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Enhanced secretion of glucagon-like peptide 1 (GLP-1)
seems to be essential for improved postprandial b-cell
function after Roux-en-Y gastric bypass (RYGB) but is less
studied after sleeve gastrectomy (SG). Moreover, the role
of the other major incretin hormone, glucose-dependent
insulinotropic polypeptide (GIP), is relatively unexplored af-
ter bariatric surgery. We studied the effects of separate
and combined GLP-1 receptor (GLP-1R) and GIP receptor
(GIPR) blockade during mixed-meal tests in unoperated
(CON), SG-operated, and RYGB-operated people with no
history of diabetes. Postprandial GLP-1 concentrations
were highest after RYGB but also higher after SG com-
pared with CON. In contrast, postprandial GIP concentra-
tions were lowest after RYGB. The effect of GLP-1R versus
GIPR blockade differed between groups. GLP-1R blockade
reduced b-cell glucose sensitivity and increased or tended
to increase postprandial glucose responses in the surgical
groups but had no effect in CON. GIPR blockade reduced
b-cell glucose sensitivity and increased or tended to in-
crease postprandial glucose responses in the CON and SG
groups but had no effect in the RYGB group. Our results
support that GIP is the most important incretin hormone in
unoperated people, whereasGLP-1 andGIP are equally im-
portant after SG, and GLP-1 is the most important incretin
hormone after RYGB.

Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy
(SG) surgery improve insulin sensitivity and enhance post-
prandial b-cell function (1–5), resulting in high rates of
type 2 diabetes remission after both procedures (6,7). The
improvement in the postprandial b-cell function is best
characterized after RYGB and seems to be independent of
weight loss, linked to the modified gastrointestinal anat-
omy, and associated with an altered incretin hormone re-
sponse (1,2,4,8–11).

The incretin hormones, glucagon-like peptide 1 (GLP-1)
and glucose-dependent insulinotropic polypeptide (GIP),
are secreted from the intestine upon food ingestion and
regulate insulin secretion from pancreatic b-cells in a glu-
cose-dependent manner (12,13). Moreover, GLP-1 inhibits
glucagon secretion and gastric emptying, whereas GIP stim-
ulates glucagon secretion during low glucose concentra-
tions (12,13). The density of GIP-producing K cells is highest
in the proximal small intestine, whereas GLP-1–producing L
cells are more dominant distally (14). The rate of intestinal
nutrient exposure after meal intake, and thereby the stimu-
lation of K and L cells, is increased after both SG and RYGB
(15,16). Furthermore, the proximal part of the small intes-
tine is bypassed after RYGB. Consequently, the postprandial
GLP-1 response increases after both procedures but is most
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pronounced after RYGB (2,16,17). Postoperative changes in
the postprandial GIP response are modest and less consis-
tent. Hence, increased postprandial systemic GIP concentra-
tions are sometimes, but not always, reported after SG;
whereas, moderately reduced, unchanged, or increased con-
centrations are reported after RYGB (2,17).

Several studies using the GLP-1 receptor (GLP-1R) an-
tagonist exendin(9-39)NH2 (18–23) collectively indicate
that GLP-1 has a more prominent role in the regulation
of postprandial b-cell function after compared with before
RYGB (24), but only one study has used this approach
after SG (25). Recent studies using the novel GIP receptor
(GIPR) antagonist GIP(3-30)NH2 (26,27) in combination
with exendin(9-39)NH2 indicate that GIP is the main incre-
tin hormone in healthy unoperated people (28,29). How-
ever, the role of endogenous GIP in the regulation of
postprandial glycemia and b-cell function after bariatric
surgery is unexplored.

Therefore, we studied separate and combined effects
of GLP-1R and GIPR blockade in RYGB-operated, SG-
operated, and unoperated (CON) people with no history
of diabetes. We hypothesized that GLP-1 would be the
quantitatively most important incretin hormone after
RYGB and GIP the most important incretin hormone after
SG.

RESEARCH DESIGN AND METHODS

Ethics
The study was registered at ClinicalTrials.gov (NCT03950245),
approved by the Capital Regional Ethical Committee (Hillerød,
Denmark) and the Danish Data Protection Agency, and con-
ducted in accordance with the standards set by the Declaration
of Helsinki. Written informed consent was obtained from all
participants before inclusion.

Participants
Weight stable (±3 kg within the last month) RYGB-operated,
SG-operated, and CON participants with no history of dia-
betes and a current HbA1c <48 mmol/mol were recruited
(n = 12 per group). Participants were matched on age, sex,
and BMI (surgical groups also on preoperative BMI and
time from surgery). Standard laparoscopic RYGB and SG
procedures were performed at least 1 year before inclusion
at the Department of Surgical Gastroenterology, Copenha-
gen University Hospital, Hvidovre, Denmark, as previously
described (16). Exclusion criteria were hyperthyroidism, inad-
equately treated hypothyroidism, hemoglobin <6.5 mmol/L,
pregnancy, breastfeeding, glucose-lowering medications,
and systemic use of steroids.

Experimental Design
In a crossover design, each participant underwent four liq-
uid mixed-meal tests performed in random order (sepa-
rated by a minimum of 48 h) during participant-blinded
continuous infusions of placebo (saline), exendin(9-39)NH2

(bolus: 43,000 pmol/kg, infusion rate: 900 pmol/kg/min),

GIP(3-30)NH2 (infusion rate: 800 pmol/kg/min), or combined
exendin(9-39)NH2 and GIP(3-30)NH2. To ensure that the
GLP-1R was sufficiently blocked during conditions of high
postprandial GLP-1 concentrations, three RYGB participants
underwent an additional meal test with a 33% increased bo-
lus (57,000 pmol/kg) and infusion rate (1,200 pmol/kg/min)
of exendin(9-39)NH2.

On experimental days, the participants met after an
overnight fast (10–12 h) and were placed in a reclined
position. Intravenous catheters were inserted into antecu-
bital veins on each arm for blood sampling and continu-
ous infusions, respectively. The infusions were started
30 min prior to meal intake and were continued through-
out the experimental day. After 30 min of basal infusions,
the participants ingested a liquid mixed meal (Fresubin
2 kcal DRINK: 200 mL, 400 kcal; carbohydrate, 45% total
energy [E]; protein, 20%E; fat, 35%E) evenly over 20 min.
Crushed paracetamol (acetaminophen; 1 g) was dissolved
into the first 20 mL of the test meal to estimate paraceta-
mol absorption rate as a measure of intestinal nutrient
exposure rate (16). Blood was sampled at �40,�30,�10,
0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 180, and 240 min rel-
ative to the intake of the test meal.

Peptides and Infusions
High-purity (>99%) GIP(3-30)NH2 and exendin(9-39)NH2

(Caslo, Lyngby, Denmark) were dissolved in 0.5% human al-
bumin (CSL Behring, Marburg, Germany) with and without
10 mmol/L sodium hydrogen carbonate, respectively, under
sterile conditions at the Capital Region Pharmacy (Herlev,
Denmark). After sterile filtration and testing for pyrogens
and sterility, vials were stored at �20�C. On experimental
days, the peptide solutions were thawed and diluted in
saline with 0.5% human albumin to a total volume of
250 mL. Placebo infusions were 250 mL isotonic saline
(Fresenius Kabi, Uppsala, Sweden) with 0.5% human albumin.
Hence, on each experimental day, 2 × 250 mL were infused
(saline1saline, saline1exendin[9-39]NH2, saline1GIP[3-30]
NH2, or exendin[9-39]NH21GIP[3-30]NH2).

Biochemistry
Plasma glucose concentrations were measured bedside us-
ing the glucose oxidase method (YSI 2300 Stat Plus; YSI,
Yellow Springs, OH) after centrifugation of blood samples
in EDTA-coated tubes for 45 s at 7,500g at room temper-
ature. Blood samples for serum C-peptide and insulin (fast-
ing samples only) analyses were collected into clot activator
tubes and left to coagulate at room temperature for 30 min
before centrifugation at 2,000g for 10 min at 4�C. Blood
samples for plasma glucagon, total GLP-1, total GIP, paracet-
amol, exendin(9-39)NH2, and GIP(3-30)NH2 analyses were
collected into EDTA-coated tubes and immediately centri-
fuged at 2,000g for 10 min at 4�C. After centrifugation,
serum and plasma samples were stored at �20�C (GLP-1,
GIP, exendin[9-39]NH2, and GIP[3-30]NH2) or �80�C (C-
peptide, insulin, glucagon, and paracetamol) until analyses.
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Serum C-peptide and insulin concentrations were mea-
sured on an IMMULITE 2000 analyzer (Siemens Healthcare
Diagnostics, Tarrytown, NY). Plasma glucagon concentra-
tions were measured using a sandwich ELISA kit (cat no.
10-1271-01; Mercodia, Uppsala, Sweden) and the modi-
fied “sequential protocol” to eliminate potential cross-
reactivity with gut-derived proglucagon products (30).
Paracetamol concentrations were measured with a spectro-
photometric method (cat no. 506-30, Acetaminophen L3K
kit; Sekisui Diagnostics, Abbott, Copenhagen, Denmark).
Plasma concentrations of total GLP-1, total GIP, exen-
din(9-39)NH2, and GIP(3-30)NH2 were measured with
radioimmunoassays, as previously described (28).

Calculations
Fasting concentrations were calculated as the mean of
preinfusion samples (t = �40 and �30 min), and basal
concentrations were values obtained after 30 min of pre-
meal infusions just before meal intake (t = 0 min). The
HOMA2 model was used to estimate insulin sensitivity
(1/HOMA2-insulin resistance [IR]) (https://www.dtu.ox.ac.
uk/homacalculator/). Insulin clearance was calculated as the
fasting C-peptide–to–insulin ratio. The incremental area un-
der the curve (iAUC) and total area under the curve (tAUC)
were calculated using the trapezoidal rule, with and without
subtraction of basal concentrations, respectively. Insulin
secretion rates (ISR) were derived from deconvoluted
C-peptide data using ISEC software (31). b-Cell glucose
sensitivity (b-GS) was calculated as the slope of the linear
relation between ISR and corresponding glucose concen-
trations from basal levels (t = 0 min) to the time of the
peak plasma glucose concentration (32). The disposition
index was calculated as the product of b-GS and insulin
sensitivity.

To compare the effects of single and combined GLP-1R
and GIPR blockade between groups, we calculated placebo-
subtracted effects as absolute changes from placebo (DGLP1-R,
DGIPR, and DGLP1-R/GIPR blockade, respectively). The pre-
specified primary and secondary outcomes were between-
group differences in the placebo-subtracted effect of GIPR
versus GLP-1R blockade (expressed as DGIPR blockade �
DGLP-1R blockade) on the iAUC of glucose and b-GS,
respectively.

Missing plasma/serum concentrations (<1% of all anal-
yses) were imputed as a weighted average from adjacent
values.

Statistical Analyses
Between-group differences (including the primary and
secondary outcomes) were analyzed by one-way ANOVA,
followed by the post hoc Tukey honestly significant differ-
ence test. For outcomes with variance inhomogeneity, data
were logarithmically transformed or analyzed by the Welch
heteroscedastic F test, followed by the post hoc Games-
Howell test. When residuals were not normally distributed,
data were logarithmically transformed or analyzed by the

Kruskal-Wallis test, followed by post hoc Bonferroni-
adjusted pairwise exact Wilcoxon rank sum tests.

Within-group differences between the four experimental
days (placebo, GLP-1R blockade, GIPR blockade, and com-
bined GLP-1R/GIPR blockade) were analyzed by ANOVA in
a linear mixed-effects model (with the experimental day as
a categorical fixed effect and individual participants as a ran-
dom effect) with reporting of post hoc comparisons of single
and combined hormone receptor blockades versus placebo as
well as GLP-1R blockade versus GIPR blockade. Logarithmic
transformation was used if needed for optimal model fit.

To test for potential within-group synergistic effects of
GLP-1R and GIPR blockade, the placebo-subtracted effect
of combined GLP-1R/GIPR blockade was compared against
the sum of the placebo-subtracted effect of single GLP-1R
and single GIPR blockade using a two-tailed paired t test.

We based our sample size calculation on data from a
meal study in healthy unoperated people demonstrating
an �40% greater increase in the iAUC of glucose during
GIPR versus GLP-1R blockade (absolute mean difference
55 mmol/L; SD 64) (33). Assuming that the importance of
GIP versus GLP-1 would be largely unaltered after SG but
markedly reduced after RYGB (with greater importance of
GLP-1), we powered the study (n = 12 per group) to be
able to detect an absolute between-group difference in the
effect of GIPR blockade versus GLP-1R blockade on the
iAUC of glucose of 80 mmol/L × min (with 80% power
and a two-sided a-error of 0.05).

P < 0.05 was chosen as the level of significance. Statistical
analyses were performed in R 4.1.2 software (www.Rproject.
org) using the “onewaytests,” “rstatix,” and “nlme” packages.

Data and Resource Availability
Reasonable requests for access to the data sets should be
addressed to the corresponding author. No applicable re-
sources were generated during the study.

RESULTS

Participant Characteristics
Participant characteristics are summarized in Table 1.
HbA1c was slightly lower (range: CON, 33� 44 mmol/mol;
SG, 28� 41 mmol/mol; RYGB, 29� 38 mmol/mol), and
fasting plasma glucose concentrations tended to be lower
in the surgical groups compared with CON. Moreover, fast-
ing insulin clearance (C-peptide–to–insulin ratio) was higher
after RYGB than in CON. HOMA2 insulin sensitivity did not
differ significantly between groups. Fasting plasma GLP-1
concentrations were higher after RYGB than after SG. Fast-
ing plasma GIP and glucagon concentrations did not differ
between groups.

Peptide Infusions
In all groups, target plasma concentrations of exendin
(9-39)NH2 (�400 nmol/L) and GIP(3-30)NH2 (�75 nmol/L)
were reached within the 30-min basal infusions and were
maintained throughout the 4-h postprandial period (Fig. 1).
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GLP-1 and GIP Concentrations

Placebo Infusions
Postprandial profiles and the iAUCs of plasma GLP-1 and
GIP concentrations during placebo infusions are shown in
Fig. 2. Postprandial GLP-1 concentrations were highest
after RYGB but were also higher after SG compared with
CON. In contrast, postprandial GIP concentrations were
lowest in the RYGB group.

GLP-1R and GIPR Blockade
GLP-1R blockade and combined GLP-1R/GIPR blockade
increased postprandial GLP-1 concentrations (albeit only
significantly in the surgical groups) without affecting GIP
concentrations, whereas GIPR blockade affected neither
GIP nor GLP-1 concentrations (Supplementary Fig. 1 and
Supplementary Table 1).

Glucose Concentrations

Placebo Infusions
During placebo infusions, the overall postprandial (iAUC)
glucose response was similar between groups (Fig. 3D), but
the profile differed (Fig. 3A–C) with highest peaks in the
RYGB group (CON: 7.0 ± 0.3 mmol/L [mean ± SEM], SG:
8.1 ± 0.6, RYGB: 9.4 ± 0.5; ANOVA P < 0.01).

GLP-1R and GIPR Blockade
GLP-1R blockade increased basal glucose concentrations
in the CON and SG groups, and combined GLP-1R/GIPR
blockade increased basal glucose concentrations in all groups
(Table 2). However, the effect was larger in CON compared
with both surgical groups (Supplementary Table 2). GIPR
blockade lowered basal glucose concentrations after RYGB

(Table 2), but the placebo-subtracted effect did not differ
significantly between groups (Supplementary Table 2).

During the total 4-h postprandial period, GLP-1R block-
ade increased the iAUC of glucose after SG (P < 0.05) and
tended to increase the iAUC of glucose after RYGB (P =
0.10), but there was no effect in CON (P = 0.48) (Table 2).
However, the placebo-subtracted effect of GLP1R blockade
did not differ significantly between groups (Fig. 3E). GLP-1R
blockade increased the tAUC glucose response in all groups
(Table 2), including in CON, because of the effect on basal
glucose concentrations. The effect of GLP-1R blockade on
postprandial plasma glucose concentrations seemed to be
particularly pronounced in the early postprandial phase in
the CON group (iAUC0� 60) and in the late postprandial
phase in the surgical groups (iAUC60� 240) (Fig. 3A–C and
Table 2). Moreover, GLP-1R blockade, but not GIPR blockade,
increased nadir plasma glucose concentrations in all groups
(Table 2). Two RYGB-operated participants experienced
asymptomatic postprandial hypoglycemia (nadir glucose
<3 mmol/L) during placebo infusions (2.9 and 2.7 mmol/L)
but not during GLP-1R blockade (Supplementary Fig. 2).

GIPR blockade increased the iAUC of glucose in CON
(P < 0.01) and tended to increase the iAUC of glucose af-
ter SG (P = 0.09), but there was no effect after RYGB (P =
0.52) (Table 2). The placebo-subtracted effect of GIPR
blockade was significantly larger in CON compared with
RYGB (Fig. 3F).

The placebo-subtracted effect of GIPR versus GLP-1R
blockade on the iAUC of glucose (primary outcome) was
larger in the CON compared with the RYGB group (Fig. 3H).
Thus, the iAUC of glucose was higher during GIPR than
GLP-1R blockade in the CON group, while the iAUC of

Table 1—Participant characteristics

CON SG RYGB
P value
ANOVA

CON vs.
SG

CON vs.
RYGB

SG vs.
RYGB

Matching parameters
Women/men, n/n 7/5 7/5 7/5
Age, years 50 ± 13 50 ± 11 48 ± 8
BMI actual, kg/m2 33 ± 5 34 ± 4 33 ± 7
BMI preoperative, kg/m2

— 43 ± 5 45 ± 5
Time from surgery, years — 2.0 (1.2; 2.7) 1.8 (1.3; 2.4)

Glycemic control
HbA1c, % 6.2 ± 0.5 5.7 ± 0.5 5.6 ± 0.4 <0.01 <0.05 <0.01 0.73
HbA1c, mmol/mol 37 ± 3 34 ± 4 33 ± 3 <0.01 <0.05 <0.01 0.71

Fasting biochemistry
Glucose, mmol/L 5.4 (5.3; 5.6) 4.9 (4.7; 5.4) 5.0 (4.7; 5.3) 0.09‡
Insulin, pmol/L 47 (45; 74) 51 (47; 59) 38 (32; 41) <0.05‡ 1.0 <0.05 <0.05
C-peptide, pmol/L 754 (566; 968) 831 (667; 894) 666 (543; 779) 0.20‡
C-peptide–to–insulin ratio 12.8 ± 3.9 15.6 ± 3.2 17.7 ± 3.4 <0.01 0.14 <0.01 0.29
ISR, pmol/kg/min 2.1 (1.7; 2.6) 2.3 (1.9; 2.4) 1.9 (1.6; 2.2) 0.20‡
HOMA2-S 0.61 ± 0.23 0.58 ± 0.12 0.73 ± 0.20 0.15
GLP-1, pmol/L 7.8 ± 2.9 6.8 ± 2.2 10.4 ± 4.0 <0.05 0.70 0.13 <0.05
GIP, pmol/L 13.6 ± 2.6 11.9 ± 2.0 12.7 ± 2.9 0.29
Glucagon, pmol/L 5.3 (4.1; 8.0) 5.0 (4.2; 6.7) 6.0 (3.9; 9.0) 0.76‡

Data are mean ± SD or median (IQR), unless indicated otherwise. Fasting biochemistry outcomes are the means of fasting samples
obtained prior to initiation of the continuous infusions from all four experimental days. HOMA2-S, HOMA2 insulin sensitivity (based
on fasting glucose and C-peptide concentrations). ‡Kruskal-Wallis test.
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glucose was higher during GLP-1R than during GIPR block-
ade in the RYGB group (Table 2). In the SG group, the iAUC
of glucose was similar during GIPR and GLP-1R blockade
(Table 2).

Combined GLP-1R/GIPR blockade increased the iAUC of
glucose in all groups (Table 2 and Fig. 3G) and was more ef-
fective than the summed effect of single GLP-1R and GIPR
blockade in the CON (P < 0.05) and RYGB (P < 0.01)
groups, with a similar tendency in the SG group (P = 0.09).

ISR

Placebo Infusions
During placebo infusions, the iAUC of ISR was similar be-
tween groups (Fig. 4D). However, the profile differed
(Fig. 4A–C), withhigher peaks in the surgical groups compared
with CON (CON: 10.7 ± 0.8 pmol/kg/min [mean ± SEM],
SG: 15.0 ± 1.3, RYGB: 19.8 ± 2.6; ANOVA P< 0.01).

GLP-1R and GIPR blockade
GLP-1R blockade had no effect on basal ISR (Table 2).
GIPR blockade and combined GLP-1R/GIPR blockade low-
ered basal ISR in the SG group (Table 2), but the placebo-
subtracted effect did not differ significantly between
groups (Fig. 4A–C and Supplementary Table 2).

GLP-1R blockade and combined GLP-1R/GIPR blockade
reduced the iAUC of ISR in both surgical groups, but there

were no effects in CON (Table 2). The placebo-subtracted
effect of GLP-1R and combined GLP-1R/GIPR blockade was
greater after RYGB compared with CON (Fig. 4E and G).

GIPR blockade reduced the iAUC of ISR in the CON
group only (Table 2), but without significant differences
between groups (Fig. 4F).

The placebo-subtracted effect of GIPR versus GLP-1R
blockade on the iAUC of ISR was larger in CON than in
both surgical groups (Fig. 4H). Thus, the iAUC of ISR was
lower during GIPR blockade than during GLP-1R blockade
in the CON group, while the iAUC of ISR was lower dur-
ing GLP-1R blockade than during GIPR blockade in both
surgical groups (Table 2).

b-Cell Function

Placebo Infusions
Neither b-GS (Fig. 5D) nor disposition index estimates
(Supplementary Fig. 3) differed between groups during
placebo infusions.

GLP-1R and GIPR Blockade
GLP-1R blockade reduced b-GS in the surgical groups only
(Table 2), but without significant differences between groups
(Fig. 5E). GIPR blockade reduced b-GS in the CON and SG
groups only (Table 2), resulting in a greater effect of GIPR
blockade in the CON than in the RYGB group (Fig. 5F).

Figure 1—Plasma concentrations of exendin(9-39)NH2 (A) and
GIP(3-30)NH2 (B) during infusions of exendin(9-39)NH2, GIP(3-
30)NH2, and combined exendin(9-39)NH2 and GIP(3-30)NH2 in
CON, SG, and RYGB participants. Data are mean ± SEM.

Figure 2—Postprandial profiles and iAUCs of plasma GLP-1 (A) and
GIP (B) concentrations during placebo infusions in CON, SG, and
RYGB participants. Data are mean ± SEM. §Welch heteroscedastic F
test. *P< 0.05 and **P< 0.01 for the difference between groups.
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The placebo-subtracted effect of GIPR blockade versus
GLP-1R blockade on b-GS (secondary outcome) differed
significantly between all of the groups (Fig. 5H). Hence,
b-GS was lower during GIPR blockade than during GLP-1R
blockade in CON, while b-GS was similar during GIPR and
GLP-1R blockade after SG and was lower during GLP-1R
blockade than during GIPR blockade after RYGB (Table 2).

Combined GLP-1R/GIPR blockade increased b-GS in all
groups (Table 2 and Fig. 5G) and was more effective than
the summed effect of single GLP-1R and GIPR blockade
in the RYGB group (P < 0.05) but not in the CON (P =
0.56) and SG (P = 0.27) groups.

Glucagon Concentrations
During placebo infusions, there were no significant be-
tween-group differences in the iAUC of glucagon (ANOVA
P = 0.14).

GLP-1R blockade and combined GLP-1R/GIPR blockade
had no significant effects on basal plasma glucagon
concentrations (Table 2). GIPR blockade reduced basal glu-
cagon concentrations in the CON group (Table 2), but the

placebo-subtracted effect did not differ between groups
(Supplementary Table 2). GLP-1R and GIPR blockade had
no effects on the iAUC of glucagon in any group, but
GLP-1R blockade increased the tAUC of glucagon in the
CON group (Fig. 6A–C and Table 2).

Paracetamol Absorption Rates
During placebo infusions, time to the peak of paracetamol
concentrations was shortest after RYGB (P < 0.01 com-
pared against both CON and SG) but did not differ be-
tween CON and SG (P = 0.30) (Table 2). GLP-1R and GIPR
blockade had no significant effects in any group (Fig. 6D–F
and Table 2).

Increased Exendin(9-39)NH2 Infusion Rate
In the three RYGB participants who underwent an extra
meal test, no additional impact was observed on the iAUC
of glucose, the iAUC of ISR, or b-GS when the exendin
(9-39)NH2 bolus and infusion rate were increased by 33%
(Supplementary Fig. 2).

Figure 3—Postprandial profiles of plasma glucose concentrations during placebo infusion, GLP-1R blockade, GIPR blockade, and com-
bined GLP-1R/GIPR blockade in CON (A), SG (B), and RYGB (C) participants. Corresponding iAUCs are presented as absolute outcomes
during placebo infusion (D) and as placebo-subtracted effects (absolute changes from placebo) of GLP-1R (E), GIPR (F), and combined
GLP-1R/GIPR blockade (G). H: In addition, the effect of GLP-1R blockade was subtracted from the effect of GIPR blockade to evaluate
between-group differences in the importance of GIP vs. GLP-1. ‡Kruskal-Wallis test. §Welch heteroscedastic F test. Data are mean ±
SEM. *P< 0.05 and **P < 0.01 for the difference between groups.
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DISCUSSION

We studied the effects of separate and combined GLP-1R
and GIPR blockade during meal tests in matched groups of
unoperated, SG-operated, and RYGB-operated people with-
out diabetes. Our main finding was an altered importance
of endogenously secreted GIP versus GLP-1 for the post-
prandial iAUC of glucose and b-GS after bariatric surgery. In
unoperated people, GIP was more important than GLP-1, as
also previously reported (28,29). In contrast, GLP-1 and GIP
were equally important after SG, and GLP-1 was more im-
portant than GIP after RYGB.

This is the first study to directly compare the impor-
tance of endogenously secreted incretin hormones for
postprandial glucose metabolism after RYGB versus SG.

Moreover, our study design offers advantages over previ-
ous RYGB and SG studies in which only the GLP-1R was
blocked. Hence, we could demonstrate effects during com-
bined GLP-1R/GIPR blockade that were not evident dur-
ing single hormone receptor blockade. Thus, despite no
effect of single GLP-1R blockade in the CON group and
no effect of single GIPR blockade in the RYGB group,
there were synergistic effects of GLP-1R and GIPR block-
ade on the iAUC of glucose in both groups. Similarly, de-
spite no effect of single GIPR blockade on b-GS in the
RYGB group, there were synergistic effects of GLPR and
GIPR blockade. Therefore, our results indicate that in healthy
unoperated people, GIP is more important than GLP-1, but
GLP-1 still plays an important role. After RYGB, the

Table 2—Within-group comparisons
Placebo GLP-1R blockade GIPR blockade GLP-1R/GIPR blockade ANOVA P

CON
Basal glucose (t = 0), mmol/L 5.2 ± 0.1 5.9 ± 0.2** 5.3 ± 0.1†† 5.8 ± 0.2** <0.01
iAUC glucose, mmol/L × min 90 ± 36 113 ± 38 177 ± 33**† 322 ± 42** <0.01
iAUC0� 60 glucose, mmol/L × min 42 ± 8 61 ± 11* 60 ± 6* 86 ± 9** <0.01
iAUC60� 240 glucose, mmol/L × min 49 ± 31 52 ± 30 118 ± 32*† 236 ± 39** <0.01
tAUC glucose, mol/L × min 1.34 ± 0.04 1.52 ± 0.06** 1.45 ± 0.04* 1.71 ± 0.07** <0.01
Nadir glucose, mmol/L 4.4 ± 0.1 5.0 ± 0.1** 4.7 ± 0.1† 5.1 ± 0.1** <0.01
Basal ISR (t = 0), pmol/kg/min|| 2.0 ± 0.2 2.2 ± 0.2 2.0 ± 0.2 1.9 ± 0.2 0.10
iAUC ISR, nmol/kg|| 0.86 ± 0.10 0.86 ± 0.10 0.72 ± 0.07*† 0.89 ± 0.10 <0.05
b-GS, (pmol/kg/min)/(mmol/L)|| 4.7 ± 0.5 4.1 ± 0.6 2.5 ± 0.2**†† 1.7 ± 0.1** <0.01
Basal glucagon (t = 0), pmol/L|| 6.9 ± 0.9 8.3 ± 2.0 5.3 ± 1.3*† 8.1 ± 1.8 <0.05
iAUC glucagon, pmol/L × min �151 ± 168 67 ± 343 132 ± 151 �165 ± 214 0.73
tAUC glucagon, nmol/L × min 1.5 ± 0.2 2.1 ± 0.3* 1.4 ± 0.2†† 1.8 ± 0.3 <0.01
Time to peak paracetamol, min|| 62 ± 9 109 ± 23 93 ± 20 99 ± 18 0.35

SG
Basal glucose (t = 0), mmol/L 5.1 ± 0.1 5.4 ± 0.1** 5.0 ± 0.1†† 5.3 ± 0.1* <0.01
iAUC glucose, mmol/L × min 108 ± 37 199 ± 55* 175 ± 31 381 ± 59** <0.01
iAUC0� 60 glucose, mmol/L × min 106 ± 19 116 ± 16 116 ± 14 158 ± 15** <0.01
iAUC60� 240 glucose, mmol/L × min 2 ± 21 83 ± 41* 58 ± 22 223 ± 46** <0.01
tAUC glucose, mol/L × min 1.33 ± 0.05 1.49 ± 0.07** 1.38 ± 0.06† 1.66 ± 0.07** <0.01
Nadir glucose, mmol/L 4.1 ± 0.1 4.8 ± 0.2** 4.2 ± 0.2†† 4.8 ± 0.1** <0.01
Basal ISR (t = 0), pmol/kg/min 2.1 ± 0.1 1.9 ± 0.1 1.7 ± 0.1** 1.8 ± 0.1* <0.05
iAUC ISR, nmol/kg|| 0.89 ± 0.10 0.75 ± 0.07* 0.88 ± 0.08† 0.73 ± 0.06* <0.01
b-GS, (pmol/kg/min)/(mmol/L) 4.5 ± 0.6 3.4 ± 0.4** 3.5 ± 0.3* 1.9 ± 0.3** <0.01
Basal glucagon (t = 0), pmol/L 5.5 ± 0.9 5.3 ± 0.8 4.1 ± 0.7 4.9 ± 1.0 0.22
iAUC glucagon, pmol/L × min 156 ± 135 300 ± 508 310 ± 112 227 ± 110 0.81
tAUC glucagon, nmol/L × min 1.5 ± 0.2 1.6 ± 0.2 1.3 ± 0.1 1.4 ± 0.2 0.10
Time to peak paracetamol, min 51 ± 8 48 ± 10 47 ± 10 57 ± 9 0.84

RYGB
Basal glucose (t = 0), mmol/L 5.1 ± 0.1 5.2 ± 0.1 4.9 ± 0.1*†† 5.3 ± 0.2** <0.01
iAUC glucose, mmol/L × min 81 ± 19 132 ± 26 61 ± 23† 233 ± 29** <0.01
iAUC0� 60 glucose, mmol/L × min 148 ± 15 147 ± 17 134 ± 14 175 ± 13* <0.01
iAUC60� 240 glucose, mmol/L × min �68 ± 14 �15 ± 14* �73 ± 19† 58 ± 23** <0.01
tAUC glucose, mol/L × min 1.30 ± 0.04 1.38 ± 0.05* 1.23 ± 0.03†† 1.50 ± 0.06** <0.01
Nadir glucose, mmol/L 4.0 ± 0.2 4.7 ± 0.2** 3.7 ± 0.2†† 4.8 ± 0.2** <0.01
Basal ISR (t = 0), pmol/kg/min 1.7 ± 0.2 1.7 ± 0.1 1.4 ± 0.1 1.6 ± 0.1 0.05
iAUC ISR, nmol/kg|| 0.93 ± 0.11 0.61 ± 0.08** 0.86 ± 0.11†† 0.56 ± 0.05** <0.01
b-GS, (pmol/kg/min)/(mmol/L)|| 3.7 ± 0.4 2.6 ± 0.2** 4.3 ± 0.5†† 1.5 ± 0.4** <0.01
Basal glucagon (t = 0), pmol/L 5.0 ± 1.0 6.1 ± 1.0 4.4 ± 0.8 5.1 ± 0.9 0.11
iAUC glucagon, pmol/L × min 241 ± 118 114 ± 143 198 ± 137 298 ± 148 0.74
tAUC glucagon, nmol/L × min 1.4 ± 0.2 1.6 ± 0.2 1.2 ± 0.2 1.5 ± 0.2 0.08
Time to peak paracetamol, min|| 23 ± 4 22 ± 4 20 ± 3 23 ± 7 0.89

Data are mean ± SEM. ||Model on logarithmically transformed data. *P < 0.05 and **P < 0.01 for within-group comparison against
placebo. †P < 0.05 and ††P < 0.01 for within-group comparison of GIPR vs. GLP-1R blockade.
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importance of GIP is reduced but not completely lost. In a
previous more indirect study of endogenous GIP func-
tion after RYGB, an approximately twofold elevation of
postprandial systemic concentrations of intact (= active)
endogenous GIP (via inhibition of dipeptidyl peptidase 4
[DPP-4]) had no impact on postprandial glucose concen-
trations or b-cell function during GLP-1R blockade (32).
However, synergistic effects of GIP and GLP-1 were not
addressed in that design.

Our results are consistent with several previous post-
RYGB studies (18–23) and one previous post-SG study
(25) showing numerically greater reductions in the post-
prandial b-cell function during GLP-1R blockade after
RYGB and SG versus unoperated people, although the
small cohorts often limit the power to detect significant
between-group differences (24). The impact of GLP-1R
blockade on postprandial glucose tolerance is less clear
(24). However, GLP-1R blockade clearly raises nadir glu-
cose, as also observed in the current study, and prevents
hypoglycemia in RYGB-operated patients with symptomatic
postprandial hypoglycemia (21,34,35). Several factors limit

the direct comparison of postprandial effects of GLP-1R
blockade in bariatric versus unoperated individuals. The
postprandial glucose profiles are markedly different, with
higher peaks especially after RYGB compared with CON.
Moreover, in our study, GLP-1R blockade increased pre-
meal glucose concentrations more in the CON group
than in both surgical groups. Previous studies indicate
that the effect of exendin(9-39)NH2 in the fasting state
is particularly associated with increased glucagon con-
centrations (36–38). However, the current study was
designed to address postprandial effects, and we were
not able to detect between-group differences in basal
glucagon concentrations.

Another aspect to consider is the inhibitory effect of
GLP-1 on the gastric emptying rate in unoperated people
(12,28,39). We found a markedly faster paracetamol ab-
sorption rate after RYGB compared with CON but surpris-
ingly, no difference between SG and CON. The latter
contrasts previous findings (15,16) and could reflect the
meal stimuli in our study (a liquid mixed meal with a mod-
est fat content ingested evenly over 20 min). Moreover,

Figure 4—Postprandial profiles of ISRs during placebo infusion, GLP-1R blockade, GIPR blockade, and combined GLP-1R/GIPR block-
ade in CON (A), SG (B), and RYGB (C) participants. Corresponding iAUCs are presented as absolute outcomes during placebo infusion (D)
and as placebo-subtracted effects (absolute changes from placebo) of GLP-1R (E), GIPR (F), and combined GLP-1R/GIPR blockade (G).
H: In addition, the effect of GLP-1R blockade was subtracted from the effect of GIPR blockade to evaluate between-group differences in
the importance of GIP vs. GLP-1. Data are mean ± SEM. ‡Kruskal-Wallis test. §Welch heteroscedastic F test. *P < 0.05 and **P < 0.01
for the difference between groups.
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GLP-1R blockade neither affected time to the peak of para-
cetamol concentrations in the surgical groups (as expected)
nor in CON.

Reports of RYGB- and SG-induced changes in the post-
prandial GIP response are conflicting (2,17), probably par-
ticularly reflecting differences in surgical technique, the
type of meal stimulus, sample size, and the choice of con-
trol group. Using a commercially available liquid mixed
meal with a macronutrient composition resembling that of a
regular meal resulted in a reduced postprandial GIP response
after RYGB compared with SG and a similar tendency com-
pared with CON. While this is a standardized and easily re-
producible test meal, a solid meal may be more real-life
relevant. Nonetheless, whereas the macronutrient composi-
tion of a meal undoubtedly affects postprandial glucose ex-
cursions and gut and pancreatic hormone responses (40),
the meal texture (solid vs. liquid) seems to have surprisingly
little influence on postprandial glucose tolerance and insulin
secretion in both unoperated people as well as in individuals
who have undergone RYGB and SG (41).

Exendin(9-39)NH2 is an antagonist or inverse agonist
on the GLP-1R (24,37,38,42–44). Infused at a rate of
300 pmol/kg/min, exendin(9-39)NH2 blocks �90% of GLP-1
mediated insulin secretion during coinfusion of GLP-1 to
mimic physiological postprandial GLP-1 concentrations in
unoperated people (24,37,38,42–44). However, postpran-
dial GLP-1 concentrations are greatly elevated after RYGB.
Therefore, we used a higher exendin(9-39)NH2 infusion
rate (bolus: 43,000 pmol/kg, continuous infusion: 900
pmol/kg/min) than in most other post-RYGB studies
(24). Furthermore, we tested the effect of a 33% in-
creased exendin(9-39)NH2 infusion rate in three of the
RYGB-operated participants without any additional ef-
fects. It is also unclear to what extent exendin(9-39)NH2

blocks local effects of endogenous GLP-1 in the intestinal
wall and splanchnic vessels (e.g., activation of sensory
vagal afferents [12]), where the concentration of intact
(= active) GLP-1 is much higher than in the systemic cir-
culation due to rapid degradation by DPP-4 (45). Finally,
animal and ex vivo human studies indicate that not only

Figure 5—ISRs related to increasing plasma glucose concentrations during placebo infusion, GLP-1R blockade, GIPR blockade, and
combined GLP-1R/GIPR blockade in CON (A), SG (B), and RYGB (C) participants. Estimates of b-GS are presented as absolute outcomes
during placebo infusion (D) and as placebo-subtracted effects (absolute changes from placebo) of GLP-1R (E), GIPR (F), and combined
GLP-1R/GIPR blockade (G). H: In addition, the effect of GLP-1R blockade was subtracted from the effect of GIPR blockade to evaluate
between-group differences in the importance of GIP vs. GLP-1. Data are mean ± SEM. *P < 0.05 and **P < 0.01 for the difference
between groups.
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GLP-1 but also glucagon regulate insulin secretion via action
on the GLP-1R (46,47). Although the physiological impor-
tance in vivo in humans is unclear, it is possible that some
of the effects of exendin(9-39)NH2 on insulin secretion
could be attributed to the effect of blocked glucagon action.

GIP(3-30)NH2 is a relatively new experimental tool but
pharmacologically well described as a competitive antago-
nist on the GIPR without cross-reactivity on closely re-
lated receptors (26,27,48,49). We only expected modest
changes in postprandial GIP concentrations after bariatric
surgery. Therefore, we used a GIP(3-30)NH2 infusion rate
(800 pmol/kg/min) previously demonstrated to block >80%
of GIP-mediated insulin secretion in unoperated people dur-
ing coinfusion of GIP to mimic physiological postprandial
GIP concentrations (48). The uncertainty of the degree of
inhibition of the endogenous hormone function seems less
than for exendin(9-39)NH2, as GIP is not thought to act
through sensory vagal afferents and reaches the systemic
circulation in its intact (= active) form to a greater extent
than GLP-1 (slower DPP-4–mediated degradation) (12).

We used a cross-sectional design and matched the groups
on sex, age, and BMI, allowing us to explore weight-loss–
independent effects on glucose tolerance and b-cell function,
which is a strength of the study. Nevertheless, our study
participants may represent a selective group as a slightly

greater weight loss is often reported after RYGB compared
with SG (2,7). Moreover, HbA1c was slightly lower in the
surgical groups than in the CON group, but since all partic-
ipants had an HbA1c <48 mmol/mol, this should not affect
conclusions with respect to the observed effects of incretin
hormone blockade.

Conclusion
In people without diabetes, the importance of endoge-
nously secreted GIP versus GLP-1 is altered after bariatric
surgery, reflecting the postoperative changes in the post-
prandial secretion of the hormones. Hence, GIP is the most
important incretin hormone in unoperated people, while GIP
and GLP-1 are equally important after SG, and GLP-1 is the
most important incretin hormone after RYGB. Future studies
should explore the separate and combined effects of endoge-
nously secreted GLP-1 and GIP in other bariatric cohorts (e.g.,
in patients with type 2 diabetes remission or postbariatric
symptomatic postprandial hypoglycemia).
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