N

m
The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 2, e756—e766 -‘
https://doi.org/10.1210/clinem/dgab643

Clinical Research Article

ENDOCRINE
SOCIETY

Clinical Research Article

Gastrointestinal Hormones and p-Cell Function
After Gastric Bypass and Sleeve Gastrectomy:
A Randomized Controlled Trial (Oseberg)

Farhat Fatima,”? Joran Hjelmesaeth,"* Kare Inge Birkeland,?*
Hanne Levdal Gulseth,’® Jens Kristoffer Hertel," Marius Svanevik,"®
Rune Sandbu,’® Milada Cvancarova Smastuen,"’ Bolette Hartmann,?
Jens Juul Holst,? and Dag Hofsg’

"Morbid Obesity Centre, Vestfold Hospital Trust, 3103 Tansberg, Norway; %Institute of Clinical Medicine,
Faculty of Medicine, University of Oslo, 0318 Oslo, Norway; *Department of Endocrinology, Morbid
Obesity and Preventive Medicine, Institute of Clinical Medicine, University of Oslo, 0424 Oslo, Norway;
"Department of Transplantation, Oslo University Hospital, 0424 Oslo, Norway; *Department of Chronic
Diseases and Ageing, Norwegian Institute of Public Health, 0213 Oslo, Norway; “Department of
Surgery, Vestfold Hospital Trust, 3103 Tansberg, Norway; 'Department of Nutrition and Management,
Oslo Metropolitan University, 0130 Oslo, Norway; and ®NNF Center for Basic Metabolic Research and
Department of Biomedical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark

ORCiD numbers: 0000-0002-1995-0562 (J. Hjelmeszeth); 0000-0001-8509-2036 (B. Hartmann); 0000-0001-6853-3805 (J. J. Holst);
0000-0002-8877-1162 (D. Hofsg).

Abbreviations: -GS, B-cell glucose sensitivity; BMI, body mass index; C__, peak concentration; GIP, glucose-dependent
insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; HbA1lc, glycated hemoglobin Alc; iAUC, incremental area
under the curve; ISR, insulin secretion rate; 0GTT, oral glucose tolerance test; RYGB, Roux-en-Y gastric bypass; SG, sleeve
gastrectomy.

Received: 7 May 2021; Editorial Decision: 30 August 2021; First Published Online: 31 August 2021; Corrected and Typeset:
24 September 2021.

Abstract

Context: Whether Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG)
differentially affect postprandial gastrointestinal hormones and -cell function in type 2
diabetes remains unclear.

Objective: We aimed to compare gastrointestinal hormones and -cell function, assessed
by an oral glucose tolerance test (OGTT) 5 weeks and 1 year after surgery, hypothesizing
higher glucagon-like peptide-1 (GLP-1) levels and greater -cell response to glucose after
RYGB than after SG.

Methods: This study was a randomized, triple-blind, single-center trial at a tertiary care
center in Norway. The primary outcomes were diabetes remission and IVGTT-derived
B-cell function. Participants with obesity and type 2 diabetes were allocated (1:1) to RYGB
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or SG. We measured gastrointestinal hormone profiles and insulin secretion as (-cell
glucose sensitivity (3-GS) derived from 180-minute OGTTs.

Results: Participants were 106 patients (67% women), mean (SD) age 48 (10) years.
Diabetes remission rates at 1 year were higher after RYGB than after SG (77% vs 48%;
P =0.002). Incremental area under the curve (iAUC_ . ) GLP-1 and -GS increased more
after RYGB than after SG, with 1-year between-group difference 1173 pmol/L*min (95%
Cl, 569-1776; P = 0.0010) and 0.45 pmol/kg/min/mmol (95% CI, 0.15-0.75; P = 0.0032),
respectively. After surgery, fasting and postprandial ghrelin levels were higher and
decremental AUC .. ghrelin, iAUC, . glucose-dependent insulinotropic polypeptide,
and iAUC_,, glucagon were greater after RYGB than after SG. Diabetes remission at
1 year was associated with higher -GS and higher GLP-1 secretion.

Conclusion: RYGB was associated with greater improvement in f-cell function and
higher postprandial GLP-1 levels than SG.

Key Words: gastric bypass, sleeve gastrectomy, gastrointestinal hormones, glucagon-like peptide 1, type 2 diabetes,

obesity

Bariatric surgery significantly improves glycemic control in
patients with obesity and type 2 diabetes (1). Further, both
Roux-en-Y gastric bypass and sleeve gastrectomy, the most
frequently applied bariatric procedures worldwide, are asso-
ciated with remission of type 2 diabetes, with a recent meta-
analysis showing gastric bypass to have higher short-term
remission rates as compared with sleeve gastrectomy (2).

Type 2 diabetes is characterized by insufficient secre-
tion of insulin from the pancreatic B-cells, coupled with
impaired insulin action in target tissues. Both enhanced
insulin secretion and insulin sensitivity contribute to im-
proved glycemic control after bariatric surgery (3, 4).
Despite seemingly higher remission rates of type 2 diabetes
after gastric bypass vs sleeve gastrectomy (2), similar im-
provements in insulin secretion and f-cell function have
been reported after the 2 procedures in patients with type
2 diabetes and obesity (5-9). In accordance with these find-
ings, previously published data from the Oseberg study
showed similar beneficial effects of the surgical procedures
on P-cell function as assessed by an intravenous glucose
tolerance test (10).

While intravenously administrated glucose addresses
the intrinsic regulation of insulin secretion, oral tests also
measure extrinsic regulation by activating the entero-insular
axis (11). Nutrient intake stimulates or inhibits the secre-
tion of a number of gastrointestinal hormones, including
glucagon-like  peptide-1  (GLP-1), glucose-dependent
insulinotropic polypeptide (GIP), glucagon, and ghrelin (11).
Insulin secretion is amplified when glucose is taken orally (as
opposed to infused intravenously) (12). This phenomenon is
known as the incretin effect and is conveyed by the 2 incretin
hormones GLP-1 and GIP. People with type 2 diabetes have
an impaired incretin effect, most likely due to an impaired
[-cell response to the incretin hormones (13, 14).

Altered gastrointestinal hormone responses after
bariatric surgery are believed to mediate some of the bene-
ficial effects of bariatric surgery on glucose homeostasis.
Studies comparing the 2 surgical procedures have shown
different results varying from higher nutrient-stimulated
GLP-1 levels after gastric bypass (7, 8) and lower ghrelin
levels after sleeve gastrectomy (7), to no between-group dif-
ferences in GLP-1 (5, 6), GIP (5, 7, 8), glucagon (5, 6) and
ghrelin levels (6). How these combined hormone responses
influence insulin secretion in type 2 diabetes after bariatric
surgery is not yet fully understood.

In summary, it remains unclear whether changes in post-
prandial gastrointestinal hormones and f-cell function
differ between gastric bypass and sleeve gastrectomy. We
aimed to explore potential differences between the surgical
procedures in gastrointestinal hormones and f-cell func-
tion after glucose ingestion. We hypothesized that when
compared with sleeve gastrectomy, gastric bypass would be
associated with higher oral glucose tolerance test (OGTT)-
derived GLP-1 levels and greater B-cell response to glucose
1 year after surgery.

Methods
Trial Design

The Oseberg study is an ongoing randomized, triple-blind,
single-center, parallel group trial taking place at a tertiary
care obesity center at Vestfold Hospital Trust, Norway.
Patients with severe obesity and type 2 diabetes were ran-
domized and underwent either Roux-en-Y gastric bypass
or sleeve gastrectomy. The primary outcomes, 1-year remis-
sion of diabetes (glycated hemoglobin [HbA1c] <42 mmol/
mol [6.0%] without antidiabetic medication) and p-cell
function measured by an intravenous glucose tolerance
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test, have been published (10). All participants provided
written informed consent. The study was approved by the
Regional Committees for Medical and Health Research
Ethics in Norway (ref: 2012/1427/REK sor-ost) and is in
accordance with Helsinki-II declaration. The full protocol
is published and available online (10).

Participants

All patients scheduled for bariatric surgery were screened
for study eligibility. Inclusion criteria were age > 18 years,
current body mass index (BMI) > 33.0 kg/m* with pre-
viously verified BMI > 35.0 kg/m?, and type 2 diabetes;
HbA1c > 48 mmol/mol (6.5%) or use of antidiabetic medi-
cations with HbA1¢ > 43 mmol/mol (6.1%). Key exclusion
criteria were major abdominal surgery, cancer, and severe
endocrine, heart, lung, liver, or gastro-esophageal reflux
disease (15).

Randomization and Masking

Randomization and masking procedures have been de-
scribed previously (10, 15). Patients were randomly al-
located (1:1) to gastric bypass or sleeve gastrectomy by
a computerized random number generator with a block
size of 10. Sequentially numbered, sealed opaque en-
velopes were used to conceal allocation, which was re-
vealed in the operating theater by the bariatric surgeon
on the day of surgery. All study personnel, patients,
and the primary outcome assessor were blinded to al-
locations. The surgeons did not participate in patient
follow-up.

Procedures

The 2 intervention groups received identical preoperative
and postoperative treatment, including a low-calorie diet
(< 1200 kcal per day) during the 2 weeks preceding sur-
gery. Surgical procedures have been described previously
(10, 13).

To monitor insulin secretion, an OGTT was performed
on 2 separate days at baseline, 5 weeks, and 1 year after
surgery. The participants were not allowed to eat, drink
more than 2 dL of water, or smoke for 8 hours prior to
the tests. Moreover, long acting GLP-1 analogues and
other antidiabetic medications were terminated 6 weeks
and 48 hours prior to the glucose tolerance tests, respect-
ively. A cannula was inserted into a cubital vein and the
cannulated arm wrapped in a heat pad throughout the ex-
periment for the collection of arterialized blood samples
during the glucose tolerance tests. For reasons of patient

safety, the upper limit of fasting blood glucose prior to the
OGTT was set to < 25 mmol/L. The first patient experi-
enced serious dumping symptoms after a 75 g oral glucose
load (200 mL water) at the 5-week follow-up. The glucose
load was therefore, after discussion within the steering
committee, reduced to 25 g glucose (67 mL water) from
April 8,2013, onward. To estimate gastric emptying rate,
a 1 g paracetamol tablet was crushed to powder, dissolved
in the ready-to-use glucose solution, and ingested by the
participants over 5 minutes. Blood samples were drawn
before (-5 and 0 minutes) and after the combined glu-
cose and paracetamol load at 15, 30, 60, 90, 120, and 180
minutes.

Laboratory Analyses

Whole-blood HbAlc was analyzed on a Tosoh high-
performance liquid chromatography G8 analyzer (Tosoh
Corporation, Tokyo, Japan). During the OGTT, at all
time points, blood was collected in: (i) one tube and
centrifuged after 30 minutes. The serum was set on ice
and stored at —80 °C until the analysis of insulin (RRID:
AB_2756877) and C-peptide (RRID:AB_2893132); (i)
one tube containing lithium heparin and centrifuged
immediately before the analysis of plasma glucose and
paracetamol the same day; and (iii) one chilled tube con-
taining EDTA for the analysis of GLP-1, GIP, ghrelin,
and glucagon. The tubes were immediately centrifuged
at 4 °C before plasma was separated from cells and put
on ice and stored at -80 C. Plasma glucose and para-
cetamol were analyzed on Vitros 5.1 (Ortho-Clinical
Diagnostics, Raritan, New Jersey, USA) until October
2017 and on a Cobas 8000 analyzer (Roche Diagnostics,
Mannheim, Germany) thereafter. Serum C-peptide and
insulin were analyzed on a Cobas 6000 and a Cobas
€601 analyzer, respectively. Before measurement of GLP-
1, GIP and glucagon samples were extracted in a final
concentration of 70% ethanol. Total GLP-1 and GIP
concentrations were measured using radioimmunoassays
specific for the C-terminal of the GLP-1 (antibody code
no 89390; RRID:AB_2892195) and GIP molecules (code
no. 80867; RRID:AB_2892194) respectively. For glu-
cagon, a C-terminally directed antiserum (code no. 4305;
RRID:AB_2892837) measuring glucagon of pancreatic
origin was used. Sensitivity for all assays was below
1 pmol/L, and the intra-assay coefficient of variation
below 10%. Total ghrelin was measured using Millipore
Human Ghrelin Elisa (cat no EZGRT-89K, Millipore,
USA; RRID:AB_2892838) and carried out in accordance
with the manufacturer’s instructions. All quality controls
were within accepted limits.

€20z Jaquiaideg €| uo Jasn Jsjua) [eaipawolg uoibuiuuad Aq +0S09£9/95/2/2/20 | /o101e/waol/woo dno-olwapeoe//:sdiy Woij Papeojumo(]



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 2 e759

Outcomes

Prespecified secondary outcomes from the Oseberg study
included in the present analysis were first, OGTT-derived
measures of insulin secretion; second, fasting and oral
glucose-stimulated levels of glucose, insulin, C-peptide,
and gastrointestinal hormones; and third, gastric
emptying rate as assessed by an oral paracetamol test
(15). All prespecified secondary outcomes were assessed
3 weeks before surgery, and 5 weeks and 1 year after
surgery.

Calculations

Incremental area under the curve (IAUC) was calculated
using the trapezoidal rule by subtracting fasting levels from
total AUC derived from the OGTT. Due to the biphasic
rise-and-fall pattern of glucagon with levels both above and
below fasting values, iAUC glucagon was divided into an
early (IAUC_ ) and a late period (iIAUC,, ). For all the
other variables, iAUC . were calculated. Maximal para-

cetamol concentration (C time to peak paracetamol

max)>
concentration (T ) and iAUC paracetamol were used
as markers of gastric emptying rate and gastrointestinal
absorption.

Prehepatic insulin secretion rate (ISR) (pmol/kg/min)
was calculated from C-peptide concentrations by decon-
volution, using ISEC software program (16) (with set-
tings: Subjects with obesity, Coefficient of Variation 5%,
and basal function on). The following set of assumptions
were adopted for calculating prehepatic insulin secretion
rate: (i) C-peptide kinetics were described by a 2-compart-
ment model; (ii) the parameters in the model of C-peptide
kinetics were approximated from the subject’s weight,
height, age, sex, and classification (as Normal, Obese or
NIDDM); (iii) the measurement errors were uncorrelated,
normal with zero mean, and with a constant coefficient of
variation.

We estimated f3-cell glucose sensitivity ($-GS), a measure
of OGTT-derived insulin secretion, as the dose response re-
lationship between ascending post-OGTT glucose levels
and ISR values. Time to peak glucose concentration was
identified for each subject. ISR values were plotted against
the corresponding glucose levels till the time to peak glu-
cose in a cross-correlation analysis (17). The slope of this
linear relationship represents -GS (picomoles per kilo-
grams per minute per millimolar) representing the change
in ISR per millimolar increase in glucose.

Hepatic insulin clearance (HIC) was derived using
ISR and insulin in the fasting state (HIC, ., = ISR,/
Insulin ) and the postprandial state (HIC; = IAUC
ISR/ iAUC Insulin) (18).

Symptoms of early (first hour during OGTT) and late
dumping (1-3 hours during OGTT) were assessed and
graded using Arts’ dumping score (19). Symptomatic hypo-
glycemia was defined as having symptoms of hypoglycemia
(late dumping score > 0) and a blood glucose concentration
of 3.9 mmol/L or less at 60, 90, 120, or 180 minutes during
OGTT.

Statistical Analysis

Sample size was estimated for the primary outcomes of the
study and is described elsewhere (15). Briefly, given a 5%
significance level and 80% power, a total study sample of
110 subjects (remission) or 100 subjects (disposition index)
was required to reveal a difference between groups. Given
our study population of 106 patients, a probability of
type-1 error (a) of 0.05, and a mean (SD) -GS 1 year after
gastric bypass of 1.7 (1.1) pmol/kg/min/mmol (approxi-
mated from (20), our study had an 80% power to detect
a 0.6 pmol/kg/min/mmol difference in -GS between the 2
procedures. Per-protocol analyses were performed after the
exclusion of subjects with missing 25-g OGTT.

Crude differences between the 2 groups for binary out-
comes were analyzed using a Fisher exact test. Continuous
outcomes were compared using independent samples ¢ test,
Mann-Whitney U test, as well as linear mixed models for
repeated measures using unstructured covariance matrix
(fixed effect: group, time, and group-time interaction; and
random effect: patient). In case of significant interactions,
post hoc analyses were performed to identify the nature
of the interaction and between-group differences were re-
ported. Statistical analyses were conducted using SPSS (ver-
sion 25.0) and STATA (version 15.0).

Due to limited statistical power, we had to reduce the
complexity of the mediation analysis and performed pre-
liminary correlation analyses to assess potential mediators
correlated with B-GS. The following variables were ana-
lyzed: GLP-1, GIP, glucagon, ghrelin (independents) and f3-
GS (dependent). Second, we regressed -GS and remission
of diabetes. Thereafter, mediation analyses were conducted
using the PROCESS macro developed for SPSS by Hayes
(21). The mediation model included operation group as ex-
posure, remission as outcome, and mediators selected with
the correlation analyses. We estimated the direct effect of
operation on remission and specific indirect effects through
the mediators.

Results

Between Oct 15, 2012, and Sept 1, 2017, 319 consecu-
tive patients with type 2 diabetes were assessed for eli-
gibility; 210 patients were ineligible, excluded, declined
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participation, or withdrew consent, leaving 109 patients
to be randomly assigned to either gastric bypass or sleeve
gastrectomy (Supplementary Fig. 1 (22)). A 25-g OGTT
was performed in 99 patients at baseline, 99 patients at 5
weeks, and 96 patients at the 1-year follow-up time point
(Supplementary Fig.1 (22)). A total of 106 patients (67%
women) completed a 25-g OGTT at least once and were
included in the analyses, with 53 patients in each group.

The patients had a mean (SD) age of 48 (10) years, BMI
42.0 (5.0) kg/m2, duration of diabetes 6.2 (5.6) years, and
HbA1lc of 65 (18) mmol/mol (8.1% [1.7%]). Among the
93 patients taking glucose lowering drugs, 21 patients
used GLP-1 analogues and 21 were receiving insulin treat-
ment. There were no differences between groups at baseline
(Supplementary Table 1 (22)).

At the 1-year follow-up, mean body weight was signifi-
cantly lower, and the partial and complete remission rates
were significantly higher after gastric bypass (85% and
77%) than after sleeve gastrectomy (58% and 48%) (Table
1). Fasting glucose, HbA1c, and postchallenge glucose con-
centrations decreased similarly in both groups (Table 1, Fig.
1A). Incremental AUC, . glucose was significantly lower
at 5 weeks in the gastric bypass group but did not differ
between groups at 1 year (Table 1). Fasting ISR dropped,
and iAUC
1). However, ISR values at 15 and 30 minutes were sig-

ISR changed similarly in both groups (Table

nificantly higher 1 year after gastric bypass than after
sleeve gastrectomy (Fig. 1B). The OGTT trajectories of
insulin and C-peptide levels mirrored the ISR trajectories
(Supplementary Fig. 2 (22)).

B-GS increased by approximately 3-fold after sleeve
gastrectomy and 4-fold after gastric bypass, and at
1 year, B-GS was 54% greater in the gastric bypass group
(between-group difference 0.45 pmol/kg/min/mmol [95%
CL, 0.15-0.75]; P = 0.0032) (Table 1, Fig. 2).

Fasting GLP-1 levels changed marginally and similarly
in the 2 groups (Table 1). Conversely, iAUC . GLP-1
increased more after gastric bypass than after sleeve
gastrectomy (4-fold vs 3-fold increase), and the mean
1-year iAUC_,, GLP-1 was 79% higher after gastric by-
pass (between-group difference 1173 pmol/L*min [95%
CI, 569-1776]; P = 0.0010) (Table 1). Furthermore, the
15- and 30-minute OGTT GLP-1 levels were approxi-
mately 2-fold higher 1 year after gastric bypass (Fig. 3A).
Fasting GIP levels fell similarly in both groups (Table 1).
However, iIAUC_
gastric bypass than after sleeve gastrectomy from base-

GIP increased significantly more after

line to 1 year (Table 1). Moreover, at 1 year, the gastric
bypass group had slightly higher GIP levels 15 min-
utes after glucose ingestion (Fig. 3B). Fasting glucagon
decreased significantly and similarly in both groups
(Table 1). The OGTT-glucagon trajectory had a biphasic

rise-and-fall pattern with no significant difference in glu-
cagon levels between the 2 procedures at any time (Fig.
3C). However, at 5 weeks and 1 year, iAUC_,
was significantly greater after gastric bypass than after

glucagon

sleeve gastrectomy at 5 weeks and 1 year (Table 1).
Fasting ghrelin values decreased after sleeve gastrectomy
and increased after gastric bypass (Table 1). Moreover,
all ghrelin levels during OGTT were significantly higher
after gastric bypass (Fig. 3D). However, the reduction in
o150) during the OGTT was
significantly greater after gastric bypass than after sleeve

ghrelin levels (negative iAUC

gastrectomy (Table 1, Fig. 3D)

Time to peak paracetamol concentrations decreased,
and C__paracetamol and iAUC , paracetamol increased
significantly more after gastric bypass than after sleeve gas-
trectomy (Table 1, Fig. 3E).

Insulin clearance in the fasting state increased signifi-
cantly more in the gastric bypass group than in the sleeve
gastrectomy group, while postprandial insulin clearance re-
mained unchanged in both groups (Table 1).

At 1 year, iAUC ., GLP-1 was moderately correlated
with B-GS (r = 0.37, P < 0.0001), while no significant
correlations were shown between iAUC . GIP, iAUC
glucagon, iAUC, ghrelin, and B-GS (r = 0.07, P = 0.53;
r=0.04, P = 0.72; and r = -0.02, P = 0.83, respectively).
Further, there was a significant association between -GS
and remission of diabetes (OR = 56 [95% CI, 10-308];
P < 0.0001). Operation group was significantly associ-
ated with iAUC
ated with -GS and remission (Supplementary Fig. 3 (22)).

GLP-1, which was significantly associ-

Given the model depicted in Supplementary Fig. 3 (22), the
effect of type of operation was mediated through the in-
direct pathway: type of operation > iAUC, ., GLP-1 > f-
GS > remission (OR = 2.8 [95% CI, 1.4-12.2]; P < 0.001).

Atlyear,C__paracetamolcorrelated withbothiAUC
GLP-1 (r = 0.39, P < 0.001) and $-GS (r = 0.23, P = 0.03).

Early dumping symptoms during the OGTT were
similar in both groups (Supplementary Table 2 (22)). After
gastric bypass, symptomatic hypoglycemia was observed in
2 patients (4%) at 5 weeks and in 1 patient (2%) at 1 year.

Discussion

Several lines of evidence indicate that gastric bypass induces
rapid delivery of ingested nutrients to L-cells in the distal
small intestine, leading to increased secretion of GLP-1
and increased p-cell response to glucose, followed by im-
proved glucose tolerance (4). Although similar mechanisms
may explain the beneficial effects of sleeve gastrectomy on
glucose homeostasis in people with type 2 diabetes, the
existing evidence is sparse, with only a few small studies
having directly compared the 2 procedures (5-8).
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o § § § § ? g § trolled study of patients with type 2 diabetes were that,
g Els 9 S R = % compared with sleeve gastrectomy, gastric bypass was as-
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g £ a0 § T2 0z g % of glucose administration. . . "
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Figure 1. Glucose (A) and prehepatic insulin secretion rates-ISR (B) during oral glucose tolerance tests in patients undergoing sleeve gastrectomy
and gastric bypass at baseline, 5 weeks, and 1 year. Plots are mean and 95% CI from linear mixed effects models for repeated measures, *P < 0.01
for between-group difference reported for time points showing significant group x time interaction.
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Figure 2. Beta-cell glucose sensitivity (3-GS), mean and 95% Cl from
linear mixed effects models for repeated measures assessed by oral
glucose tolerance tests at baseline, 5 weeks, and 1 year after sleeve
gastrectomy (blue bars) and gastric bypass (red bars).

Importantly, results from experimental studies show
that blocking of the GLP-1 receptor 1 week to 3 months
after gastric bypass increased postchallenge glucose con-
centrations and impaired B-cell response to oral glucose
in patients with type 2 diabetes (24, 25). The findings
in this study support the idea of the aforementioned
mechanism, suggesting an important role of GLP-1 se-
cretion on postsurgical glucose control. Whether this is
solely due to enhanced GLP-1 secretion after surgery is
unknown. Reversal of pB-cell resistance to GLP-1 could
also contribute to increased B-cell response to glucose.
However, there are diverging results in this respect.

Preserved insulinotropic action of GLP-1 has been ob-
served 3 months after gastric bypass surgery in patients
with normal glucose tolerance (26). Partly contrasting
with this finding, reduced B-cell sensitivity to GLP-1 has
been reported in patients with normal glucose tolerance
after gastric bypass compared with matched controls
(27).

In contrast with previous reports including patients with
obesity and type 2 diabetes, we found greater GIP and glu-
cagon response to an oral nutrient stimulus after gastric
bypass and sleeve gastrectomy (5-8). There were no correl-
ations between these hormones and p-GS. Although both
GIP and glucagon may influence insulin secretion (11), our
findings do not support a major impact of these hormones
on B-cell function after these procedures. As observed in
previous studies, sleeve gastrectomy reduced ghrelin levels
dramatically (6, 7). Lower ghrelin levels after sleeve gas-
trectomy are a result of resection of the gastric fundus.
Although ghrelin may inhibit glucose-stimulated insulin
secretion (28), we did not find any significant correlation
between changes in ghrelin levels during OGTT and -GS.

In accordance with previous reports, paracetamol ab-
sorption was enhanced after both procedures, although to
a greater extent after gastric bypass (25, 29). Moreover,
maximal paracetamol levels correlated positively with both
GLP-1 secretion and B-GS. These findings indicate that the
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Figure 3. Gastrointestinal hormones: glucagon-like peptide-1 (GLP-1) (A), glucose-dependent insulinotropic polypeptide (GIP) (B), glucagon (C),
ghrelin (D), and paracetamol (E) concentrations during oral glucose tolerance tests in patients undergoing sleeve gastrectomy and gastric bypass
at baseline, 5 weeks, and 1 year. Plots are mean and 95% CI from linear mixed effects models for repeated measures, *P < 0.01 and **P < 0.001 for
between-group difference reported for time points showing significant group x time interaction.
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increase in circulating GLP-1 and improvement in f3-cell
function after surgery may partly be explained by a more
rapid passage of nutrients into the intestine.

Surprisingly, as compared with sleeve gastrectomy, the
significantly greater improvement in OGTT-derived [-cell
function after gastric bypass did not translate into lower
postchallenge glucose levels at 1 year. This apparent lack of
difference between procedures may be due to the relatively
low glucose load administered and/or insufficient power.
However, our findings are in keeping with the studies assessing
postchallenge glucose levels after the 2 procedures (5-8).

Our study is strengthened by its randomized design and
the inclusion of a larger population than in previous studies
enabling unbiased assessment of effect size and an increase
in power to reveal previously undocumented differences be-
tween the 2 procedures. However, the study has some limi-
tations. First, the results were based on secondary outcomes
of the Oseberg study, which increases the risk of both false
positive and false negative results. Second, the generalizability
of the results is limited by the single-center design, the inclu-
sion of largely white participants and a relatively short 1-year
follow-up period. Third, the study was not designed to address
any underlying mechanisms for remission of type 2 diabetes.

The role of GLP-1 in diabetes remission after bariatric
surgery has been debated for several years. The regulation
of insulin secretion is complex and factors such as several
nutrients and hormones (30), not addressed in this paper,
are likely to influence pB-cell function after bariatric surgery.
Nevertheless, our results support the assumption of en-
hanced GLP-1-potentiated insulin secretion as a contributor
to improved glycemic control after sleeve gastrectomy and
gastric bypass (30). These findings add to our understanding
of the observed differences in remission rates of type 2 dia-
betes between gastric bypass and sleeve gastrectomy and
may therefore help patients and health personnel during the
shared decision process over treatment choice.
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