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OBJECTIVE

Short-acting glucagon-like peptide 1 receptor agonists (GLP-1 RAs) decelerate
gastric emptyingmore than long-actingGLP-1RAs.Delayedgastric emptying is a risk
factor for gastroesophageal reflux disease.Weaimed tomeasure esophageal reflux
and function as well as gastric emptying and acid secretion during treatment with
short-acting (lixisenatide) and long-acting (liraglutide) GLP-1 RAs.

RESEARCH DESIGN AND METHODS

A total of 57 subjectswith type2diabeteswere randomized to a10-week treatment
with lixisenatide or liraglutide. Changes from baseline in the number of reflux
episodes during 24-h pH registration in the lower esophagus, lower esophagus
sphincter pressure, gastric emptying (13C-sodium octanoate acid breath test), and
gastric acid secretion (13C-calcium carbonate breath test) were analyzed.

RESULTS

Gastric emptying half-timewas delayed by 52min (D 95% CI 16, 88) with lixisenatide
(P 5 0.0065) and by 25 min (3, 46) with liraglutide (P 5 0.025). There was no
difference in the number of reflux episodes (mean6 SEM33.76 4.1 vs. 40.16 5.3
for lixisenatide and liraglutide, respectively, P 5 0.17) or the extent of gastro-
esophageal reflux (DeMeester score) (35.1 6 6.7 vs. 39.7 6 7.5, P 5 0.61), with
similar results for the individualGLP-1RAs. No significant changes frombaseline in
other parameters of esophagealmotility and lower esophageal sphincter function
were observed. Gastric acidity decreased significantly by 220.7% (240.6, 20.8)
(P 5 0.042) with the GLP-1 RAs.

CONCLUSIONS

Lixisenatide exerted a more pronounced influence on gastric emptying after
breakfast than liraglutide. Neither lixisenatide nor liraglutide had significant effects
on esophageal reflux or motility. Gastric acid secretion appears to be slightly
reduced by GLP-1 RAs.
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Glucagon-like peptide 1 receptor ago-
nists (GLP-1 RAs) can be categorized into
long-acting (e.g., liraglutide, exenatide
once weekly, dulaglutide, albiglutide,
semaglutide) and short-acting (e.g., ex-
enatide b.i.d. [unretarded], lixisenatide)
compounds (1). Both subclasses of GLP-1
RAs differ markedly from each other
with respect to their pharmacokinetic
and pharmacodynamic properties (2,3).
Mainly, short-acting GLP-1 RAs lead to
short-lived peaks of drug concentrations
after subcutaneous injection, the dura-
tion of which are several hours, with
ensuing troughs with near-zero drug
concentrations (4). Long-acting GLP-1
RAs provide circulating drug concentra-
tions that are constantly elevated, with
minor fluctuations over a 24-h or 7-day
period (5,6). Consequently, premeal ad-
ministration of short-acting GLP-1 RAs
elicits a significant delay of gastric emp-
tying even after prolonged treatment
periods (weeks/months), thereby pri-
marily reducing postprandial glucose el-
evations (7). In contrast, long-acting GLP-1
RAs initially delay gastric emptying, but
their pharmacokinetic profile leads to
desensitization for this effect over a pe-
riod of weeks to months, known as
tachyphylaxis (8). Therefore, during lon-
ger-term treatment, long-acting GLP-1
RAs influence postprandial glucose rises
predominantly by their effects on insulin
and glucagon secretion and have greater
effects on fasting plasma glucose due to
greater exposure during the night hours
(7). Earlier studies with acute intrave-
nous infusion of native human GLP-1
have also indicated an inhibition of gas-
tric acid secretion, but whether this is
also the case with GLP-1 RAs has not yet
been determined (9).
Delayed gastric emptying and gastric

distension are well-established risk fac-
tors in the pathophysiology of gastro-
esophageal reflux disease (GERD) (10).
Thus, delayed gastric emptyingmay tem-
porarily increase the intragastric content
of both solids and acidic liquids, thereby
increasing the likelihoodof reflux into the
lower esophagus (11). Several studies
have reported higher frequencies of
GERD symptoms in people with type 2
diabetes (12–14). So far, little informa-
tion is available on the effects of GLP-1
RAs on the incidence of GERD (15).
Treatment with GLP-1 RAs may theoret-
ically further increase the incidence of
gastroesophageal reflux in thesepatients

(16). However, the effect of GLP-1 RA
treatment on gastroesophageal reflux
and esophageal motility has not yet
been determined.

Therefore, in the current study the
effects of a short- anda long-actingGLP-1
RA (lixisenatide and liraglutide, respec-
tively) on gastroesophageal reflux, esoph-
agealmotility, gastric emptying, and gastric
acid secretion were compared over 10
weeks of treatment.

RESEARCH DESIGN AND METHODS

Study Design
The current study was a randomized,
bicentric, investigator-blinded, parallel-
group study in subjects with type 2 di-
abetes. The study was performed at the
Diabetes Division, St Josef-Hospital, and
at Profil. Informed consent was obtained
from all participants. Patients were ran-
domized using the program RANCODE
Professional 3.6 (idv Datenanalyse &
Versuchsplanung, Gauting, Germany).
The randomization and blinding process
is described in detail in Supplementary
Material. The study was approved by the
ethics committee of Ruhr-University Bo-
chum (registration no. 14-5177 FF), and
investigations were carried out in accor-
dance with the principles of the Decla-
ration of Helsinki as revised in 2008.

Study Population
The study included male and female
patients aged 18–70 years with a range
of BMI of 18–40 kg/m2 (inclusive) who
had been diagnosedwith type 2 diabetes
for at least 3 months. Treatment with a
stable regimen of metformin and/or a
sulfonylurea or metformin plus thiazoli-
dinedione for at least 1 month or treat-
ment with a stable regimen of insulin
with or without additional oral antidia-
betes drug treatment (metformin, sulfo-
nylureas, thiazolidinediones) for at least
1 month was obligatory.

Exclusion criteria included contraindi-
cations (including known or suspected
hypersensitivity) to GLP-1 RAs, current
use of GLP-1 RAs or inhibitors of dipep-
tidyl-peptidase 4, intake of medication
that may influence gastric acid secretion
or gastrointestinal motility, decompen-
sated glycemic control (HbA1c $10%),
preexisting significant concomitant dis-
eases (except those typically associated
with type 2 diabetes, e.g., arterial hyper-
tension, dyslipidemia), or prominent dia-
betes complications affecting parameters

to be measured in the current study (in-
cluding history of GERD or overt gastro-
paresis), as judged by the investigator.
Furthermore,clinicallyrelevant impairment
of hepatic, renal, or cardiac function as
indicated by alanine aminotransferase, bil-
irubin, and/or alkaline phosphatase greater
than threefold the upper limit of normal at
screening, estimated glomerular filtration
rate ,60 mL/min/1.73 m2 (estimate ac-
cording to the MDRD study equation) at
screening, clinically relevant electrocardio-
gramfindings, or symptomsof heart failure
(New York Heart Association class III–IV) as
judged by the investigator were defined as
exclusion criteria. Smokers or participants
not able or willing to refrain from smoking
were not included.

Safety Assessment
Monitoring of adverse events included
symptomatic and severe hypoglycemic
episodes and gastrointestinal disorders
using a structured questionnaire that
will be published separately. Laboratory
monitoring included pancreatic, renal,
and hepatic parameters. Laboratory anal-
ysis was performed at MLM Medical
Laboratories Moenchengladbach GmbH
and the laboratory of St Josef-Hospital.

Study Procedures

Screening Visit

At a screening visit, participants had their
medical history taken and underwent a
clinical examination. In addition, the fol-
lowing anthropometric variables were as-
sessed: age, height, weight, heart rate,
blood pressure, and waist and hip circum-
ference. Venous blood samples were
taken in the fasting state for themeasure-
ment of standard hematological and clin-
ical chemistry variables.

Interventions

After screening, participants were ran-
domized to receive either lixisenatide or
liraglutide. Participants randomized to
lixisenatide were administered 10 mg
once daily for 1 week, followed by a
20-mg once-daily maintenance dose for
the remainder of the trial. Participants
randomized to receive liraglutide were
administered 0.6mg once daily forweek
oneafter initiation and1.2mgoncedaily
for week two, followed by 1.8 mg once
daily for the remaining period of the
trial. In both groups, the GLP-1 RA was
administered 30 min before breakfast.
Subjects were asked to attend the clin-
ical unit in the morning in the fasting
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condition (only still water was allowed
after 8:00 P.M. the evening before the
visit) for screening and all other exper-
imental visits.

Experimental Visits

24-h Ambulatory Esophageal pHMeasurement.

Following a high-resolution esophageal ma-
nometry (HRM), an esophageal monitoring
tube for a 24-h ambulatory manometric pH
measurement was inserted. This tube
contained a pH electrode that was placed
5 cm above the upper border of the lower
esophageal sphincter (LES), as previously
determined through HRM. Assessment of
gastroesophageal reflux was based on the
number and duration of episodes with
pH,4.0 in the lower third of the esophagus
and the DeMeester score (17,18).
HRM. HRM was performed using a solid-
state catheter with 36 circumferential
pressure sensors spacedat1-cm intervals
(Unisensor, Attikon, Switzerland). A se-
riesof 10 swallowswith 5mL stillwater at
room temperature was registered per
manometry. The topographical plots and
manometric parameters were analyzed
using the software ViMeDat (Standard
Instruments GmbH, Karlsruhe, Germany),
which analyzes the manometry results
based on the Chicago Classification of
esophageal disorders (19).
GastricEmptyingofSolidMealComponents:
13C-Sodium Octanoate Breath Test. The
13C-sodiumoctanoate breath test is a non-
invasive test tomeasure gastric emptying
(20). Study medication was injected 1 h
before the meal. After an overnight fast
of ;12 h, baseline breath samples were
taken into gas-tight sampling bags. Sub-
jectswere then served ameal with a total
caloric amount of ;1,175.7 kJ with 24%
carbohydrate, 16% protein, and 60% fat.
This meal was composed of egg, white
bread, margarine, and still water. It in-
cluded 91 mg 13C-octanoic acid, mixed
into scrambled eggs to label the meal,
and had to be consumed within 10 min.
Further breath samples were collected
every 15 min after the test meal for 3 h,
followed by every 30min for another 3 h.
Gastric emptying and gastric emptying
half-timewereanalyzedusingtheWagner-
Nelson method (16,21,22). While the
study drugswere taken before breakfast,
all other morning medication was taken
after completion of the gastric emptying
test.
Noninvasive Determination of Gastric Acid

Secretion: 13C-Calcium Carbonate Breath

Test. The 13C-calcium carbonate breath

test (13C-CC-BT) has been designed to
estimate gastric acid secretion in a non-
invasive manner (23). Study medication
was injected 1 h before ingestion of the
tracer. After an overnight fast of ;12 h,
baseline breath samples were taken.
Thereafter, subjects ingested 0.2 g 13C-
labeled calcium carbonate dispersed in
still water. Breath samples were taken
twice at baseline and every 15 min over
the test duration of 90 min. 13C-CC-BT
was analyzed as described by Shinkai
et al. (24). Maximum 13C-CaCO3–derived
13CO2 exhalation was chosen for estima-
tion of gastric acid secretion, as it is
reported to show a good correlation
with the total secretion of gastric acid
(24).

End Points
Primary end point was defined as change
from baseline (week 21) in the number
of reflux episodes over 24 h after 10
weeks of treatment with lixisenatide ver-
sus liraglutide. Secondaryendpoints (each
after 10 weeks of treatment with liraglu-
tide versus lixisenatide) were change from
baseline (week 21) in the time charac-
terized by a pH,4.0 in the lower third of
the esophagus, change from baseline of
peristaltic tone in the esophagus and
pressure of the LES, change from baseline
of gastric emptying, and change from
baseline of the amount of nonstimulated,
stimulated, and steady-state gastric acid
secretion.

Statistical Analyses and Sample Size
Subject characteristics are expressed as
means 6 SD or number (proportion of
total). Results are expressed as means6
SEM or D (95% CI). Data were analyzed
using Student t test for paired samples or
Student t test with Welch correction for
unpaired samples. Categorical parame-
ters (contingency tables) were assessed
with Fisher exact test. Gastric emptying
was analyzed using repeated-measures
ANOVA with gastric content (as % of
the initial value) over 360 min as the
dependent variable, treatment (after
versus before initiation of GLP-1 RA
treatment) as fixed variable, and subject
as random independent variable. Differ-
ences after 10 weeks of treatment with
lixisenatide and liraglutide versus base-
line are expressed as D (with or without
95% CI). Statistical significance was de-
fined as P , 0.05. For statistical analyses
andfigures, GraphPadPrism, version 8.0.0

for Windows (GraphPad Software, San
Diego, CA) (www.graphpad.com), and Sta-
tistica (data analysis software system),
version 13.5 for Windows (TIBCO Soft-
ware, Palo Alto, CA) (http://tibco.com),
were used.

Based on the assumption of a mean of
30 reflux episodes per 24 h and an SD of
35, n 5 50 subjects would provide 90%
power (at an a-level of 0.05) to detect a
difference by 15, e.g., a 50% change after
treatment with a GLP-1 RA. For differ-
ences in changes from baseline between
lixisenatide and liraglutide treatment,
n 5 25 per groups would provide 90%
power to detect a difference of 15 reflux
episodes per 24 h assuming an SD of 15.

RESULTS

Baseline Data
A total of 110 male or female patients
with type 2 diabetes were screened for
the study. Of these, 57 (51.8%) subjects
(all Caucasians) were enrolled. Seven
(12.3%) participants did not complete
the study (two [28.7%] participants with-
drew consent before receiving study
medication, two [28.7%] were incompli-
ant with the study protocol, and three
[42.9%] had unsuccessful esophageal
manometry or pH measurements). Of
the participants that completed the
study, 26 (52%) received liraglutide and
24 (48%) received lixisenatide. Baseline
characteristics of completers are de-
picted in Table 1. Aside from pulse
rate, there was no significant difference
between the groups at baseline (mean6
SD 68.7 6 8.6 bpm in lixisenatide and
63.56 8.1 bpm in liraglutide, P5 0.035)
(Supplementary Table 1). Participants
treated with liraglutide experienced more
weight loss (P 5 0.0078) and a greater
reduction in BMI (P 5 0.020) compared
with those treated with lixisenatide
(Supplementary Table 1). There was no
significant difference in the concomitant
use of other glucose-lowering agents be-
tween the groups (Supplementary Table
2). In consideration of the study period of
10weeks, changes in HbA1c from baseline
were not measured.

Esophageal pH Measurement
Baseline measurements were similar in
both treatment groups (Table 2). Overall,
there were no significant differences in
the parameters of pHmeasurement (Fig.
1A–C). The number of reflux episodes did
not change significantly after 10weeks of

care.diabetesjournals.org Quast and Associates 2139

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/9/2137/630827/dc200720.pdf by guest on 09 April 2024

http://www.graphpad.com
http://tibco.com
https://doi.org/10.2337/figshare.12490601
https://doi.org/10.2337/figshare.12490601
https://doi.org/10.2337/figshare.12490601
https://doi.org/10.2337/figshare.12490601
http://care.diabetesjournals.org


treatment with lixisenatide (mean 6
SEM 27.26 6 5.21 to 32.11 6 5.09,
P 5 0.23) or liraglutide (39.43 6 6.14
to 47.29 6 8.88, P 5 0.34) (Table 2).
Therealsowerenot significant changes in
DeMeester score and time with pH,4.0
during the 24-h measurement period
after 10 weeks of treatment (Table 2).
At baseline, a DeMeester scoring indicat-
ing increased esophageal reflux (.14.7)
was present in 7 (36.8%) participants in
the lixisenatide and in 14 (66.7%) pa-
tients in the liraglutidegroup. Therewere
numerical increases in those with abnor-
mal results after 10 weeks of treatment
for both GLP-1 RAs (from 21 [52.5%] to
26 [65.0%], P 5 0.36), with lixisenatide
treatment (from 7 [36.8%] to 11 [57.9%],
P 5 0.33) or with liraglutide treatment
(from14 [66.7%] to15 [71.4%],P.0.99),
all of which were not significant. pHmea-
surement and analysis were completed
in 19 (79.2%) patients in the lixisenatide
group and 21 (80.8%) patients of the
liraglutide group (Supplementary Table
3).

High-Resolution Esophageal
Manometry
Among the parameters examined, no
difference was found for treatment
with GLP-1 RAs in general (Fig. 1E–H) or
for each GLP-1 RA studied individually
(Table 2). Baseline measurements were
similar. Neither lixisenatide nor liraglu-
tide led to a significant change in resting
pressure of the LES (Fig. 1E), mean distal

pressure amplitude (Fig. 1F), maximum
distal pressure amplitude (Fig. 1G), or the
relaxation of the LES after the act of
swallowing (Fig. 1H). HRMwas successful
in 23 (88.5%) participants of the liraglu-
tide group and 19 (79.2%) of the lixisena-
tide group (Supplementary Table 3).

Gastric Emptying
After 10 weeks of treatment, gastric
emptying was significantly delayed with
lixisenatide (P , 0.0001) (Fig. 2A) and
liraglutide (P , 0.0002) (Fig. 2B). Gastric
emptying half-time was delayed, with a
mean6SEMincreaseby25610min (P5
0.025) in the liraglutide group and by
526 17 min (P5 0.0065) in the lixisena-
tide group. The breath testing for gastric
emptying was successful in 21 (87.5%)
participants in the lixisenatide group and
in 26 (100%) participants in the liraglutide
group (Supplementary Table 3).

At baseline, three (5.3%) patients
exhibited a prolongation of gastric emp-
tyingof.2SD (216.864.6min).Noneof
these patients reported symptoms of
gastroparesis at screening. The results
of the study were not altered by exclu-
sion of these patients from analysis (data
not shown).

Gastric Acid Secretion
There was no significant baseline differ-
ence between the lixisenatide group and
the liraglutide group (P 5 0.88). The
pooled analysis showed a significant re-
duction of gastric acid production with

the GLP-1 RAs, by –20.7 6 9.9% (P 5
0.042) (Fig. 1D). For the individual agents,
no significant difference was found (Ta-
ble 2). In five (10%) participants of the
total study cohort, no 13C excursion was
registered at both study visits (one [20%]
in the lixisenatide group and four [80%]
in the liraglutide group, respectively).
These participants were excluded from
the primary analysis. However, with in-
clusion of these participants, the overall
changes between baseline and 10 weeks
were still significant (P 5 0.044) and
similar for lixisenatide (P 5 0.19) and
liraglutide (P 5 0.11). The 13C-CC-BT
yielded results in 26 (100%) participants
in the liraglutide group and in 24 (100%)
participants in the lixisenatide group
(Supplementary Table 3).

Safety
No significant difference in hypoglyce-
mic or gastrointestinal adverse events
was found between the groups (Supple-
mentary Table 4). All patients with hy-
poglycemia were under treatment with
insulin or sulfonylurea. No severe hypo-
glycemic episodes occurred during the
trial.

CONCLUSIONS

The current study was designed to ex-
amine the effects of lixisenatide and
liraglutide on gastroesophageal reflux,
esophageal motility, gastric emptying,
and gastric acid secretion in subjects
with type 2 diabetes. We report that

Table 1—Patients’ characteristics at baseline

All participants Treated with lixisenatide Treated with liraglutide
Significance of
differences (P)

n female/n male (% female) 18/32 (36) 10/14 (41.7) 8/18 (30.8)

Age, years 60.4 6 7.4 60.7 6 7.6 60.2 6 7.3 0.81

Duration of type 2 diabetes, years 13.5 6 1.0 12.6 6 1.1 14.4 6 1.7 0.38

Arterial hypertension 32 (64) 15 (62.5) 18 (69.2) 0.77

Duration of arterial hypertension, years 10.4 6 1.5 15.6 6 7.5 11.9 6 1.9 0.64

Dyslipidemia 19 (38) 6 (25) 13 (50) 0.087

Diabetic neuropathy* 4 (8) 0 4 (15.4 0.11

Diabetic retinopathy 7 (14) 1 (4.2) 6 (23.1) 0.10

HbA1c, % (mmol/mol) 7.5 6 0.8 (58.8 6 8.3) 7.5 6 0.8 (58.7 6 8.2) 7.5 6 0.8 (58.9 6 8.6) 0.93

Fasting plasma glucose, mmol/L 8.8 6 2.3 9.0 6 1.7 8.7 6 2.7 0.61

Participants smoking 5 (10) 3 (12.5) 2 (7.7) 0.66

Participants consuming alcohol 32 (64) 15 (62.5) 17 (65.4) .0.99

Alcohol consumption of participants
consuming alcohol, units/week 3.7 6 4.3 3.5 6 4.2 3.9 6 4.5 0.82

Height, cm 172.0 6 10.6 169.5 6 12.0 174.2 6 8.7 0.12

Data are expressed as means6 SD or n (%) of patients unless otherwise indicated. P values were calculated from Student t test withWelch correction
or Fisher exact test. *Based on vibration perception threshold and medical history.
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neither lixisenatide nor liraglutide treat-
ment had significant effects on the num-
ber of gastroesophageal reflux episodes
per 24-h period. Likewise, esophageal
motility was not affected. After 10weeks
of treatment, both GLP-1 RAs elicited a
significant delay in gastric emptying of
solid components of a test breakfast.
Lixisenatide and liraglutide led to aminor
suppression of gastric acid secretion,
which only reached statistical signifi-
cance when analyses for both GLP-1
RAs were combined.
The lack of effect of both GLP-1 RAs on

gastroesophageal reflux and on various
measures ofesophagealmotility is a novel
and somewhat unexpected finding, since
any persisting delay in gastric emptying
induced especially with a short-acting

GLP-1 RA might have been expected to
promote gastroesophageal reflux events
(10). The small increase of participants
with a DeMeester scoring indicating sig-
nificant reflux seen in the lixisenatide did
not show statistical significance. In the
liraglutide group, no such effectwas seen.
The difference may also be due to the
higher percentage of participants with a
pathological DeMeester scoring at base-
line in the liraglutide group compared
with the lixisenatide group (66.7% vs.
36.8%, respectively). Nonetheless, none
of the described results were significant.
Thus, even though gastric emptying is
significantly delayed in both agents, no
significant effects on gastroesophageal
reflux were observed. For lixisenatide,
the absence of such effects might reflect

the transient nature of GLP-1 receptor
activation with lixisenatide. For liraglu-
tide, a less pronounced effect on gastric
emptying may further reduce the risk of
reflux.

Another important end point of the
current study was the impact of lixisena-
tide and liraglutide on esophageal mo-
tility. Esophagealmotility is regulated in a
complex manner, and multiple aspects
ranging from propulsion and relaxation
to the resting tone of the esophagus and
the LES need to be considered (25).
Because of the inhibitory effect of
GLP-1 RAs on gastric emptying, a missing
influence on the resting pressure of the
LES was rather unexpected. A prolonged
gastric filling could have been expected
to show at least a minor influence on the

Figure1—Variousparametersbeforeandafter treatmentwith lixisenatide (▼) and liraglutide (4).Dataarepresentedas individual valuesandmeans6
SEM. P values were calculated from Student t test for paired samples. For differences between lixisenatide and liraglutide treatments, see Table 2.
A–C: Parameters derived from24-hpHmeasurements.Measurementswereperformed5 cmabove the LES (identified throughmanometry).A: Number
of refluxepisodesper24h.B: DeMeester score. Thegraybottomsegment indicates thephysiologic range (DeMeester scoreofup to14.7).C: Percentage
time with pH,4.0 during the registration period. D: Gastric acid content in the fasting state, 60 min after injection of the study drug. E–H: Results of
the high-resolutionmanometry. Visualized are resting pressure of the LES (E), mean distal pressure amplitude (F), maximumdistal pressure amplitude
(G), and postdeglutitive esophageal relaxation (H).
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resting pressure due to a more pro-
nounced upper gastric distension. How-
ever, neither a short-acting nor a long-
acting GLP-1 RA showed a significant
effect on any of the esophageal pressure
parameters examined. It should benoted
that in clinical practice, the evaluation of
HRM involves not only the quantitative
analyses conducted in the current study
but also a visual analysis of the respective
pressure changes over time in more
qualitative terms. In the current study,
numeric analysis was favored due to its
better reproducibility and lower depen-
dence on investigators’ experience.
Inhibition of gastric acid secretion has

previously been reported during intra-
venous GLP-1 administration after pen-
tagastrin stimulation (26). In the current
study, an indirect measure of gastric acid
secretion based on calcium carbonate
metabolism was employed. Notably, un-
like in earlier studies, this assessment
wasperformednot after stimulation (i.e.,
by pentagastrin) but, rather, under base-
line conditions. This approach was used
successfully to evaluate acid suppression
after acid blocker treatment, but no
use of this method in evaluation of
GLP-1 RAs has been reported so far
(23). Interestingly, a small, but significant
(mean6 SEM –20.76 9.9%, P5 0.042),
reduction in gastric acid secretion was
found in the combined analysis of
effects of either lixisenatide or liraglutide

treatment. A significant effect was not
observed in the individual analysis of
lixisenatide’s or liraglutide’s effects, per-
haps because of low statistical power.
However, compared with the effect of
proton pump inhibitors the effect is
minor (23). The minimal inhibition of
gastric acid secretion observed with
both our study drugs and previously
with native GLP-1 (27) is compatible
with a reduction in gastrin secretion
as recently indicated (28), as well as
with the expression of GLP-1 receptors
on parietal cells (29).

Fiveparticipants (four in the liraglutide
group) showed no significant gastric acid
production on both visits. Since the in-
take of proton pump inhibitors or other
medication that may influence gastric
acidity or gastrointestinal motility was
not allowed in the current study, the lack
of gastric acid production suggests an
underlying condition such as atrophic
gastritis, which is known to reduce acid
production and 13C excursion in 13C-CC-BT
(24).

Whether there is a clinical impact of
the reduction of gastric acid secretion
with GLP-1 RAs is unclear. Theoretically,
any reduction in gastric acid secretion
might reduce the subsequent risk for
reflux events or damage caused thereby,
e.g., reflux esophagitis or duodenal ulcers.
Recently, the administration of GLP-1
was shown to reduce gastrin secretion

in healthy individuals and in individuals
with type 2 diabetes, suggesting a pos-
sible mechanism for the observed re-
duction in acidity (28). However, given
the small magnitude of this effect, a
major clinical impact appears unlikely.

Lixisenatide and liraglutide signifi-
cantly inhibited gastric emptying after
10 weeks of treatment. The short-acting
GLP-1 RA lixisenatide showed a more
pronounced effect, with a delay of the
gastric emptying half-time of more than
twice that with the long-acting GLP-1 RA
liraglutide. Previous studies reported a
large difference in the inhibition of gas-
tric emptying with short-acting versus
long-acting GLP-1 RAs, which cannot be
reported in the current study (30,31).
Indeed, the delay in nutrient absorption
subsequent to delayed gastric emptying
is believed to represent the main mech-
anism of action reducing postprandial
glucose excursions with short-acting
GLP-1 RAs but applies mainly to meals
before which such medications have
been injected (32). Nevertheless, with
long-acting GLP-1 RAs, the effects on
gastric emptying are largely diminished
during chronic treatment because of
tachyphylaxis (2). In contrast with this
and in line with the present results, a
recent study reported a persistent effect
of the long-acting formulation of exena-
tide on gastric emptying after a treat-
ment period of 8 weeks (33). Hence, it
remains unclear how much time it takes
to reach a steady state in therapy with
short-acting versus long-acting GLP-1
RAs and after which period tachyphylaxis
can be observed.

Since recruitment was a major chal-
lenge during this study, the study pro-
tocolwas amended to allow the inclusion
of patients pretreated with dipeptidyl-
peptidase 4 inhibitors. In total, four
patients with sitagliptin and one pa-
tient with vildagliptin (lixisenatide group)
were recruited (Supplementary Table 2).
A washout period of 4 weeks preceded
the inclusion. However, previous studies
have shown that both sitagliptin and
vildagliptin have no impact on gastric
emptying (34,35). Furthermore, all re-
ported parameters maintained their sta-
tistical significancewhentheseparticipants
were excluded from the analyses.

A couple of limitations need to be
considered: The assessment of gastric
emptying and gastric acid secretion was
performed using noninvasive breath

Figure 2—Gastric emptying of solid components in lixisenatide (A) and liraglutide (B) before and
after 10 weeks of treatment. Gastric content was calculated with the Wagner-Nelson equation.
Data are expressed as means6 SEM. Data were analyzed using repeated-measures ANOVA with
gastric content (as % of the initial value) over 360min as the dependent variable, treatment (after
vs. before initiation of GLP-1 RA treatment) as fixed variable, and subject as random independent
variable. The results are presented with P values marked ‘a’ representing the overall effect of the
intervention, P values marked ‘b’ representing the effect of time, and P values marked ‘ab’
representing the interaction of intervention and time on gastric emptying. If a or ab were
significant (P, 0.05), post hoc (Duncan) tests were performed to locate significant differences to
single time points. For gastric emptying half-time, see Table 2.
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tests,which allowed for the estimationof
the respective parameters without ra-
dioactive exposure. However, only semi-
quantitative estimates can be generated
using these measurements. While we
acknowledge that gastric emptying scin-
tigraphy represents the gold standard,
the octanoate breath test has previously
been validated and used extensively in
previous studies with GLP-1 RAs (36,37).
Indeed, theWagner-Nelson approach for
deriving gastric emptying from 13CO2

exhalation data gives similar results
compared with scintigraphy (22). Also,
aspiration of gastric juice after pentagas-
trin stimulation may be considered the
gold standard for the determination of
(maximum) gastric acid secretion, but
such an approach appears further away
from physiological conditions than the
currently employed calcium carbonate
breath test. A placebo arm and a third
visit after 7 days may have added further
information. Due to the study design, no
conclusion about early effects can be
drawn. The study was powered to ex-
clude an increase in reflux episodes
of .50%, but no firm conclusions re-
garding less pronounced changes in the
number of reflux events can be drawn.
The study design was investigator
blinded, but open-label for patients. Fi-
nally, improper placement of the pH
measurement tube caused by using only
pH variation for placement is susceptible
for artifacts and can influence the De-
Meester score. To avoid this, the proper
positioning of the pHmeasurement tube
was ascertained by prior manometric
determination of the LES, thereby pro-
viding additional validation. It is also
theoretically possible that changes in
meal size or composition induced by
the GLP-1 RAs might have reduced
the frequency of reflux episodes,
thereby potentially obscuring an in-
duction of GERD.
In conclusion, the current study has

demonstrated that despite the delay in
gastric emptying, neither lixisenatide nor
liraglutide leads to significant alterations
in gastroesophageal reflux events or
esophageal motility. These findings pro-
vide additional reassurance as to the
overall gastrointestinal safety of GLP-1
RAs. The minor reduction of gastric acid
secretion might protect against the risk
of reflux or gastritis.
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