiation (maximum satia-
tion). The volume ingested was then recorded and caloric intake
calculated.

2.2.2. Part II: gastric emptying of solids and liquids
Gastric emptying of a solid- and liquid-meal was measured using

the 13C-breath test, an accurate, non-invasive method, without radia-
tion exposure, and a reliable alternative to scintigraphy, the “gold stan-
dard” for measuring gastric emptying [23,24]. Sixteen normal weight
and nine severe obese participants received a standardized solid meal,
consisting of two scrambled eggs (cooked with 10 g butter), placed on
two slices of whole wheat bread and 200 mL of milk (total: 468 kcal).
The test meal was labeled with 100 mg 13C-octanoic acid (Wagner
Analysen Technik GmbH, Bremen, Germany) for determination of gas-
tric emptying of solids. In addition, fifteen normal weight and fourteen
severe obese participants received 500 mL of a mixed liquid nutrient
drink (Ensure Plus®; 17% protein, 29% fat and 54% carbohydrate;
1.5 kcal/mL; Abbott AG, Baar, Switzerland), which was labeled with
50 mg 13C-sodium acetate for determination of gastric emptying of
liquids.

Participants were asked to eat/drink the respective meal within
5–10 min. 13C-octanoic acid as well as 13C-sodium acetate are rapidly
absorbed in the proximal small intestine, transported to the liver and
metabolized to 13CO2, which is then exhaled rapidly. At fixed time inter-
vals (−1, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210 and 240 min),
end-expiratory breath samples were taken into a 100 mL foil bag. The
13C-exhalation was then determined by non-dispersive infrared spec-
troscopy using an isotope ratio mass spectrophotometer (IRIS; Wagner
Analysen Technik, Bremen, Germany), and expressed as the relative
difference (δ ‰) from the universal reference standard (carbon from
Pee Dee Belemnite limestone). 13C-enrichment was defined as the dif-
ference between pre-prandial 13C-exhalation and post-prandial 13C-
exhalation at defined time points, δ over basal (DOB,‰); DOB indirectly
reflects gastric emptying of nutrients.

2.2.3. Part III: hormone profiles after a standardized nutrient drink
Within 5 min, 20 normal weight and 20 severe obese participants

ingested 500 mL of a complex nutrient drink (Ensure Plus®, specified
above). At regular time intervals (−1, 30, 60, 120 and 180), fasting
and post-prandial blood samples were collected into tubes containing
EDTA (6 μmol/L), aprotinin (500 kIU/mL) and a dipeptidylpeptidase IV
inhibitor on ice. The tubes were centrifuged at 4 °C at 3000 rpm for
10 min. After centrifugation, the plasma samples were processed into
different aliquots and stored at −70 °C until analysis of plasma GLP-1,
PYY and ghrelin.
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