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Glucagon-Like Peptide 2 Inhibits Postprandial
Gallbladder Emptying in Man: A Randomized, Double-
Blinded, Crossover Study
Nina L. Hansen, MD1, Andreas Brønden, MD, PhD1, Christina C. Nexøe-Larsen, MD1, Alexander S. Christensen, MD, PhD1,2,
David P. Sonne, MD, PhD1, Jens F. Rehfeld, MD, DMSc3, Nicolai J. Wever Albretchsen, MD, PhD3,4, Bolette Hartmann, MD, PhD4,5,
Tina Vilsbøll, MD, DMSc1,2,6, Jens J. Holst, MD, DMSc4,5 and Filip K. Knop, MD, PhD1,2,5,6

INTRODUCTION: A recent study in mice points to the gut-derived hormone glucagon-like peptide 2 (GLP-2) as an

important regulator of gallbladdermotility inducing gallbladder relaxation and refilling. In this study, we

evaluated the effect of exogenous GLP-2 on postprandial gallbladder motility in healthy men.

METHODS: In a randomized, double-blinded, placebo-controlled, crossover study,we evaluated the effect of 4-hour

intravenous infusions of high-dose GLP-2 (10 pmol3 kg21 3min21), low-dose GLP-2 (1 pmol3 kg21 3
min21), andplacebo (saline) on postprandial gallbladdermotility. A300-kcal liquid-mixedmeal (added1.5

g of acetaminophen for indirect measurement of gastric emptying) was served 30 minutes after start of

intravenous infusions. Gallbladder volume was assessed by ultrasonography.

RESULTS: Fifteen healthy men, age 24.3 (22.4–26.1) years (mean [95% confidence interval]) and body mass

index 22.5 (21.7–23.4) kg3m22, were included. Basal plasma GLP-2 concentration was 14 (11–17)

pmol/L. During low-dose and high-dose GLP-2 infusions, steady-state postprandial plasma GLP-2

concentrations amounted to 201 (188–214) and 2,658 (2,443–2,873) pmol/L, respectively,

compared with maximum postprandial plasma GLP-2 concentration of 34 (25–44) pmol/L during

placebo. Gallbladder emptying (assessed as baseline-subtracted area under the curve for gallbladder

volume)was reducedby low-doseGLP-2 (20.8 [0.7–1.9] L3min,P<0.0001) andnearly abolishedby

high-dose GLP-2 (1.3 [21.7 to 0.01] L3min,P50.029) compared to placebo (22.0 [22.8 to21.1]

L3min). Compared to placebo, gastric emptying was reduced by high-dose GLP-2 (P5 0.0060 and

0.019), whereas low-dose GLP-2 did not affect gastric emptying (P5 0.13 and 0.85).

DISCUSSION: Exogenous GLP-2 exerts a dose-dependent inhibitory effect on postprandial gallbladder emptying in

healthy men.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A444 and http://links.lww.com/CTG/A445
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INTRODUCTION
Glucagon-like peptide (GLP)-2 is a 33-amino acid peptide hor-
mone secreted from enteroendocrine L cells in response to
intraluminal nutrients (1). After secretion, GLP-2 is degraded by
the enzyme dipeptidyl peptidase 4, resulting in a circulating half-
life of approximately 7 minutes (2). GLP-2 is known to exert
trophic effects on the intestinal mucosa promoting nutrient ab-
sorption (1,3). Due to this intestinotrophic effect, GLP-2 analogs

are currently used in the treatment of patients with short bowel
syndrome to improve the absorption of orally ingested nutrients
andwater, thereby reducing the need for parenteral support (4,5).
GLP-2 has also been shown to inhibit gastric acid secretion (6),
improve (i.e. reduce) gut permeability (7), stimulate pancreatic
glucagon secretion (6,8) and attenuate bone resorption leading to
increased bone mineral density (9). In line with this broad
spectrum of actions, GLP-2 receptor expression has been
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identified in different human tissues, including (listed according
to declining levels of GLP-2 receptor expression) gallbladder,
small intestine, duodenum, brain, colon, urinary bladder, fat,
stomach, and liver (10). The effect of exogenous GLP-2 on gall-
bladder motility has not previously been investigated in humans.

The gallbladder is an abdominal organ functioning as a res-
ervoir for bile produced by the liver. Contraction of the gall-
bladder and relaxation of the sphincter of Oddi ejects bile into the
duodenum, where bile acids facilitate the assimilation of ingested
lipids (11). Several mechanisms regulate gallbladder smooth
muscle activity, and the interaction between these mechanisms
leads to postprandial gallbladder contraction and emptying, fol-
lowed by gallbladder relaxation and refilling. The gut-derived
peptide hormone cholecystokinin (CCK), secreted from entero-
endocrine I cells after ingestion of nutrients (especially fat), is the
most well-acknowledged and potent inducer of postprandial
gallbladder contraction (12–14). Other established mechanisms
regulating gallbladdermotility include parasympathetic signaling
through the vagal nerve (contraction), sympathetic activity (re-
laxation), circulating bile acids (relaxation), and fibroblast growth
factor 19 (relaxation) (15–18). Recently, Yusta et al. (19) dem-
onstrated that GLP-2 promotes acute gallbladder refilling inmice
through activation of the GLP-2 receptor in gallbladder tissue,
and it was proposed that GLP-2 functions as a nutrient-induced
feedback to terminate meal-mediated gallbladder contraction.

A better understanding of how gallbladder motility is regu-
lated might disclose pathophysiological processes involved in
gallbladder dysmotility and bile stasis and subsequent de-
velopment of cholelithiasis and/or (calculous and acalculous)
cholecystitis (20,21).Of interest, treatmentwith theGLP-2 analog
teduglutide is associated with a small but significantly increased
risk of gallbladder-related diseases (cholelithiasis, cholecystitis,
and cholangitis) (22), and this association could be speculated to
be due to GLP-2 affecting gallbladder motility. Furthermore,
understanding how gallbladder motility can be modulated might
disclose new targets for the treatment of diseases where a re-
duction of gallbladder contraction is desired (e.g., biliary colic). In
this study, we evaluated the effect of exogenous GLP-2 on post-
prandial gallbladder motility in healthy men, and we hypothe-
sized that GLP-2 would inhibit postprandial gallbladder
emptying in a dose-dependent manner.

METHODS
This studywas performed at Center for ClinicalMetabolic Research,
Gentofte Hospital, University of Copenhagen, Hellerup, Denmark,
after approval by the Scientific-Ethical Committee of the Capital
Region of Denmark (record no. H-17037571) and the local data
protection authorities (record no. 2012-58-0004). The study was
registered at ClinicalTrials.gov (NCT03682172) and performed in
accordance with the Helsinki Declaration II, including oral and
written informed consent from study participants before inclusion.

Participants

Eligible study participants were Caucasian men, aged 18–35 years,
with a body mass index of 18.5–24.9 kg3m22, nonsmokers, with
no regular medicine use, and hemoglobin within normal range.
Exclusion criteria included intestinal disease, liver disease and/or
alanine transaminase .2 times upper normal limit, nephropathy
(serum creatinine .130 mmol/L), active or recent malignant dis-
ease, medical treatment that could not be paused for 3 days, and
cholelithiasis revealed by ultrasonography at the screening.

Study design

The study was designed as a randomized, double-blinded,
placebo-controlled, crossover study. All study participants un-
derwent a screening visit followed by 3 study days (separated by at
least 48 hours), all involving a liquid-mixed meal test and a
concomitant continuous intravenous (IV) infusion of saline
(placebo), low-dose GLP-2, or high-dose GLP-2. The primary
endpoint was GLP-2-induced change in baseline-subtracted area
under the curve (bsAUC) for gallbladder volume (GV).

Peptides

Synthetic human GLP-2 (1–33) was purchased from Bachem
Laboratories (Weil am Rhein, Germany) and dissolved in 0.9%
NaCl, containing in addition 0.5% human serum albumin and
sodium bicarbonate (NaHCO3), the latter added to provide a pH
of 8.5 to enhance solubility of GLP-2. The solution was subjected
to sterile filtration and dispensed into glass vials and stored at2
20 °C until use. At each study day, a vial was thawed, and ap-
propriate amounts (based on the participant’s body weight) were
injected into an infusion bag containing 250mL sterile water with
0.9% NaCl and 0.5% human serum albumin. GLP-2 was dem-
onstrated to be .97% pure and identical to the natural human
peptide by high-performance liquid chromatography and se-
quence and mass analysis by Bachem Laboratories. For placebo
infusions, an infusion bag containing 250mL of sterile water with
0.9% NaCl and 0.5% human serum albumin was used.

Experimental procedures

Study participants arrived at the laboratory after an overnight 10-
hour fast. They had been instructed to refrain from the use of pre-
scription andnonprescriptiondrugs 3days before each studyday and
were instructed not to ingest alcohol or perform strenuous physical
exercise 24 hours before each study day. Study participants were
placed in a semirecumbent position in a hospital bed, and a cannula
was inserted intoacubital vein in eacharm:one for collectionofblood
samples and one for IV infusions. The forearm from which blood
samples were collected was wrapped in a heating pad throughout the
study day to arterialize venous blood. At time230minutes, a 4-hour
continuous IV infusion of placebo (saline), low-dose GLP-2 (1 pmol
3kg213min21), orhigh-doseGLP-2 (10pmol3kg213min21)was
initiated. At time 0 minutes, the study participants ingested a liquid-
mixed meal. The liquid-mixed meal consisted of a premixed protein
drink (200mL, 300 kcal [36.8 g carbohydrate, 11.6 g protein, and 12.0
g lipid]; Nutricia, Danone, Denmark) added 100mL of water and 1.5
g of acetaminophen (Pinex; Actavis, Dublin, Ireland). Acetamino-
phen was added for indirect measurement of gastric emptying be-
cause acetaminophen is not absorbed in the ventricle. Thus, it is
possible to evaluate gastric emptying rate bymeasuring plasma levels
of acetaminophen and determine maximum concentration of acet-
aminophen and time to maximum concentration of acetaminophen
(23). At time 210 minutes, the GLP-2/placebo infusion was stopped.

Data collection and laboratory methods

Gallbladder scans by ultrasonography (LOGIQ E9; GE Healthcare,
Waukesha, WI) were performed at baseline (time 260 and 230
minutes) and after infusion start (time215, 0, 10, 30, 50, 70, 90, 120,
150, 180, and 210minutes). Three baseline blood samples (time245,
240, and235minutes)weredrawnbefore startof infusion, andblood
samplesweredrawncontinuouslyduring the studydays (time220,2
5, 20, 40, 60, 80, 100, 140, and 200minutes). Blood pressure and heart
rate were measured at time260,230, 0, 30, 50, 70, 90, 120, 150, 180,
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and 210minutes. For bedsidemeasurement of plasma glucose, blood
was sampled into sodium fluoride tubes and centrifuged immediately
at roomtemperature at 7,400g for 30 seconds. For the analysis ofGLP-
2, CCK, bile acids, and glucagon, blood was collected in chilled tubes
containing EDTA and a specific dipeptidyl peptidase 4 inhibitor
(valine pyrrolidide 0.01 mmol/L). For the analysis of insulin and C-
peptide, blood was sampled in plain tubes with clot activator for
coagulation (10 minutes at room temperature). For the analysis of
acetaminophen, total cholesterol, and triglycerides,bloodwas sampled
in tubeswith lithiumheparin. EDTA,plain, and lithiumheparin tubes
were centrifuged for 15minutes at 2,000g and 4°C. Plasma/serumwas
then distributed to storage tubes kept on ice before being stored at2
20 °C or 280 °C until analysis. Intact GLP-2 was measured with
antiserum (no. 92160) as previously described (24). Glucagon of
pancreatic origin was measured using a C-terminally directed anti-
serum (no. 4305) (25). CCK (O-sulfated CCK-8, CCK-22, CCK-33,
and CCK-58) was measured by radioimmunoassay using antiserum
(no. 92128) without cross-reactivity with any gastrin peptide (26).
Total bile acids were measured using Sentinel Bile Acid reagent (ref-
erence number: 17002B; Sentinel Diagnostics, Milan, Italy) and a
KoneLab Analyzer (Thermo Fischer, Vantaa, Finland). Plasma glu-
cose was measured bedside by the glucose oxidase method (Yellow
Springs Instrument Model 2900 Series Biochemistry Analyzers; Yel-
low Springs, OH). Serum insulin and C-peptide concentrations were
measured with a 2-side sandwich immunoassay using direct chemi-
luminescent technology (Siemens Healthcare, Ballerup, Denmark).
Plasma concentrations of triglycerides and total cholesterols were
measured enzymatically and using absorption photometry.

Calculations and statistical analyses

Based on a SD of the primary endpoint (bsAUC for GV) from a
previous study with similar methodology (27), power of 80%, and
level of statistical significance of 5%, we calculated the number of
study participants to be 13 to detect aminimal relevant difference of
25%. To ensure sufficient power, 15 study participants were in-
cluded. Results are reported as mean values with 95% confidence
intervals unless stated otherwise. Calculations of AUC were based
on the trapezoidal rule and presented as bsAUC if nothing else is
stated. GV was determined by using gallbladder height (H), width
(W), and length (L) and the ellipsoidmethod: GV5H3W3L3
p/6 (28). Gallbladder ejection fraction was calculated according to
the following formula: Gallbladder ejection fraction (%) 5 100 3
(GVbaseline2GVt)/GVbaseline, where GVt is GV at a given time. GV
and circulating plasma/serum concentrations of CCK, total bile
acids, triglycerides, total cholesterol, glucose, insulin,C-peptide, and
glucagon were evaluated by calculation of bsAUC. GLP-2 concen-
trations were evaluated by steady-state concentrations (on the low-
dose and high-dose GLP-2 infusions) and maximal postprandial
concentrations (on theplaceboday).Maximumgallbladder ejection
faction and maximum postprandial glucose concentration was
identified. Heart rate and blood pressure were evaluated by mean
values. The statistical analysis of the primary endpoint (bsAUC for
GV) was performed by 1-way repeated measures ANOVA with
Geisser-Greenhouse correction and Tukey multiple comparison
correction. The statistical analyses of the secondary endpoints were
performed by 1-way repeated measures ANOVA with Geisser-
Greenhouse correction, followed by correction for multiple testing
by False Discovery Rate correction (Benjamini and Hochberg).
Adjusted P values are reported, and a 2-sided P value of ,0.05 is
used as a significance level. All ANOVAs were calculated by
GraphPad Prism 8.4.0 (GraphPad Software, San Diego, CA), and

False Discovery Rate correction was performed in RStudio
v2.2.5001.

RESULTS

Study participants

Fifteen healthy men with a mean age of 24.3 (22.4–26.1) years and a
mean body mass index of 22.5 (21.7–23.4) kg3m22 were included.
Baseline characteristics are summarized in Table 1. One participant
experienced 5 minutes of light abdominal discomfort after meal in-
gestion during high-dose GLP-2 infusion, but otherwise, GLP-2 in-
fusionswerewell tolerated, andnoother adverse eventswere reported.

GLP-2 reached high supraphysiological plasma concentrations

Baseline plasma GLP-2 concentrations were similar on all 3 study
days. Steady-state GLP-2 concentrations in plasma were obtained
90minutes after infusion start (at time 60minutes) and amounted
to 201 (188–214) pmol/L during low-dose infusions and 2,658
(2,443–2,873) pmol/L during high-dose GLP-2 infusions
(Figure 1a). During placebo infusions, the maximum postprandial
GLP-2 concentration in plasmawas 34 (25–44) pmol/L. Compared
with the maximal postprandial concentration during placebo,
GLP-2 levelswere significantly higher during low-doseGLP-2 (P,
0.0001) and high-dose GLP-2 (P, 0.0001) infusions.

Gastric emptying was delayed by high-dose GLP-2

Gastric emptying, evaluated bymaximumplasma concentration of
acetaminophen and time to maximum plasma concentration of
acetaminophen, was reduced by high-dose GLP-2 infusion (0.088
[0.080–0.097] mmol/L and 127 [103–151] minutes) compared
with both low-dose GLP-2 (0.106 [0.098–0.114] mmol/L, P 5
0.0081, and 92 [78–106]minutes,P5 0.012) andplacebo infusions
(0.108 [0.099–0.116] mmol/L, P5 0.019, and 83 [73–92] minutes,
P5 0.0060). There was no difference in gastric emptying between
low-dose GLP-2 and placebo groups (P 5 0.85 and P 5 0.13)
(Figure 1b).

Table 1. Baseline characteristics

Variable Mean (SD)

Age (yr) 24.3 (3.7)

Sex (male/female) 15/0

Height (m) 1.81 (0.08)

Weight (kg) 73.8 (7.4)

BMI (kg3 m22) 22.5 (1.7)

Waist:hip ratio 0.80 (0.04)

Systolic blood pressure (mm Hg) 119 (12)

Diastolic blood pressure (mm Hg) 72 (10)

HbA1c (mmol/mol) 29 (3)

HbA1c (%) 4.8 (0.3)

Basal plasma glucose (mmol/L) 5.2 (0.3)

Data are shown in mean and SD in brackets.
BMI, body mass index.
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Postprandial gallbladder emptying was reduced by low-dose

GLP-2 infusion and nearly abolished by high-dose GLP-

2 infusion

Overall gallbladder emptying (assessed as bsAUC for GV) was
reduced by low-dose GLP-2 (20.8 [0.7–1.9] L3 minutes, P,
0.0001) and nearly abolished by high-dose GLP-2 (1.3 [21.7 to
0.01] L 3 minutes, P 5 0.029) compared with placebo (22.0
[22.8 to 21.1] L 3 minutes) (Figure 1c, e and Table 2).
Maximum postprandial gallbladder ejection fraction was re-
duced by low-dose GLP-2 (65.6 [58.0–73.1]%, P 5 0.047) and

high-dose GLP-2 (8.9 [3.2–14.6]%, P5 0.0009) compared with
placebo (77.1 [71.5–82.7]%) (Figure 1d, f).

CCK levels were increased by high-dose GLP-2

Basal plasma CCK concentrations were similar on all 3 study
days. Postprandial CCK concentrations (assessed as bsAUC)
during the study days were higher during high-dose GLP-2 in-
fusion comparedwith those of both low-doseGLP-2 (P5 0.0026)
and placebo infusions (P 5 0.0111) (Figure 2b).

Figure 1.GLP-2, gastric emptying, and gallbladder dynamics. Plasma concentration of GLP-2 (a), plasma concentration of acetaminophen (b), gallbladder
volume (c), gallbladder ejection fraction (d), baseline-subtracted area under the curve for gallbladder volume (e), and maximum gallbladder ejection
fraction (f) during 3 liquid-mixedmeal tests with continuous intravenous infusions of placebo (saline), low-doseGLP-2 (1 pmol3 kg213min21), and high-
dose GLP-2 (10 pmol3 kg21 3min21) started at time230 minutes. The meal was ingested at time 0 minutes. Data were compared by 1-way repeated
measurement ANOVA. Data points and wide lines are means; bars are 95% confidence intervals. Asterisk (*) indicates statistical significance (P, 0.05).
EF, ejection fraction; GLP-2, glucagon-like peptide 2.
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Total bile acids were not affected by GLP-2 infusions, high-dose

GLP-2 elevated total cholesterols compared with low-dose GLP-

2, and high-dose GLP-2 elevated triglycerides compared

with placebo

No significant differences in circulating postprandial bile acids
(Figure 2d) were observed. Total cholesterols (assessed as bsAUC)
were higher on high-dose GLP-2 compared with low-dose GLP-2
(P 5 0.020), but no difference between high-dose GLP-2 and
placebowas observed (see Supplemental Figure 1b, Supplementary
Digital Content 1, http://links.lww.com/CTG/A444). Postprandial
triglyceride excursions (as assessed by bsAUC) were higher on the

high-dose GLP-2 day compared with placebo (P 5 0.012) (see
Supplemental Figure 1d, Supplementary Digital Content 1, http://
links.lww.com/CTG/A444).

Maximum postprandial plasma glucose was reduced by high-

dose GLP-2

Basal plasma glucose concentrations and postprandial plasma glucose
excursions (assessed as bsAUC) were similar on all 3 study days, but
peak postprandial plasma glucose concentrations were reduced by
high-dose GLP-2 (6.4 [6.2–6.7] mmol/L) compared with low-dose
GLP-2 (6.9 [6.6–7.3] mmol/L, P5 0.0026) and placebo infusions (7.2

Table 2. Gallbladder dynamics

Placebo (A) Low-dose GLP-2 (B) High-dose GLP-2 (C)

GV

Baseline (mL) 28.6 (24.9 to 32.3) 28.0 (23.8 to 32.3) 27.8 (24.0 to 31.7)

bsAUC (L3 min) 22.0 (22.8 to 21.1)*B,C 20.8 (21.7 to 0.01)*A,C 1.3 (0.7 to 1.9)*A,B

Nadir (mL) 6.4 (4.8 to 8.1)*C 9.7 (7.7 to 12.4)*C 25.0 (22.1 to 28.0)*A,B

Time to nadir (min) 55 (46 to 65)*C 50 (36 to 64)*C 17 (26 to 39)*A,B

Gallbladder ejection fraction

bsAUC (%3 min) 6,681 (4,066 to 9,295)*B,C 1,935 (21,334 to 5,203)*A,C 25,496 (28,248 to 22,743)*A,B

Max (%) 77.1 (71.5 to 82.7)*B,C 65.6 (58.0 to 73.1)*A,C 8.9 (3.2 to 14.6)*A,B

Time to max (min) 55 (46 to 65)*C 50 (36 to 64)*C 17 (26 to 39)*A,B

Overview of gallbladder dynamics from 3 liquid-mixed meal tests (with concomitant intravenous infusions of placebo (saline), low-dose GLP-2 (1 pmol3 kg213min21),
andhigh-doseGLP-2 (10 pmol3 kg213min21)). Data aremeanswith 95%confidence intervals in brackets; bsAUC values are from time230minutes to 210minutes.P
values , 0.05 are indicated by asterisks (*) followed by the letter of the group compared with.
bsAUC, baseline-subtracted area under the curve; GLP-2, glucagon-like peptide 2; GV, gallbladder volume.

Figure 2.CCKand total bile acids. Plasma concentrations of CCK (a) and total bile acids (c) and corresponding baseline-subtracted area under the curve (b
and d) during the 3 liquid-mixedmeal tests with continuous intravenous infusions of placebo (saline), low-doseGLP-2 (1 pmol3 kg213min21), and high-
doseGLP-2 (10pmol3kg213min21). Datawere comparedby1-way repeatedmeasurementANOVA.Datapoints andwide lines aremeans; bars are 95%
confidence intervals. Asterisk (*) indicates statistical significance (P, 0.05). CCK, cholecystokinin; GLP-2, glucagon-like peptide 2.
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Figure 3. Glucose, insulin, C-peptide, and glucagon. Plasma/serum concentrations of glucose (a), insulin (c), C-peptide (e), and glucagon (g) and
corresponding baseline-subtracted area under the curve (d, f, and h) and maximum plasma glucose (b) during the 3 liquid-mixed meal tests with
continuous intravenous infusions of placebo (saline), low-dose GLP-2 (1 pmol3 kg21 3min21), and high-dose GLP-2 (10 pmol3 kg21 3min21). Data
were compared by 1-way repeatedmeasurement ANOVA. Data points and wide lines are means; bars are 95% confidence intervals. Asterisk (*) indicates
statistical significance (P, 0.05). GLP-2, glucagon-like peptide 2.
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[6.7–7.6] mmol/L, P 5 0.020) (Figure 3b). Basal serum insulin con-
centrations were similar on all 3 study days. During high-dose GLP-2
infusion, postprandial insulin responses (assessed as bsAUC) were
reducedcomparedwith low-doseGLP-2(P50.020)butnodifferences
were seenwhencomparingplacebowithhigh-doseGLP-2 (P50.085),
and placebowith low-dose GLP-2 (P5 0.62) (Figure 3d). Basal serum
C-peptide concentrations andpostprandial serumC-peptide responses
were similar on all 3 study days (Figure 3e, f).

Glucagon levels were elevated by high-dose GLP-2

Basal plasma glucagon concentrations were similar on all 3 study
days. High-dose GLP-2 increased plasma concentrations of glu-
cagon (assessed as bsAUC) compared with placebo (P5 0.0009)
and low-dose GLP-2 (P5 0.0009) (Figure 3g, h). No differences
in bsAUC or steady-state concentrations were observed between
placebo and low-dose GLP-2 (P5 0.59).

High-dose GLP-2 infusion elevated heart rate but did not affect

blood pressure

Themeanheart ratewas increasedbyhigh-doseGLP-2 (69 [65–72]
min21) compared with low-dose GLP-2 (63 [59–67] min21, P 5
0.0009) and placebo (64 [59–68] min21, P5 0.0034) infusions (see
Supplemental Figure 2b, Supplementary Digital Content 2, http://
links.lww.com/CTG/A445). The mean systolic and diastolic blood
pressure values were not affected by GLP-2 infusions.

DISCUSSION
Our study demonstrates that IV infusion of synthetic GLP-2 exerts a
potent and dose-dependent inhibitory effect on postprandial gall-
bladderemptyingwithhighsupraphysiological concentrationsofGLP-
2 completely blocking gallbladder emptying.We investigated the acute
effect of high supraphysiological concentrations of GLP-2 in healthy
young men. Steady-state GLP-2 concentrations during low-dose and
high-dose GLP-2 infusions were approximately 6 and 80 folds higher
than physiological postprandial GLP-2 levels. Thus, whether endoge-
nous GLP-2 contributes to the physiological regulation of gallbladder
motility cannot be inferred from this study. However, the high-dose
GLP-2 infusion corresponds to the GLP-2 exposure during treatment
with the GLP-2 analog teduglutide. Furthermore, the GLP-2 concen-
trations reachedwith the low-doseGLP-2 infusions are similar to those
observed after gastric bypass surgery (29). These observations support
the clinical relevance of the GLP-2 concentrations in this study. As
alluded to in the Introduction, treatment with the GLP-2 analog
teduglutide is associated with a small but significantly increased risk of
gallbladder-related adverse events (cholelithiasis, cholecystitis, and
cholangitis) (22). Our findings suggest that these adverse events might
relate to GLP-2 causing gallbladder hypomobility and, thus, bile stasis
and stone formation.After gastric bypass surgery the riskof gallbladder
disease is increased, which has been attributed to the rapid weight loss
(30). However, the increased risk might also be partly driven by the
elevated GLP-2 levels (31).

In this study, we found that high-dose GLP-2 reduced gastric
emptying measured by the acetaminophen method. Evidence re-
garding the effect of GLP-2 on gastric emptying is conflicting
(6,32,33). This might relate to differences between studies regarding
meal type (solid vs liquid) and method for evaluation of gastric
emptying (breath test, scintigraphy, and ultrasonography). Previous
studies have used considerably lowerGLP-2 infusion rates (0.5–2.25
pmol3 kg213min21) than the high-dose GLP-2 (10 pmol3 kg21

3min21) infusion in this study, and thus, GLP-2might only inhibit
gastric emptying in high supraphysiological concentrations.

In this study, it was necessary to consider a potential effect of
GLP-2 on gastric emptying because deceleration of gastric emp-
tying would reduce the entry of nutrients into the duodenum,
potentially delaying the release of CCK and consequently slowing
gallbladder emptying. Despite a reduced gastric emptying during
high-dose GLP-2 infusion, the postprandial CCK concentrations
in plasma were higher compared with low-dose GLP-2 and pla-
cebo infusions. CCK release is suppressed by intraluminal bile
acids, constituting an important part of the feedback regulation of
gallbladder motility (34). We believe that the increased post-
prandial CCK response during high-dose GLP-2 infusion reflects
GLP-2-induced inhibition of gallbladder emptying, leading to less
intraluminal bile acids and, thus, less suppression of CCK release.
The abolished postprandial gallbladder emptying during high-
dose GLP-2 infusion in the context of high circulating CCK
concentrations suggests that GLP-2-induced inhibition of gall-
bladder emptying occurs independently of gastric emptying and
CCK release. The gallbladder-relaxing effect of GLP-2 might be
direct, supported by the expression of the GLP-2 receptor gene in
human gallbladder tissue (10,35) and by GLP-2-mediated in-
hibition of spontaneous and electrically evoked smooth muscle
contraction in intestinal and gallbladder tissues from mice
(19,36). Furthermore, Yusta et al. (19), whose work inspired this
study, found the gallbladder-relaxing effect of GLP-2 to be
abolished in GLP-2 receptor knock-out mice. However, further
studies are warranted to establish whether exogenous GLP-2 re-
duces human gallbladder emptying in a direct or indirect fashion.

High-dose GLP-2 infusion reduced postprandial peak plasma
glucose. Because glucagon concentrations were increased by the
high-doseGLP-2 infusion and insulin secretionwas unaffected or
even lower during high-dose GLP-2 infusion, the lower post-
prandial peak in plasma glucose is most likely a consequence of
the decelerated gastric emptying rate (37). GLP-2 has previously
been shown to stimulate glucagon secretion (6,8,38), and the
mechanism is believed to involve activation of GLP-2 receptors
on pancreatic alpha cells (39).

In accordance with a previous study, we found that high-dose
GLP-2 increased mean heart rate (40). GLP-2 has been shown to
increase mesenteric blood flow (41), and the elevated heart rate
might be a compensatorymechanism tomaintain blood pressure.

We chose to determine GV by two 2-dimensional ultrasonog-
raphy scans and the ellipsoid method. This might constitute a lim-
itation of our study. Ultrasonography is noninvasive and, therefore,
commonly used to evaluate GV, but the quality of ultrasonography
depends on the performing investigator(s) and interinvestigator and
intrainvestigator variations. In this study, a single investigator per-
formed all ultrasonography scans, leaving just the issue of intra-
investigator variation, which previously has been reported to be
approximately 10% (42). The ellipsoid method has been shown to
overestimate GV by approximately 10%–15% compared with the
sum-of-cylinders (a slightly more accurate but time-consuming
method) (43,44). In this study, theGVdata fromthe 3different study
days show clear differences with little variation, andwe believe that a
systematic overestimationofGVof 10%–15% is unimportant for the
conclusions drawn.

In conclusion, we demonstrate that exogenous GLP-2,
resulting in supraphysiological plasma concentrations, dose-
dependently inhibits postprandial gallbladder emptying in
healthy men. We speculate that the increased risk of gallbladder
disease after treatment with GLP-2 analogs and after gastric by-
pass surgery might partly be driven by supraphysiological
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activation of the GLP-2 receptor, resulting in gallbladder hypo-
motility. Whether GLP-2-mediated inhibition of gallbladder
emptying might be used to temporarily manage conditions in
which gallbladder relaxation in desirable, e.g., in biliary colic or
gallbladder hyperkinesia, warrants further investigations.
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Study Highlights

WHAT IS KNOWN

3 GLP-2 exerts various effects in the gastrointestinal tract
including stimulation of gut mucosal growth, and GLP-2
analogs for the treatment of short bowel syndrome have been
developed.

3 Treatment with GLP-2 analogs is associated with increased
risk of gallbladder-related adverse events.

3 GLP-2 has been shown to induce gallbladder relaxation and
refilling in mice.

WHAT IS NEW HERE

3 Exogenous GLP-2 dose-dependently inhibits postprandial
gallbladder emptying in man.

TRANSLATIONAL IMPACT

3 Our findings suggest that gallbladder-related adverse events
observed in patients treated with GLP-2 analogs might arise
as a consequence of disturbed gallbladder motility.

3 In addition, our findings point to a potential link between the
elevated postprandial GLP-2 responses and the increased
risk of cholelithiasis after gastric bypass surgery.

3 Our results might position GLP-2 as a potential therapeutic
target in the management of biliary colic and gallbladder
hyperkinesia (e.g., as bridge-to-surgery).
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