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Exaggerated Glucagon-Like Peptide 1 Response Is
Important for Improved (3-Cell Function and Glucose
Tolerance After Roux-en-Y Gastric Bypass in Patients

With Type 2 Diabetes
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1,3

Dorte Worm,! Dorte L. Hansen,' Viggo B. Kristiansen,* Lars Naver,* Sten Madsbad,' and Jens J. Holst>

B-Cell function improves in patients with type 2 diabetes in re-
sponse to an oral glucose stimulus after Roux-en-Y gastric bypass
(RYGB) surgery. This has been linked to the exaggerated secre-
tion of glucagon-like peptide 1 (GLP-1), but causality has not
been established. The aim of this study was to investigate the
role of GLP-1 in improving B-cell function and glucose tolerance
and regulating glucagon release after RYGB using exendin(9-39)
(Ex-9), a GLP-1 receptor (GLP-1R)-specific antagonist. Nine
patients with type 2 diabetes were examined before and 1 week
and 3 months after surgery. Each visit consisted of two experi-
mental days, allowing a meal test with randomized infusion of
saline or Ex-9. After RYGB, glucose tolerance improved, 3-cell
glucose sensitivity (8-GS) doubled, the GLP-1 response greatly
increased, and glucagon secretion was augmented. GLP-1R
blockade did not affect 3-cell function or meal-induced glucagon
release before the operation but did impair glucose tolerance.
After RYGB, B-GS decreased to preoperative levels, glucagon
secretion increased, and glucose tolerance was impaired by Ex-
9 infusion. Thus, the exaggerated effect of GLP-1 after RYGB is of
major importance for the improvement in 3-cell function, control
of glucagon release, and glucose tolerance in patients with type 2
diabetes. Diabetes 62:3044-3052, 2013

yperglycemia in patients with type 2 diabetes is

resolved shortly after Roux-en-Y gastric bypass

(RYGB), suggesting that mechanisms independent

of weight loss contribute to the improvement in
glycemic control (1-4).

Within 1 month and as early as 5 days after RYGB, p-cell
function in response to a meal improves in subjects with
type 2 diabetes, and this is accompanied by an increased
postprandial glucagon-like peptide (GLP)-1 response
(3,5,6). In contrast, after intravenous infusion of glucose,
which does not elicit the incretin effect, an improvement in
B-cell function is absent (5,7,8). Therefore, it could be
speculated that the early improvements in 3-cell function
after RYGB are due to the enhanced GLP-1 secretion
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related to eating a meal, but causality has not been
established (9).

In patients with type 2 diabetes, energy restriction per se
is known to result in improved hepatic insulin sensitivity
and decreased hepatic glucose production and, as a result,
lowered fasting plasma glucose concentrations (10-12).
Similar metabolic changes are seen after RYGB, when
energy intake is limited (13,14), and this has led to the
proposal that caloric restriction with a subsequent reduction
in glucotoxicity, rather than an increased effect of GLP-1, is
responsible for the improved B-cell function (14,15).

The aim of this study was to investigate the role of GLP-
1 in the improved B-cell function and glucose tolerance
seen after RYGB in subjects with type 2 diabetes. This was
accomplished by pharmacologically blocking the GLP-1
receptor (GLP-1R) during a liquid meal tolerance test before
and after surgery using exendin(9-39) (Ex-9; Bachem AG,
Bubendorf, Switzerland), a specific GLP-1R antagonist (16).

Previous studies have documented increased meal-
related glucagon secretion after RYGB despite improve-
ments in insulin secretion and sensitivity and exaggerated
GLP-1 release (3,17,18). This observation is surprising given
the glucagonostatic properties of GLP-1 and insulin (19,20).
Therefore, a further aim of this study was to evaluate the
interaction between GLP-1 and glucagon release after
RYGB in both the fasting and postprandial states.

RESEARCH DESIGN AND METHODS

Patients with type 2 diabetes were recruited from the Hvidovre Hospital’'s
bariatric surgery program (Hvidovre, Denmark), met the criteria for bariatric
surgery (age >25 years and BMI >35 kg/n12), and had accomplished a man-
datory preoperative, diet-induced loss of 8% of total body wt before inclusion.
Patients were excluded if they had uncontrolled hypothyroidism, had been
taking antithyroid medication or anorectic agents within 3 months before the
experiments, or had a fasting C-peptide level <700 pmol/L. To confirm the
diagnosis of type 2 diabetes, an oral glucose tolerance test (OGTT) was per-
formed =1 month before the first experiment.

The study was approved by the Municipal Ethical Committee of Copenhagen
(reg. nr. H-A-2008-080-31742), was in accordance with the Declaration of
Helsinki II, and was registered with clinicaltrials.gov (NCT01579981) and the
Danish Data Protection Agency. Written informed consent was obtained from
all patients before entering the study. Incretin-based therapies were put on hold
for at least 14 days and all other antidiabetic medications for at least 3 days
before the first preoperative experiment. Insulin analogs were replaced with
NPH insulin at least 2 weeks before the first experiment. RYBG was performed
as previously described (18). Patients were examined at 3 visits: before, 1
week after, and 3 months after RYGB. Visits consisted of 2 days where the
patients were examined during a liquid meal tolerance test with a concurrent
patient-blinded, primed, continuous infusion of Ex-9 or isotonic saline in
random order. On each study day, patients met at 0800 h after a 10-h overnight
fast. Patients were weighed (Tanita Corp., Tokyo, Japan), a catheter was
inserted into the antecubital vein of each arm (one for blood sampling and one
for infusion), and three fasting blood samples were drawn (—40 to 30 min).
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A primed continuous infusion of either saline or Ex-9 was initiated at time —30
min using a precision infusion pump (P2000; IVAC Medical Systems, Hamp-
shire, U.K.). Saline was infused at a rate corresponding to the Ex-9 infusion
volumes. After infusion was started, participants maintained a fasting state for
30 min to allow the drug to reach target tissues and drug concentrations to
stabilize before the meal. Three further baseline samples were drawn just
before ingestion of the meal (—10 to 0 min). At time 0 min, a liquid meal
(Fresubin Energy Drink, 200 mL, 300 kcal, carbohydrate [50% of energy],
protein [15% of energy], fat [35% of energy]; Fresenius Kabi Deutschland, Bad
Homburg, Germany) was provided. To estimate gastric emptying, 1 g of para-
cetamol (Pamol; Nycomed Danmark, Roskilde, Denmark) was crushed to
a powder and added to the meal. To avoid dumping after surgery and to obtain
a comparable stimulus before and after RYGB, meal ingestion was supervised to
ensure even distribution of meal intake over a 30-min period.

Blood was sampled before and frequently following the meal for a total of 4 h
(—40, —35, —30, —10, —5, 0, 30, 45, 60, 90, 120, 180, and 240 min). During each
test, patients were placed sitting in a reclined position in a hospital bed, and
no strenuous activity was allowed.

Ex-9. Ex-9 was purchased from Bachem AG. Ex-9 from the same lot was used
for all experiments. The peptide was dissolved in sterilized water containing
1% human albumin (Plasma Product Unit PSU; Novo Nordisk A/S, Bagsvaerd,
Denmark) and subjected to sterile filtration. The dissolved peptide was dis-
pensed in appropriate volumes and stored frozen (—20°C) under sterile con-
ditions until the day of the experiment. The peptide was demonstrated to be
99.56% pure by high-performance liquid chromatography. The Ex-9 infusion
rate of 900 pmol/kg body wt/min was chosen because this had previously been
reported to block the GLP-1R by 95% (21,22), and the resulting steady-state
concentration of Ex-9 was predicted to be 391 nmol/L using previously pub-
lished pharmacokinetic parameters (23). Likewise, bolus size was calculated
to be 43.000 pmol/kg body wt.

Sample collection and laboratory analyses. Blood was collected into clot
activator tubes for insulin and C-peptide analysis and into prechilled EDTA
tubes for analysis of GLP-1, glucose-dependent insulinotropic polypeptide
(GIP), glucagon, glucose, paracetamol, and Ex-9.

Clot activator tubes were left to coagulate for 30 min, whereas EDTA tubes
were placed on ice until centrifuged at 4°C. Plasma glucose was measured im-
mediately using the glucose oxidase technique (YSI model 2300 STAT Plus; YSI,
Yellow Springs, OH). Samples of GLP-1, GIP, glucagon, and Ex-9 were stored at
—20°C. All other samples were frozen and stored at —80°C until batch analysis.

Serum insulin and C-peptide concentrations were determined by Auto-
DELFIA fluoroimmunoassay (Wallac OY, Turku, Finland). Plasma samples
were assayed for total GLP-1 immunoreactivity, as described previously (24).
Total GIP was measured using a C-terminally directed antiserum 867 with
characteristics similar to the previously employed R65 (25,26). Glucagon was
measured with the LINCO assay (Millipore, Billerica, MA) because it does not
cross-react with Ex-9 (27). Ex-9 was measured using antibody 3145 raised in
rabbits immunized with exendin-4, which shows 100% cross-reactivity with Ex-
9 but <0.01% cross-reactivity with GLP-1, glucagon, or GIP (27). Paracetamol
was measured using a calorimetric assay (Roche Diagnostics GmbH, Mannheim,
Germany), and HbA;. was measured using high-performance liquid chroma-
tography with a cation exchange column (Tosoh Bioscience, Tokyo, Japan).
Calculations and statistical analyses. Fasting glucose and hormone values
were calculated as the mean of the time points from the interval —40 to —30 min.
Total area under the curve (AUC) was calculated using the trapezoidal model.
Baseline values were the mean of the time points from the interval —10 to
0 min. Incremental AUC (I-AUC) was calculated as AUC above baseline.

Insulin resistance was calculated using homeostasis model assessment of
insulin resistance (HOMA-IR) using the following equation: Insuling,ing [prol/L]
X Glugasiing [mmol/L] / (22.5 X 6.945), where Glu is glucose.

Prehepatic insulin secretion rates (ISRs) were calculated by deconvolution of
peripheral C-peptide concentrations and application of population-based
parameters for C-peptide kinetics using the ISEC software (28,29). ISR is
expressed as picomoles X kilograms ! X minutes™'. The relationship between
glucose concentrations and ISR during the meal, the B-cell glucose sensitivity
(B-GS), was characterized as previously described (3). The time to peak para-
cetamol concentration was used as a marker of gastric emptying.

Data are expressed as means + SE. Statistical analyses were carried out
using Wilcoxon matched pairs signed rank test or Kruskal-Wallis rank sum
test, as appropriate. P values <0.05 were considered significant. The analyses
were carried out using the R 2.11.1 statistical software package.

RESULTS

Patient characteristics. Eleven patients with type 2 di-
abetes were recruited for the study. Two patients were
excluded from data analysis: one because intravenous
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cannulation could not be performed on the second ex-
perimental day and the other because RYGB was aban-
doned because of massive intestinal adherences on the
basis of earlier gastrointestinal surgery and peritonitis.

Thus, a total of nine patients with type 2 diabetes (age
50 = 3 years; three females and six males; BMI 39.2 = 2.4
kg/m diabetes duration 5.7 = 1.3 years; HbAlC 6.5 = 0.3%
[48 = 4 mmol/mol]; 2-h OGTT plasma glucose 14.4 = 1.0
mmol/L) were examined 9 * 2 days before and 7 = 1 days
(1 week) and 96 = 2 days (3 months) after RYGB. Pre-
operatively, one patient was treated with diet alone and
eight were treated with metformin either as monotherapy
(n = 4) or in combination with glimepiride (1), vildagliptin
(1), liraglutide (1), or liraglutide and insulin glargine (1).
None of the patients received any antidiabetic medication
after RYGB. Further comorbidities were hypertension (6),
hypercholesterolemia (2), hypothyroidism (n = 1, well
controlled, with thyroid-stimulating hormone within the
normal range), and myocardial infarction 4 years earlier
(1). None had records or symptoms of gastroparesis,
neuropathy, retinopathy, or nephropathy.

The patients entered the bariatric surgery program 337 =
40 days before RYGB with a BMI of 42.9 + 2.8 kg/m®. On the
day of the OGTT (380 = 9 days before RYGB), BMI had de-
creased to 39.5 = 2.5 kg/m® (92 = 0.9% of initial BMI), which
was not different from that measured on the first experi-
mental day. One week after RYGB, patients had lost 3.9 =
0.4% (P < 0.01) of preoperative BMI, and after 3 months they
had lost 13.5 = 1.1% (P < 0.01). HbA,. decreased to 5.7 =
0.2% (39 = 2 mmol/mol; P < 0.01) 3 months after surgery.
Ex-9 concentrations. Mean Ex-9 concentrations from
time 0 to 240 min were similar before (404 *= 52 nmol/L)
and after RYGB (1 week: 444 = 65 nmol/L; 3 months:
405 = 51 nmol/L; P = 0.7) and were stable throughout the
experiment (Fig. 1).

Gastric emptying. Paracetamol profiles are shown in Fig.
1. Before the operation, peak paracetamol concentrations
were reached 70 £ 10 min after the start of the meal, but
after RYGB they peaked at the first postprandial sample
point (30 min) (1 week: 33 = 2 min [P < 0.01]; 3 months:
32 £ 2 min [P < 0.01]). GLP-1R blockade had a minor
insignificant effect on time to peak paracetamol concen-
tration before the operation (before Ex-9: 60 = 10 min [P =
0.49]) but no detectable effect after RYGB (Ex-9 at 1 week:
30 £ 0 min; at 3 months: 30 = 0 min).

Fasting glucose and hormone concentrations. Data
regarding fasting glucose and hormone concentrations are
listed in Table 1. Following RYGB, fasting glucose, insulin,
and C-peptide concentrations decreased, whereas fasting
GLP-1, GIP, and glucagon concentrations did not sub-
stantially change.

Changes in glucose and hormone concentrations 30 min
after start of infusion, that is, before the meal, are reported
in Table 2. Ex-9 infusion caused glucose concentrations to
increase significantly at all study times, whereas ISR de-
creased most before and at least 3 months after the op-
eration. Fasting GLP-1 and GIP concentrations were not
affected by Ex-9 infusion, but glucagon concentrations in-
creased significantly compared with the changes observed
during saline infusion before and 3 months after RYGB.
Insulin resistance. Insulin resistance decreased by
~50% after RYGB (HOMA-IR before RYGB: 5.72 + 0.74; 1
week after: 2.71 £ 0.41 [P = 0.004]; 3 months after: 2.18 =
0.30 [P = 0.004]). HOMA-IR did not differ between the
days of saline and Ex-9 infusion at any of the three visits
(data not shown).
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FIG. 1. Ex-9 (A) and paracetamol (B) concentrations throughout the experiment. Data are shown as means + SE. Open symbols, dotted lines:
saline infusion; solid symbols, solid line: Ex-9 infusion. Squares: before surgery, circles: 1 week after surgery, triangles: 3 months after surgery.

Postprandial glucose concentrations and insulin
secretion. Data for postprandial glucose concentrations
and insulin secretion are reported in Table 3, and glucose and
ISR profiles are shown in Fig. 2. Following RYGB, 2-h post-
prandial glucose concentrations were significantly decreased
but peak glucose concentrations were unchanged. Blocking
the GLP-1R with Ex-9 caused 2-h and peak glucose concen-
trations to significantly increase compared with saline at all
visits.

After the operation, insulin secretion was significantly

increased in response to the meal as evidenced by both
increased peak ISR and total meal-induced insulin secre-
tion (IL-AUC ISR). Ex-9 infusion resulted in significant
decreases in peak ISR and I-AUC ISR 1 week and 3 months
after RYGB but not before the operation.
B-Cell glucose sensitivity. Data for -GS are shown in
Fig. 3. In response to the liquid meal, -GS increased as
a consequence of RYGB. One week after the operation,
B-GS had almost doubled (P = 0.008), and it remained
elevated at 3 months (P = 0.027). When the GLP-1R was
blocked with Ex-9 before the operation, an insignificant
decrease in 3-GS (P = 0.07) was observed. After RYGB, Ex-9
infusion reduced B-GS to preoperative levels both at 1 week
and 3 months after the operation, and these decreases were
highly significant (both P = 0.004 vs. saline).

TABLE 1

Postprandial GLP-1, GIP, and glucagon concentrations.
After RYGB, I-AUC GLP-1 was increased eightfold, reflecting
a greatly elevated meal-induced GLP-1 response (Fig. 4A).
Ex-9 infusion resulted in a further augmentation of GLP-1
release both before and after RYGB. The GIP response
(Fig. 4B) was not affected by RYGB or Ex-9 infusion.

Meal-induced glucagon secretion (I-AUC glucagon) (Fig.
4C and Table 3) increased after RYGB. Before the opera-
tion, I-AUC glucagon was not affected by GLP-1R blockade
(P = 0.3), but after RYGB, Ex-9 infusion resulted in a
marked and significant increase in glucagon secretion
upon stimulation by the meal compared with the corre-
sponding day of saline infusion.

DISCUSSION

One week and 3 months after RYGB, glucose tolerance and
B-GS are improved and the meal-related GLP-1 response
and glucagon release are increased in subjects with type 2
diabetes, as we have previously demonstrated (3). The key
finding in the current study is that pharmacological
blockade of the GLP-1R after RYGB reverses the im-
provements in B-GS and glucose tolerance and increases
postprandial glucagon release. These results strongly
suggest that the increased endogenous GLP-1 secretion is

Fasting glucose and hormone concentrations (—40, —35, and —30 min) before infusion of saline or Ex-9

Infusions

Before surgery

1 week after surgery 3 months after surgery

Concentrations NaCl Ex-9 NaCl Ex-9 NaCl Ex-9
Fasting glucose (mmol/L) 83 * 0.7 84+ 0.8 6.9 = 0.5% 7.0 = 0.5% 6.0 * 0.3% 62 = 0.3%
Fasting insulin (pmol/L) 111 * 17 105 = 15 60 = B 68 =+ T 57 =+ & 56 * 8
Fasting C-peptide (pmol/L) 1,400 = 109 1291 =92 1,171 = 105 1,163 * 80 930 + 72% 913 * T4**
Fasting ISR (pmol/L X kg ' X min™ 1) 35 * 04 32+ 03 3.0 =04 3.0 =03 25 = 0.3 25 + 0.3%
Fasting GLP-1 (pmol/L) 9+1 8+ 1 7T+1 6+ 1 7*1 7*1
Fasting GIP (pmol/L) 11 = 2 9+2 5 & 1% 6 =1 8 =2 6 = 1t
Fasting glucagon (pmol/L) 24 = 3 24 * 2 24 = 3 24 = 3 22 =2 21 =2

Data are means = SE. *P < 0.05, **P < 0.01 vs. before surgery. 1P <
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0.05 vs. sodium chloride (NaCl).
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TABLE 2

Changes in fasting glucose and hormone concentrations after a primed infusion of saline or Ex-9 but before the meal

Infusions

Before surgery

1 week after surgery 3 months after surgery

Concentrations NaCl Ex-9 NaCl Ex-9 NaCl Ex-9
Glucose (mmol/L) -0.2 = 0.1 0.8 = 0.1 -0.2 = 0.1 0.5 = 0.1+ —-0.1 = 0.0 0.5 = 0.1
Insulin (pmol/L) -8 7 —46 * 87 —6*2 —27 +£ 5%t -9+3 —19 + bk
C-peptide (pmol/L) —29 + 48 —258 *+ 3567 —47 = 27 —214 *+ 327 —49 = 17 —127 = 28*
ISR (pmol/L X kg~ ! x minfl) 0.0 = 0.2 —0.9 + 0.1+7 —-0.2 = 0.2 —-0.8 = 0.1F —-0.2 +£ 0.1 —0.4 *+ 0.1%
GLP-1 (pmol/L) 0x1 1+1 0+x0 10 -1=x1 -1x1
GIP (pmol/L) =2 3= 2 0+3 -1+2 -1=x1 0+3 -1=x2
Glucagon (pmol/L) 0x1 4 + 27 -1=*1 2=*1 -2=*1 1=+ 17

Data are means = SE. *P < 0.05, **P < 0.01 vs. before surgery. 1P < 0.05, 7{P < 0.01 vs. sodium chloride (NaCl).

of great importance for the acute effects of RYGB on 3-cell
function and for glucose tolerance in patients with type 2
diabetes. Furthermore, we demonstrate that glucagon se-
cretion is inhibited by GLP-1 after RYGB.

Before RYGB, GLP-1R inhibition impaired glucose tol-
erance because of an increment in fasting and postpran-
dial glucose concentrations. Fasting insulin secretion
decreased but meal-induced secretion was unaltered, and
B-GS was not significantly reduced when Ex-9 was infused.
Fasting glucagon concentrations increased during GLP-1R
blockade, but the meal-induced glucagon response was
unaltered. The effects of Ex-9 infusion on insulin and
glucagon secretion during fasting were similar to those
reported in two recent studies of patients with type 2 di-
abetes (30,31), but contrary to our results, these studies
found a pronounced effect of GLP-1R inhibition on insulin
and glucagon secretion when endogenous GLP-1 secre-
tion was stimulated. However, both studies used the hy-
perglycemic clamp technique to keep plasma glucose
concentrations fixed, whereas our study allowed plasma
glucose concentrations to vary; as a consequence, they
were higher on the day of Ex-9 infusion. This greater

TABLE 3

glucose stimulus is likely to counteract the effects of
GLP-1R antagonism on postprandial insulin and glucagon
secretion in our study and may explain these seemingly
contradictory results.

One week after RYGB, plasma glucose concentrations
had improved in both the fasting and postprandial states.
After the operation, insulin secretion increased, B-GS
doubled, the GLP-1 response was greatly increased, and
meal-induced glucagon release was elevated. These results
confirm our previous report and demonstrate that RYGB
improves B-cell function soon after surgery (3). GLP-1R
blockade caused glucose tolerance to deteriorate and -GS
to decrease to preoperative levels. At the same time,
postprandial GLP-1 and glucagon responses increased.

Three months after the operation, glucose tolerance was
further improved with enhanced insulin and GLP-1 secre-
tion compared with before surgery, and overall glucose
control was improved, as evidenced by a decreased HbA,.,
despite patients not receiving antidiabetic medication.
GLP-1R antagonism produced results similar to those
observed 1 week after the operation, again returning -GS
to preoperative levels and augmenting the meal-related

Postprandial glucose and hormone responses with saline or Ex-9 infusion

Infusions

Before surgery

1 week after surgery 3 months after surgery

Concentrations NaCl Ex-9 NaCl Ex-9 NaCl Ex-9

Peak glucose (mmol/L) 11.7 £ 0.8 13.7 = 1.0t 112 * 04 12.9 = 0.5%7 112 £ 04 12.6 = 0.67
120’ glucose (mmol/L) 10.0 £ 0.7 11.8 = 1.077 8.0 = 0.5* 10.3 = 0.717 6.5 *= 0.4%* 8.4 = 0.6%*f+
I-AUC glucose (mmol/L X min) 324 * 39 485 + 687 362 = 28 596 * 481t 362 = 32 504 = 54
Peak insulin (pmol/L) 456 * 67 386 *= 65 541 * 68 403 = 55 780 *+ 186+ 512 + 104
[-AUC insulin (nmol/L X min) 347 33*+6 35+5 27 = 3tt 41 + 9 28 + 4
Peak C-peptide (pmol/L) 2,985 = 268 2544 = 327 3,880 * 469* 2779 £ 3347T 3,631 = 458 2,617 + 3327t
[-AUC C-peptide

(nmol/L X min) 238 + 41 233 * 42 341 + b5+ 244 + 401+ 282 *+ 38 210 + 21+t
Peak ISR (pmol X

kg™! X min™1) 83 =11 72 * 1.0 11.9 = 1.8%* 8.6 = 1.4t 12.7 = 2.2% 9.0 = 157+
I-AUC ISR (pmol X kg™ 1) 642 *+ 137 716 = 126 1,000 *+ 186** 738 * 1437 874 * 146™* 620 = 841t
Peak GLP-1 (pmol/L) 15 £ 2 21 £ 3 69 = 11%* 124 + 15%kf+ 66 *+ 5** 115 *= 9kfy
I-AUC GLP-1 (nmol/L X min) 0.58 £ 0.14 1.15 = 0.16F 4.62 = 0.47** 745 = 0.88%f 4.04 = 043* 7.14 * 0.99%*+
Peak GIP (pmol/L) 70 = 12 70 = 4 73 = 16 100 + 16 94 + 16 88 + 12
[-AUC GIP (nmol/L X min) 5.03 = 0.72 5.34 = 0.59 6.04 + 1.27 5.29 + 1.03 5.08 * 0.79 492 * 0.83
Peak glucagon (pmol/L) 334 37 = 6} 34 =2 49 = 51t 32 +4 44 + 5}
[-AUC glucagon

(nmol/L X min) 041 £0.10 0.52 = 0.13 0.86 = 0.15%  2.11 * 0.22%% 1.01 £ 0.17*%  1.60 = 0.22%*}

Data are means = SE. *P < 0.05, **P < 0.01 vs. before surgery. 1P < 0.05, P < 0.01 vs. sodium chloride (NaCl).
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FIG. 2. Glucose concentration (A) and ISR (B) profiles before (PRE) and 1 week (1WK) and 3 months (3MO) after RYGB with and without GLP-1R
blockade. Data are shown as means = SE. Open squares, dotted line: saline infusion; solid squares, solid line: Ex-9 infusion.

glucagon response, resulting in an impairment of glucose
tolerance.

Before the operation, the weight of patients was stable,
but after RYGB they experienced rapid weight loss,
amounting to ~4% within a week. It has been suggested
that the acute effects of RYGB on B-cell function in

B—cell gluco
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Kk

2.0

patients with type 2 diabetes are strictly related to reduced
energy intake (14,15), although reports on the effects of
such acute energy restriction are conflicting (12,32). How-
ever, while energy restriction has little or no effect on GLP-1
release, postprandial GLP-1 secretion is greatly increased
after RYGB (3,5,14,33-35). Previous reports have shown
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that the incretin effect after RYGB is normalized in patients
with type 2 diabetes and that this cannot be explained
simply by weight loss (36,37). Furthermore, in patients with
type 2 diabetes, 3-cell function in response to a meal or an
oral glucose load has consistently been reported to im-
prove within the first month after RYGB but not after
gastric restrictive surgery where patients undergo the same
postoperative dietary regimen or when -cell function is
evaluated by intravenous glucose infusion (3,5-7,33,38,39).
The present data illustrate that the exaggerated GLP-1 re-
sponse in patients with type 2 diabetes seems to be the
main explanation for the improvement in B-cell function
after RYGB in response to a meal. Reduced glucotoxicity

diabetes.diabetesjournals.org

may play a role in the improved B-cell function after sur-
gery, but it seems to be of minor importance compared
with the actions of GLP-1 (40,41). Of note, HOMA-IR was
not different between saline and Ex-9 infusion at any visit.
Therefore, the changes we observed with GLP-1R block-
ade are unlikely to be a consequence of adaptation of
B-cells to changes in insulin resistance (42). It has been
suggested that the large GLP-1 response after RYGB is
triggered by the accelerated delivery of nutrients to the
enteroendocrine cells of the distal ileum (43,44). We re-
cently reported the gastric emptying of liquids to be greatly
accelerated in patients who have received RYGB as
measured using a scintigraphic method, and this was
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associated with an increased release of GLP-1 (45). In
agreement with this finding, paracetamol absorption in
this study was accelerated after RYGB, supporting such
a mechanism of action. GLP-1R blockade increased post-
prandial GLP-1 release by 60-100% before and after RYGB,
a finding that may be related to inhibition of GLP-1R on the
enteroendocrine cells that work to feed negatively back on
GLP-1 secretion (46). Although GLP-1 inhibits gastric
emptying (19), paracetamol absorption kinetics were not
significantly changed with Ex-9 infusion, making acceler-
ated gastric emptying an unlikely mechanism by which
GLP-1R blockade increases GLP-1 secretion in this study.
It must be emphasized that estimation of gastric emptying
using this method is limited by the blood sampling fre-
quency, especially after RYGB. Previous studies have in-
dicated that GLP-1 tonically suppresses fasting glucagon
concentrations in patients with type 2 diabetes, and we
were able to reproduce that finding here (31). The gluca-
gonostatic properties of GLP-1 and the exaggerated re-
sponse after RYGB would predict a reduced release of
glucagon as induced by a meal (19); however, the glucagon
response increases after the operation. Eliminating the
effect of endogenous GLP-1 with Ex-9 further increased
glucagon secretion, implying that meal-induced glucagon
release continues to be under the inhibitory control of
GLP-1. The mechanism underlying the increased meal-
induced glucagon response remains to be elucidated.

Salehi et al. (47) reported that Ex-9 infusion resulted in
a more pronounced decrease of insulin secretion when
a meal was ingested during a hyperglycemic clamp in
nondiabetic patients who received RYGB compared with
normal controls. Strengths of the current study include the
prospective design, the inclusion of patients with type 2
diabetes, and the use of a physiological meal test, allowing
us to demonstrate the effects of endogenous GLP-1 sig-
naling before and after RYGB and to evaluate both (3-cell
function and glucose tolerance. Therefore, our results
expand the observations of Salehi et al.

We used a primed infusion of Ex-9 at a rate of 900 pmol X
kg~ ! X min~'. This dose of Ex-9, which resulted in stable
plasma concentrations of ~400 nmol/L on all experimental
days, has previously been reported to result in 95% in-
hibition of the GLP-1R even in the presence of very high
GLP-1 concentrations, such as those expected in the portal
vascular bed after RYGB upon stimulation by a meal
(21,22). GLP-1R blockade did not influence GIP secretion in
this study, and it has previously been shown that Ex-9 in-
fusion does not interfere with GIP signaling on the B-cells
(48). In our own studies of the effect of GIP in COS-7 cells
transfected with the human GIP receptor, there was no
effect of Ex-9 in nanomolar to micromolar concentrations
(M. Rosenkilde, unpublished observations). Collectively,
this shows that Ex-9 specifically inhibits the actions of
GLP-1 with respect to the incretin effect.

A limitation of this study is the small sample size of nine
patients, which makes the detection of more subtle changes
less likely. Despite this, we were able to demonstrate a
highly significant effect of GLP-1R inhibition on insulin
secretion and B-cell function after RYGB, underscoring the
strength of the association.

In light of the marked inhibition of B-cell function, glu-
cose tolerance was only moderately affected during Ex-9
infusion after the operation. This could reflect an increase
in the relative importance of non-insulin-mediated glucose
uptake for glucose tolerance (49-51), but the study was
not designed to evaluate this.
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In addition, we did not account for hepatic glucose
production in this study, which could already be decreased
1 week after the operation, perhaps as a result of caloric
restriction (9). Further studies are needed to investigate
this early aspect of glucose metabolism after RYGB.

In vitro studies of the murine GLP-1R suggest that it is
constitutively active and inhibited by Ex-9 even in the
absence of GLP-1; i.e., Ex-9 is an inverse agonist (52). It is
questionable whether this is a property of the human GLP-
1R in vivo (53), but if so our results could be influenced by
an increased GLP-1R sensitivity to the inverse agonism of
Ex-9 after surgery. However, the effects of Ex-9 on basal
insulin and glucagon secretion were greatest before the
operation and decreased with time from surgery, which
makes it highly unlikely that Ex-9 should more potently
inhibit GLP-1R signaling after RYGB.

We conclude that an increased effect of GLP-1 as
a consequence of hypersecretion is the main explanation
for the improved B-cell function after RYGB in response to
a meal in patients with type 2 diabetes. Furthermore, the
effects of GLP-1 are important in controlling glucagon re-
lease and glucose tolerance in these patients after the
operation.
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