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Abstract

Background The aim was to determine the effects of fat and
protein preloads on pouch emptying (PE), caecal arrival time
(CAT), glucose absorption, blood glucose (BSL), gut hor-
mones, haemodynamics and gastrointestinal (GI) symptoms
in subjects who had undergone Roux-en-Y gastric bypass
(RYGB) >12 months previously.

Methods Ten RYGB subjects were studied on three occa-
sions, in randomised order, receiving 200-ml preloads of ei-
ther water, fat (30 ml olive oil) or whey protein (55 g), 30 min
before a mixed meal. PE, CAT, BSL, plasma 3-O-methyl-D-
glucopyranose (3-OMG), insulin, glucose-dependent
insulinotropic polypeptide (GIP), glucagon-like peptide 1
(GLP-1) and glucagon, blood pressure (BP), heart rate (HR)
and GI symptoms were assessed over 270 min.

Results Although fat and protein preloads did not alter PE of
either solids or liquids, the CAT of solids, but not liquids, was
longer than that after the water preload (fat 68+5 min and
protein 7146 min vs. water 46+5 min; P=0.02). BSL elevat-
ed promptly after the meal on all days (P<0.001), but after
protein, the magnitude and integrated increases in the first
75 min were less than fat and water preloads (area under the
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curve (AUC(¢_75 min)), 18.7£18.2 vs. 107.2+30.4 and 76.1+
19.3 mmol/L/min; P<0.05). Compared to water preload, the
protein and fat preloads were associated with greater increases
in plasma insulin, GLP-1 and glucagon concentrations, a re-
duction in BP, and greater increases in HR, fullness, bloating
and nausea. Plasma 3-OMG levels were lower after the pro-
tein than after the water and fat preloads (P<0.001).
Conclusions Given its effects to attenuate post-prandial
glycaemia, reduce intestinal glucose absorption and potentiate
the “incretin response”, without inducing more adverse post-
prandial GI symptom, protein preload may prove clinically
useful in RYGB patients and warrant further evaluation, par-
ticularly in those with type 2 diabetes (T2DM) and/or dump-
ing syndrome.

Keywords Protein - Glucose - Fat - Preload - Post-prandial
hyperglycaemia - Carbohydrate absorption - Gastrointestinal
hormones - Roux-en-Y gastric bypass

Introduction

Due to the anatomical changes of Roux-en-Y gastric bypass
(RYGB) [1], ingested nutrients can empty rapidly from the
gastric pouch to reach the distal small intestine in greater quan-
tities than normal leading to post-prandial hyperglycaemia and
increased release of gut hormones, including cholecystokinin
(CCK), peptide YY (PYY) and the so-called “incretin
hormones” glucagon-like peptide 1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP). The presence of
a large nutrient load in the intestine can also increase splanchnic
blood flow and, in turn, lead to a reduction in systemic blood
pressure (i.e. post-prandial hypotension) and adverse symptoms
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[2, 3]. This phenomenon is most prominent in the elderly and
those with autonomic neuropathy [3, 4] and can be attenuated
by slowing gastric emptying and the rate of nutrient delivery in
to the small intestine.

In healthy lean and obese subjects who have intact stom-
ach, both oral and intra-duodenal administration of nutrients
have been shown to slow gastric emptying, suppress hunger
and decrease subsequent energy intake [5], as well as modu-
late glycaemia [6—8]. These effects are triggered, at least in
part, by the release of peptides including GLP-1, GIP, CCK
and PYY [9, 10], which are known to stimulate pyloric con-
tractions, inhibit both antral and proximal gastric motility and
suppress appetite [6, 7, 11-13]. One of the consequences of
such negative feedback by the presence of nutrients in
the small intestine is the attenuation of post-prandial
hyperglycaemia [10, 12]. Based on this concept, in patients
with type 2 diabetes (T2DM), we have shown that consump-
tion of a small amount of protein or fat 30 min before a meal is
associated with slowing of gastric emptying, increased release
of GIP and GLP-1 and a substantial reduction in the magni-
tude of post-prandial glycaemic excursion [8, 10]. Similarly,
administration of lipid or protein into the duodenum in health
slows both gastric emptying and small intestinal transit of a
subsequent meal as well as the glycaemic response [10, 14].
Given that post-prandial hyperglycaemia and hypotension are
relatively common after RY GB, manoeuvres that slow the rate
of nutrients transit to the small intestine may attenuate post-
prandial hyperglycaemia, hypotension and, possibly, gastroin-
testinal (GI) symptoms related to meal ingestion. The aim of
the current study was to determine the effects of fat and pro-
tein preloads on pouch emptying (PE), post-prandial
glycaemia, glucose absorption, gut hormones, blood pressure
and gastrointestinal symptoms in RYGB patients without
dumping syndrome.

Methods
Subjects

Ten subjects (SM/5F; age, 52.2+2.5 years; body mass index
(BMI), 31.1£1.3 kg/mz) who had undergone RYGB over
12 months (mean duration = 2.6+1.4 years ago, with a mean
reduction in body mass index (BMI) of 14.2+4.3 kg/m?) for
morbid obesity were recruited. The RYGB was performed by
a single bariatric surgeon who adopted the same surgical ap-
proach in all subjects [15]. Subjects were excluded if there
was a history of significant respiratory, renal, or hepatic dis-
ease, diabetes mellitus, chronic alcohol abuse, smoking, the
use of medication known to influence gastrointestinal (GI)
motility or blood glucose, or a history of significant GI dis-
eases, including lactose intolerance. The study protocol was
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approved by the local research ethics committee and each
subject provided written informed consent.

Protocol

Each subject was studied in the sitting position on three occa-
sions after an overnight fast, separated by at least 1 week. On
each study day, a different “preload” was consumed in
randomised order, 30 min before a mixed meal (total
1424 kJ) that consisted of a 50-g beef patty (584 kJ) labelled
with 15 MBq *™Tc-sulfur colloid and a 150 ml glucose drink
(50 g of glucose, 840 kJ), containing 3 MBq ¢’Ga-EDTA and
3 g 3-O-methyl-D-glucopyranose (3-OMG, Sigma-Aldrich
Co, St Louis, USA) to assess carbohydrate absorption. The
preloads were 200 ml in volume and consisted of (i) water
(200 ml, 0 kJ), (ii) 30 ml olive oil + 170 ml water (fat preload;
1080 kJ) and (iii) 55 g whey protein (whey isolate) mixed with
50 ml skim milk (1.6 g protein, 2.4 g sugar, 67 kJ) and 50 ml
water (protein preload; total 1080 kJ) (Fig. 1). The preloads
were consumed within 5 min and the meal was ingested with-
in 7 min. The tolerability of the mixed meal in RY GB subjects
had been confirmed prior to the commencement of the study.

After insertion of an intravenous cannula, venous blood
samples were taken before (r=—30 min) and after the ingestion
of the preload drinks at regular intervals for measurements of
blood glucose, 3-OMG, plasma insulin, GIP, GLP-1 and glu-
cagon [16-18]. Sitting in front of the gamma camera, the
mixed meal was ingested (beef patty first followed immedi-
ately by the glucose drink) and completed at /=0. Mean blood
pressure (MAP) and heart rate (HR) were also quantified with
an automated oscillometric BP monitor (DINAMAP ProCare
100) at ~3-min intervals for the first 2 h and every 10 min
thereafter [19]. Post-prandial hypotension was defined as a fall
in systolic BP >20 mmHg that was sustained for >30 min [19,
20]. Perceptions of appetite, GI symptoms and symptoms of
dumping were assessed using validated visual analogue scales
(VASs) [16, 18] at regular intervals. The presence of dumping
syndrome was assessed using Sigstad’s clinical diagnostic in-
dex, and if the score >7, the dumping syndrome was deemed
to be clinically significant [21].

Measurements

Pouch Emptying and Caecal Arrival Time The transit of
labelled meal through the gastric pouch and the small intestine
was quantified using scintigraphy [22, 23]. Data were
corrected for subject movement, radionuclide decay and -
ray attenuation. A region of interest that corresponded to the
gastric pouch was identified.

Blood Glucose and Plasma 3-OMG, Insulin, GIP, GLP-1
and PYY Blood glucose concentrations were determined im-
mediately using a portable blood glucose meter (Medisense
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Fig. 1 Outline of study protocol Random order
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Companion 2 Meter, Medisense, Inc., Waltham, MA) [22,
23]. Plasma 3-OMG concentrations were measured using
high-performance exchange chromatography [22]. As previ-
ously described [22, 23], total plasma GIP, GLP-1 and PYY
were measured by radio-immunological assay (RIA), and
plasma insulin was measured by ELISA.

Data Analysis

Data are presented as mean+SD. Differences in changes of
blood glucose, gut hormones, 3-OMG absorption,
haemodynamics and GI symptoms after various preloads
and the meal were evaluated by two-way repeated measures
analysis of variance (ANOVA) with treatment and time as
factors. In addition, differences in pouch emptying and chang-
es in outcome measures (including blood glucose, insulin,
glucagon, GIP and GLP-1) before and after the preloads (but
prior to meal ingestion) were compared using Student’s paired
t test. Analyses were performed using GraphPad Prism statis-
tical software, version 6 (GraphPad Software Inc., La Jolla,
CA, USA). Significance was accepted at a P value <0.05.

Results

The study was tolerated well without any untoward events.
The mean glycated haemoglobin (HbAc) in the cohort at the
time of the study was 6.2+0.2 %. No patient had dumping
syndrome and mean Sigstad’s score was 3.8+1.5.

Pouch Emptying and Caecal Arrival Time

The composition of the preload had no effect on pouch emp-
tying of solids or liquids, which was extremely rapid in all
groups (¢50 of water vs. fat vs. protein for solid, 3.8+0.9 vs.
4.1+0.6 vs. 3.6+0.5 min, and for liquid, 1.6+0.7 vs. 1.1£0.6
vs. 1.3£0.5 min). Although caecal arrival time (CAT) of lig-
uids was short and comparable amongst the preloads (water
vs. fat vs. protein, 23+4 vs. 26£6 vs. 2745 min; P>0.05),
after the protein and fat preloads, CAT of solids was more
prolonged than after the water preload (water vs. fat vs. pro-
tein, 46+5 vs. 68+5 vs. 71+£6 min; P<0.05).

* Gut hormones (insulin, GIP)
* Plasma 3-OMG levels

Blood Glucose, Glucose Absorption, Plasma Insulin, GIP,
GLP-1 and Glucagon

There were no differences in baseline blood glucose, plasma
insulin, GIP, GLP-1 or glucagon concentrations (Fig. 2a—e).
When compared to fat and water preloads, the protein preload
was associated with a small, but significant, increase in blood
glucose (0.9+£0.3 mmol/L), and a marked increase in plasma
insulin (P=0.04). There was a prompt rise in blood glucose
(P<0.001) and plasma insulin (P<0.001) after the meal on all
days, but the magnitude and integrated increases in blood
glucose in the first 75 min after the meal following the protein
preload (area under the curve (AUC (75 min)), 18.7+
18.2 mmol/L/min) were less than those after fat (107.2+
30.4 mmol/L/min, P=0.03) and water (76.1£19.3 mmol/L/
min; P=0.048) preloads. In contrast to the comparable overall
blood glucose between the groups, both peak (P<0.001) and
the AUC (P<0.01) for plasma insulin were greater after the
protein, than the water and fat, preloads, with no differences
between water and fat.

Both protein and fat preloads increased plasma GIP
(P<0.01) and GLP-1 (P<0.01). After the meal, there were
rapid increases in plasma GIP (P<0.01) and GLP-1
(P<0.01) on all study days (P<0.001). Whilst the magnitude
of the post-prandial increase in plasma GIP was compa-
rable between the nutrient preloads, the increase in plas-
ma GLP-1 was greater after the fat, than the protein and
water, preloads (P<0.01). After the meal, plasma GLP-1
after the protein preload was higher than that after the
water preload between 60 and 180 min (P<0.01). Only
the protein preload was associated with an increase in
plasma glucagon (P<0.01). In all groups, plasma gluca-
gon increased after the meal, and the magnitude of the
increase was least after the water preload (Fig. 2e). The
post-prandial rise in plasma glucagon after the fat pre-
load was higher than that after the water preload
(P<0.001), but less than after protein preload (P<0.001).

Although neither the rate of increase nor peak plasma 3-
OMG concentrations were different amongst the preloads,
both integrated (AUCo 240 min)) and plasma levels of 3-
OMG after the protein were less than after the water and fat
preloads (P<0.001) (Fig. 2f). There was no difference in peak
plasma or AUC 9240 min) 0f 3-OMG between the fat and water
preloads. There was a strong correlation between peak plasma
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Fig. 2 Effects of 200 ml fat (30 ml olive oil; 1080 kJ) or whey protein
(55 g; 1080 kJ) preloads ingested at /=—30 min, and a mixed meal
ingested at =0 min on a blood glucose, b plasma insulin, ¢ plasma

3-OMG and peak blood glucose levels after the protein (P=
0.02, =0.72), but not the fat or water, preloads.

Blood Pressure and Heart Rate

Although all preloads were associated with an increase in
HR (P<0.001; Fig. 3), only fat and protein preloads re-
duced mean arterial pressure (MAP) by ~10 mmHg
(P<0.001). The increase in HR was least after the water
than that after the protein or fat preloads (P<0.01). The
changes in MAP and HR were most marked at 30 min
after ingestion of protein and fat preloads. Meal ingestion
did not reduce MAP but was associated with a small
increase in HR in the first 30 min (P<0.001). In all
groups, both MAP and HR had returned to baseline by
45 min after meal ingestion.
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GIP, d plasma GLP-1, e plasma glucagon and f glucose absorption, as
assessed by plasma 3-OMG and AUCy 549 min after RYGB (n=10). Data
are mean+SEM

Gastrointestinal Symptoms

Although there was suppression of sensations of hunger, de-
sire to eat and the amount of food that could be eaten, as well
as increases in fullness, bloating and nausea after the meal, the
suppression of hunger was least after water preload with no
effect on bloating and nausea and was highest after fat preload
(Fig. 4).

Discussion

This is the first study to evaluate the effects of a small macro-
nutrient preload of fat or protein given before a mixed meal
after RYGB, with a particular focus on their potential to atten-
uate the post-prandial glycaemic excursion, stimulate incretin
responses and reduce both haemodynamic disturbances and
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GI symptoms. The main observations were that, in unselected
RYGB subjects without overt dumping syndrome, (i) nutrient
preloads, especially protein, modified small intestinal transit
(i.e. CAT), but not pouch emptying of solids, associated with a
diminished post-prandial rise in blood glucose and plasma 3-
OMG concentrations; (ii) the protein preload and, to a lesser
extent, fat preload are associated with greater stimulation of
plasma insulin, glucagon, GLP-1 and GIP than the water pre-
load; and (iii) whilst both nutrient preloads were associated
with a reduction in desire to eat and a comparable meal-
induced hypotension (~10 mmHg) and tachycardia
(~15 bpm), the protein preload did not lead to nausea and
was associated with less bloating than the fat preload. Togeth-
er, our findings suggest that protein, but not fat, preloads may
be beneficial in RYGB subjects by modestly attenuating post-
prandial hyperglycaemia, glucose absorption and reducing de-
sire to eat, without inducing adverse GI symptoms. The effects
of protein preload, therefore, warrant further evaluation in
RYGB subjects, particularly those with either persistent
T2DM and/or dumping syndrome.

Although the lack of difference in pouch emptying after the
preloads is easily explained by the loss of small intestinal
feedback on “gastric regulation” of nutrient delivery to the
small intestine after RYGB [2, 6, 7], the prolonged intestinal
transit of meal after nutrient preloads is intriguing and most
likely related to the neuro-humoral effects of GLP-1, GIP and

Time (min)

glucagon on small intestinal motility. The early heightened
releases of these gut hormones after the nutrient preloads are
probably responsible for the slower intestinal transit, as GLP-
1, GIP and glucagon are known to induce small intestinal
hypomotility [3, 4, 24] and slow transit [25]. Together with
the heightened incretin responses, the slower intestinal transit
may contribute to the observed lesser increase in post-prandial
blood glucose and plasma 3-OMG after the protein preload.
It is also intriguing to note the different patterns of incretin
hormones elicited by the protein and fat preloads, despite the
comparable pouch emptying and caloric content of the pre-
load. Ingestion of whey protein increased all regulatory
(insulin, GIP and GLP-1) and counter-regulatory (glucagon)
hormones, whereas the fat preload only increased GIP and
GLP-1. When compared to water, post-prandial rises in plas-
ma insulin, GIP, GLP-1 and glucagon were greater after the
nutrient preloads, particularly after the protein preload, which
may relate to direct stimulatory effects of whey protein in the
small intestine [12, 14, 26, 27]. Furthermore, the discrepant
increases in plasma GIP and GLP-1, as compared to the
marked increases in plasma insulin and glucagon, after the
protein preload may relate to the relatively low level of post-
prandial hyperglycaemia (peak glucose ~10 mmol/L). The
“stimulatory incretin” effects of GIP and GLP-1 on insulin
release are glucose-dependent, with much greater “incretin”
stimulation during hyperglycaemia [28]. In the current study,
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Fig. 4 Effects of 200 ml fat (30 ml olive oil; 1080 kJ) or whey protein
(55 g; 1080 kJ) preloads ingested at ~=—30 min on appetite sensations and
GI symptoms after RYGB (#=10): a hunger, b fullness, ¢ bloating, d

only subjects without T2DM were included, which is most
likely to be responsible for the modest attenuation of post-
prandial hyperglycaemia by the nutrient preloads. The results
are likely to be different if RYGB patients with T2DM are
included. Thus, the impact of these preloads in RY GB patients
with T2DM would be more clinically relevant and warrants
evaluation.

The use of protein preloads may have therapeutic potential
given the association with reduced intestinal glucose absorp-
tion and increased early satiety. In contrast to fat, protein
preloads appear to induce early post-prandial “fullness” with-
out causing nausea, which predictably impacts adversely on
quality of life [29]. In order to minimise the additional caloric
content of the “nutrient preloads”, the use of snacks of high
protein, rather than fat and carbohydrate, content between
main meals may favour weight loss by inducing early satiety
by releasing “appetite-related” gut hormones, such as GLP-1,
and reducing glucose absorption.

Although no subject complained of overt dumping symp-
toms, the observed haemodynamic changes after exposure to a
small nutrient preload in RYGB can provide the physiological
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basis for the hypotensive symptoms of dumping syndrome. In
the current study, fat and protein had comparable effects, as
would be predicted [30]. The mechanism(s) responsible for
the hypotension or tachycardia remains unclear, but may be
related to gut hormonal effects or direct stimulation to the
sympathetic nerves [31-33].

There are a number of limitations of the current study,
which should be recognised. While the number of subjects
was relatively small, the studies were randomised, repeated
over three occasions and technically demanding. More impor-
tantly, despite the small sample size, intra-subject differences
between the preloads were observed and highly significant.
As discussed, it would be of interest to assess RYGB patients
with T2DM and dumping syndrome, in view of the potential
clinical impact of nutrient preloads on glycaemia and post-
prandial symptoms. We studied subjects who had RYGB sur-
gery at least 1 year previously in view of the adaptive changes
in GI function known to occur in the first 12 months [34, 35].
This is to miminise the impact of the variation induced by
these adaptive changes. The attenuation of post-prandial rise
of blood glucose after the protein preload may also be more
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pronounced if milk was avoided in the preload, as the carbo-
hydrate content led to a small increase in blood glucose prior
to the main meal. The protein content in our preload group
(55 g) was high, as compared to the normal requirement per
meal (~30 g), which represented a deliberate strategy as the
study was “proof of principle”. Our findings and their appli-
cability, therefore, should be viewed circumspectly. We be-
lieve that that lack of pre-RYGB data does not represent a
major limitation given that the GI responses with “intact GI
anatomy” (i.e. pre-RYGB) are substantially different from
those after RYGB, as demonstrated by our group [23] and
others [34, 35].The small intestinal transit time we observed
was shorter than that reported in a study by Carswell et al.
[36], which most likely reflects differences in the measure-
ment technique and test meal. The sulphasalazine-
sulphapyridine test, as used by Carswell et al. [36], has not
been validated against the gold-standard scintigraphy; and
compared to lactulose/hydrogen breath test, orocaecal transit
assessed by sulphasalazine test has been reported to be more
prolonged [37]. We have also adopted a mixed meal where the
solid “beef patty” component was predictably “washed out”
by the glucose drink and have shown that pouch emptying
and, accordingly, small intestinal transit, are influenced by
gravity [23]. In contrast, Carswell et al. [36] did not employ
a test meal, and the amount of water used to swallow the 1 g of
sulphasalazine tablet was not documented.

Conclusions

After RYGB, protein and, to a much lesser extent, a fat pre-
load is associated with a more prolonged small intestinal tran-
sit, a smaller post-prandial glycaemic rise, slower intestinal
glucose absorption, greater increases in plasma insulin gluca-
gon and GIP, and diminished desire to eat, without inducing
adverse post-prandial GI symptoms, as compared to fat and
water preloads. Protein preloads may, therefore, have thera-
peutic value and warrant further evaluation in RYGB subjects
particularly those with persistent T2DM and/or dumping
syndrome.
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