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Abstract
Background: Most patients with severe obesity show glucose intolerance. Early after sleeve 
gastrectomy (LSG) or gastric bypass (LRYGB), a marked amelioration in glycemic control oc-
curs. The underlying mechanism is not yet clear. Objective: To determine whether the im-
provement in glycemic control on the level of endocrine pancreatic function is due to an in-
creased first-phase insulin secretion comparing LRYGB to LSG. Setting: University of Basel 
Hospital and St. Clara Research Ltd., Basel, Switzerland. Methods: Sixteen morbidly obese 
patients with severe obesity and different degrees of insulin resistance were randomized to 
LSG or LRYGB, and islet cell functions were tested by intravenous glucose and intravenous 
arginine administration before and 4 weeks after surgery. Results: Fasting insulin and glucose 
levels and homeostasis model assessment insulin resistance were significantly lower in both 
groups after surgery compared to baseline, while no change was seen in fasting C-peptide, 
amylin, and glucagon. After intravenous glucose stimulation, no statistically significant pre- to 
postoperative change in area under the curve (AUC 0–60 min) was seen for insulin, glucagon, 
amylin, and C-peptide. No statistically significant pre- to postoperative change in incremental 
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AUC for first-phase insulin release (AUC 0–10 min), second-phase insulin secretion (AUC 10–60 
min), and insulin/glucose ratio could be shown in either group. Arginine-stimulated insulin 
and glucagon release showed no pre- to postoperative change. Conclusion: Intravenous glu-
cose and arginine administrations show no pre- to postoperative changes of insulin release, 
amylin, glucagon, or C-peptide concentrations, and no differences between LRYGB and LSG 
were found. The postoperative improvement in glycemic control is not caused by changes in 
endocrine pancreatic hormone secretion. © 2020 The Author(s)

Published by S. Karger AG, Basel

Introduction

A high percentage of patients with severe obesity show glucose intolerance or insulin 
resistance with increased fasting insulin and glucose [1]. The main pathophysiological 
defect responsible for the development of type 2 diabetes is a combination of β-cell 
dysfunction with insulin resistance. β-Cell function in type 2 diabetes progressively declines, 
starting with a simple reduction to the total disappearance of the first phase (0–10 min) of 
glucose-induced insulin secretion, followed by impairment of the second-phase insulin 
secretion (10–60 min) [2, 3]. First-phase insulin secretion disappears, even in the early 
stages of the disease, when fasting glucose concentrations are only slightly higher than 
normal [4]. This defect is important because first-phase insulin secretion seems to have the 
greatest impact on postprandial plasma glucose excursions, determining postmeal hyper-
glycemia [5]. Amylin is cosecreted with insulin by pancreatic β-cells, and plasma concen-
tration increases in response to oral glucose intake. This peptide contributes to glycemic 
control by shutting down gluconeogenesis and plays a role in the control of food intake and 
satiation [6]. Amylin release in response to oral glucose intake is higher in patients with 
obesity and diabetes as these patients show an amylin resistance [7, 8]. Amylin synergizes 
leptin and peptide YY signaling, leading to increased satiation, reduced food intake and 
body weight in obese rat models and in humans [9–11]. During posttranslational modifi-
cation of the insulin prohormone, the interconnecting C-peptide is cleaved and is therefore 
released at equimolar concentrations to insulin. Measuring C-peptide levels can give 
valuable information in regard to β-cell function. C-peptide seems also biologically active 
and plays a role in microvascular complications associated with diabetes [12]. As the coun-
terplayer of insulin, glucagon is released by pancreatic α-cells in response to hypoglycemia 
and promotes gluconeogenesis. Furthermore, glucagon and insulin are released in response 
to amino acids such as arginine. 

The aim of this prospective, randomized study was to determine whether the improvement 
in glycemic control in patients with severe obesity 4 weeks after laparoscopic Roux-en-Y 
gastric bypass (LRYGB) or laparoscopic sleeve gastrectomy (LSG) is related to an increased 
first-phase insulin secretion and to compare the 2 intervention types. 

Methods

The protocol was approved by the Ethics Committee of Basel, Switzerland (EKBB: 08/11) 
and conducted in accordance with the principles of the Declaration of Helsinki. The trial is 
registered in the Clinical trials registry of the National Institutes of Health (NCT 00356213) 
and was funded by the Swiss National Science Foundation (grant No. 116 465). The patient 
group studied in this trial stems from a cohort of 217 patients who participated in a prospective 
randomized multicenter study comparing LSG to LRYGB [13]. Patients were evaluated by a 
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multidisciplinary team and were included in the study if they fulfilled the criteria for bariatric 
surgery in Switzerland (body mass index [BMI] > 40 or > 35 with the presence of at least 1 
comorbidity, aged between 18 and 65 years, and failure of conservative treatment over 2 
years) and gave written informed consent. A subpopulation of 16 patients with severe obesity 
and insulin resistance from the above-mentioned cohort (9 females and 7 males; mean BMI 
43.5 ± 0.9, mean age 45.8 ± 3.0 years) agreed to participate in this trial; 8 were randomized 
to LSG, 8 to LRYGB. Ten patients had advanced insulin resistance (homeostasis model 
assessment, HOMA, index range: 5.7–15.1), but were not on oral antidiabetic drugs yet (5 LSG 
and 5 LRYGB), and 6 patients (3 LSG and 3 LRYGB; HOMA index range: 10.5–19.2) were 
treated with oral antidiabetic drugs.

Study Design
The study was conducted as a randomized, prospective, parallel group trial. For intra-

venous stimulation studies, subjects were admitted to the Clinical Research Centre before 
and 1 month after the operation. On each occasion, an overnight fast of at least 10 h preceded 
the insertion of 2 antecubital vein catheters, one for blood collection, the second for infusion 
of secretagogues. After taking the fasting samples an intravenous bolus of glucose (0.1 g/kg) 
was administered over 20 s. Blood was collected at 2, 3, 5, 7.5, 10, 15, 30, 45, and 60 min, and 
samples were processed for measurement of plasma insulin, glucose, amylin, and C-peptide 
concentrations. At 65 min, 2.5 g of arginine was injected intravenously over 120 s. Blood was 
then taken at 67, 68, 70, 72.5, 75, 80, 95, and 120 min, and samples were processed for 
measurement of plasma levels of insulin, glucose, amylin, and glucagon. First-phase release 
of insulin was defined as 0–10 min after intravenous administration of glucose, second-phase 
release of insulin was defined as 10–60 min after administration. 

Plasma Glucose and Hormones
Plasma glucose concentration was measured by a commercially available glucose oxidase 

method (Bayer Consumer Care AG, Switzerland). Insulin and glucagon were measured with 
a commercial radioimmunoassay (CISbio International, France). Amylin was measured with 
a commercially available ELISA kit (Millipore Inc., Billerica, MA, USA). C-peptide was measured 
with a commercially available radioimmunoassay kit (Millipore Corp., Billerica, MA, USA). 
HOMA insulin resistance was calculated by use of the fasting insulin-glucose product divided 
by the constant 22.5 [14]. Methods applied have been described previously in more detail [1, 
15]. 

Surgical Procedure
The LRYGB technique included a small gastric pouch with a 25-mm circular pouch jeju-

nostomy to a 150-cm antecolic Roux limb and an exclusion of 50 cm of biliopancreatic limb. 
The LSG was done along a 35-F bougie from the angle of His to approximately 3–4 cm orally 
to the pylorus.

Statistical Analysis
All statistical analysis was done using the statistical software package SPSS for 

Windows version 26.0 (SPSS, Chicago, IL, USA). Descriptive statistics were used for demo-
graphic variables such as age, weight, height, and BMI. Hormone and glucose profiles were 
analyzed by calculating pharmacodynamic parameters, that is, area under the concen-
tration-time curve (AUC). Changes over time in patients’ characteristics, fasting glucose, 
and hormone levels were assessed by general linear model analysis, including the factor 
“pre/post” for repeated within-subject measurements (before vs. 1 month after surgery) 
and “OP type” for the specific kind of surgery (LSG vs. LRYGB) as between-subject factor. 
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In addition, to test for significant differences between pre- and postoperative findings for 
each OP type (e.g., LSG vs. LRYGB) values were compared using repeated measures ANOVA. 
To test for significant differences between different groups (LSG vs. LRYGB or patients 
with insulin resistance vs. patients with diabetes on antidiabetic drugs), the Student 
unpaired t test was used. Values were reported as means ± SEM. A p value < 0.05 was 
considered as statistically significant.

Table 1. Demographic characteristics and fasting glucose and hormone values of the study population

LRYGB LSG p values1

before 
surgery

1 month 
after surgery

before 
surgery

1 month 
after surgery

pre/post OP type

Weight, kg 135.5±6.4 124.0±6.0; 
p < 0.0012

120.6±3.3 106.9±2.6; 
p < 0.0012

<0.001 0.034

BMI 44.7±1.4 40.9±1.3; 
p < 0.0012

42.4±0.8 37.6±1.0;
p < 0.0012

<0.001 0.108

BMI loss, % 8.5±0.7 11.3±0.8 0.0203

Glucose, mmol/L 6.2±0.2 5.3±0.1; 
p = 0.0032

6.4±0.6 5.4±0.3; 
p = 0.0422

<0.001 0.838

Insulin, µU/mL 45.9±4.2 30.8±5.0; 
p = 0.0512

33.2±2.8 21.7±1.0;
p = 0.0062

0.002 0.011

HOMA-IR, µU/mL × mmol/L 12.5±1.2 7.2±1.2; 
p = 0.0222

9.7±1.6 5.2±0.4; 
p = 0.0122

0.001 0.012

C-peptide4, ng/mL 3.1±0.5 3.4±0.4; 
p = 0.6732

3.2±0.4 3.2±0.5; 
p = 0.9412

0.751 0.948

Amylin, pmol/L 20.1±2.6 16.4±1.1; 
p = 0.1092

24.8±8.8 13.9±2.1; 
p = 0.1562

0.061 0.845

Glucagon, pg/mL 33.1±7.0 30.4±3.7; 
p = 0.6962

31.0±4.6 24.5±3.0; 
p = 0.0662

0.227 0.503

Data are given as means ± SEM. Statistically significant p values are italicized. LSG, laparoscopic sleeve gastrectomy; LRYGB, 
laparoscopic Roux-en-Y gastric bypass; BMI, body mass index; HOMA-IR, homoeostasis model assessment insulin resistance. 
1 p values derived by general linear model analysis. 2 For each OP type, pre/post comparison was done by repeated measures 
analysis of variance (after surgery vs. before surgery). 3 Analysis of variance. 4 C-peptide values are available in 7 subjects per 
group.

Fig. 1. Mean ± SEM plasma glucose and insulin concentrations after intravenous glucose and intravenous 
arginine (0.1 g/kg both) administration. a Glucose-stimulated glucose concentrations before OP. b Glucose-
stimulated glucose concentrations after OP. c Arginine-stimulated glucose concentrations before OP. d Argi-
nine-stimulated glucose concentrations after OP. e Glucose-stimulated insulin concentrations before OP.  
f Glucose-stimulated insulin concentrations after OP. g Arginine-stimulated insulin concentrations before 
OP. h Arginine-stimulated insulin concentrations after OP. (For figure see next page.)
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Results

Sixteen patients (9 females and 7 males) scheduled for bariatric surgery were seen in our 
outpatient clinic before and 4 weeks after surgery. Preoperative body weight was 128.1 ± 4.0 
kg (range 107–163 kg), BMI 43.5 ± 0.9 (range 39.3–52.6), age 45.8 ± 3.0 years (range 18–63 
years). Thirteen patients had dyslipidemia, 12 had arterial hypertension, 6 patients had been 
diagnosed with diabetes and were on oral antidiabetic drugs, and 1 patient had a history of 
coronary heart disease (with stent application). Eight patients underwent LSG and 8 LRYGB. 
All procedures were successfully concluded laparoscopically with no perioperative complica-
tions. Weight, height, BMI, comorbidities, gender distribution, and age were not significantly 
different between the 2 groups preoperatively. Weight loss and BMI loss was higher in LSG 
compared to LRYGB in this trial. In the LSG group, weight loss was 13.7 ± 1.3 kg and 11.5 ± 
1.0 kg in the LRYGB group (p = 0.034), and percent excessive BMI loss was 11.3 ± 0.8% for 
LSG and 8.5 ± 0.7% for LRYGB (p = 0.020; Table 1). 

Fasting Glucose and Hormone Values and HOMA Insulin Resistance
Preoperative fasting values of glucose, C-peptide, amylin, and glucagon were not signifi-

cantly different between the groups, whereas fasting insulin was significantly higher in the 
LRYGB group compared to the LSG group (LRYG: 45.9 ± 4.2, LSG: 33.2 ± 2.8, p = 0.03; Table 
1). In both groups, postoperative fasting insulin and glucose levels were significantly lower 
compared to preoperative values, while fasting C-peptide, amylin, and glucagon did not show 
any statistically significant change. Postoperative fasting insulin values were still higher in 
the LRYGB group compared to the LSG group (LRYGB; 30.8 ± 5, LSG: 21.7 ± 1.0), but this was 
not statistically significant. 

There was no statistically significant difference between the 2 groups concerning preop-
erative HOMA insulin resistance (LRYGB: 12.5 ± 1.2 µU/mL × mmol/L vs. LSG: 9.7 ± 1.6 µU/
mL × mmol/L, p = 0.186). Postoperatively HOMA insulin resistance decreased significantly in 
both groups with no statistically significant difference in postoperative reduction (delta) 
between the 2 groups (LRYGB: 5.3 ± 1.8 and LSG: 4.5 ± 1.3, p = 0.729). 

Glucose Stimulation
Figure 1 depicts glucose-stimulated insulin and glucose kinetics before and after  

the operation. There was no statistically significant pre- to postoperative change in incre-
mental AUC for insulin (0–60 min), first-phase insulin release (AUC 0–10 min), and second-
phase insulin secretion (AUC 10–60 min) in either group. No statistically significant 
difference between LSG and LRYGB concerning insulin secretion (AUC 0–60 min,  
AUC 0–10 min, AUC 10–60 min) could be shown. There was no statistically significant 
change in incremental AUC (0–60 min) for amylin and C-peptide in either group (Table 2, 
Fig. 2).

Arginine Stimulation
Arginine-stimulated glucagon release was similar in both groups, and there was no 

statistically significant pre- to postoperative change in incremental AUC 0–60 (Table 2, 
Fig.  1, 2). In the LRYGB group, incremental AUC 0–60 of arginine-stimulated insulin and 
glucose release were significantly higher postoperatively compared to baseline (628 ± 272 
vs. 250 ± 248 µU × min/mL [p = 0.045] and 21 ± 11 vs. –50 ± 12 mmol × min/L [p = 0.011], 
respectively). 
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Discussion

This study aimed to analyze, whether intravenous glucose and intravenous arginine 
administration showed a different insulin and glucagon response after bariatric surgery, 
which would be explained by a restoration of β-cell function. 

Bariatric surgery is a potent tool to improve glucose metabolism, a fact that has long 
been known [16, 17]. In 1987, Pories et al. [16] reported that 99% of patients with severe 
obesity and type 2 diabetes or impaired glucose tolerance who had undergone Roux-en-Y 
gastric bypass (RYGB) became and remained euglycemic after surgery and reported that 
the patients were converted to euglycemia within 10 days, even if they had required large 
doses of insulin. Since then, different groups have confirmed and extended this obser-
vation [2, 18–20] by documenting that bariatric surgery is effective in improving and 
resolving type 2 diabetes. In a randomized, parallel group trial comparing LSG to LRYGB, 
we could show a marked amelioration in glycemic control within 8–10 days after either of 
the 2 procedures [1]. This unexpected result challenges previous hypotheses: it has been 
claimed that the normalization of insulin sensitivity that occurs very early after LRYGB 
before a significant weight loss occurs [18] may be dependent on the hormonal changes 
related to the nutrient diversion from the major part of the stomach, the duodenum, and 
approximately 50 cm of jejunum. In fact, the enteroendocrine cells are largely found in 
these tracts of the small intestine. Up to now 2 main hypotheses have been advanced to 
explain which part of the small intestine is implicated in the remission of diabetes. The 
first, known as the hindgut hypothesis [20–22], claims that diabetes control results from 
accelerated delivery of nutrients to the distal small intestine. The second, the so-called 
foregut hypothesis, states that the exclusion of duodenum and jejunum from nutrient 
transit might prevent the secretion of a (to date unknown) putative signal that promotes 
insulin resistance [18, 23, 24]. Our results did not support these conclusions: both LRYGB 
and LSG patients showed rapid improvement at an early, weight-independent stage and 
the benefit in glycemic control was similar after both operations [1, 5], although neither 
fore- nor hindgut theory can really explain this effect for LSG. The mechanism leading to 
amelioration of glycemic control remains unclear.

Diabetes type 2 is generally regarded as a chronic, progressive disease, where impaired 
β-cell function cannot be cured, and only progression can be prevented. A reduced first-phase 
insulin response reflects impaired β-cell function and is impaired early in the development 
of diabetes. Patients with diabetes show a blunted curve rather than a clear peak, which is 
typically seen in the first 10 min after intravenous administration of glucose.

A study by Lim et al. [25] showed that mere diet restriction to 600 kcal/day over a period 
of 8 weeks was able to increase first-phase insulin release in patients with diabetes, showing 
that at least early diabetes seems a reversible condition. In 2009, Salinari et al. [2] demon-
strated that impaired first-phase insulin secretion in patients with severe obesity and diabetes 
was restored after biliopancreatic diversion, and in 2012 Basso et al. [26] observed the same 
phenomenon after LSG. The above-mentioned studies by Lim et al. [25] who showed that 
first-phase insulin release could be improved by caloric restriction of 600 kcal/day alone 
raises questions to which extent the effect we see in our operated patients is due to fasting 

Fig. 2. Mean ± SEM plasma C-peptide, glucagon, and amylin concentrations after intravenous glucose and 
intravenous arginine (0.1 g/kg both) administration. a Glucose-stimulated C-peptide concentrations before 
OP. b Glucose-stimulated C-peptide concentrations after OP. c Arginine-stimulated glucagon concentrations 
before OP. d Arginine-stimulated glucagon concentrations after OP. e Glucose-stimulated amylin concentra-
tions before OP. f Glucose-stimulated amylin concentrations after OP. g Arginine-stimulated amylin concen-
trations before OP. h Arginine-stimulated amylin concentrations after OP.
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and caloric restriction and how much can be explained by weight-independent mechanisms, 
such as hormonal changes. Lim et al. [25] showed a slow increase in first-phase insulin over 
the course of 8 weeks, reaching almost normal values, whereas the improvement described 
by Basso et al. [26] was seen 72 h after surgery already. Four weeks after surgery as in our 
trial, improved glucose metabolism cannot be explained through weight loss alone. Also 
reduced calorie intake cannot explain the effect sufficiently. Our patients were fasting only up 
to 3 days after surgery and then went back to a diet with at least 1,000 kcal/day 4 weeks after 
surgery. In previous studies, our group could confirm postoperative changes on postprandial 
gut hormone release such as elevation of glucagon-like peptide-1, suppression of ghrelin, and 
restoration of dynamics [27], which are important for amelioration of glycemic control [28]. 
However, the so-called direct “incretin effect” (proportion of insulin being released as a 
consequence of gut hormone stimulation) can be ruled out in this study, as glucose was given 
intravenously. Amelioration of β-cell function (reflected by improved first-phase insulin 
release) after bariatric surgery could be shown by Salinari et al. [2], and findings by Basso et 
al. [26] confirm these results where a subgroup of patients with diabetes, who had the disease 
≤10 years, underwent an LSG procedure, and first-phase insulin secretion was restored. In 
our mixed group of patients with advanced insulin resistance or diabetes, first-phase insulin 
was not clearly impaired preoperatively, and 4 weeks postoperatively first-phase insulin 
remained unchanged in all patients. It seems that in our cohort, β-cell function was still intact 
and able to compensate for insulin resistance. This explains why HOMA decreased, while no 
change in first-phase insulin was seen.

While long-term favorable effects on glucose homeostasis after bariatric surgery might 
be due to a combination of weight loss, decrease in pancreatic and hepatic lipotoxicity, 
improved inflammatory status, and changes in gastrointestinal hormones (such as elevation 
of glucagon-like peptide-1, decrease in ghrelin), the mechanisms underlying short-term 
effects remain unclear. 

Limitations
Although patients were randomized to LSG and LRYGB, surprisingly in this trial glucose 

excursions were lower in LRYGB compared to LSG patients before surgery. However, the pre- 
versus postoperative changes were not different comparing the 2 groups.

Conclusions

In a mixed group of patients with severe obesity and advanced insulin resistance or 
diabetes, intact first-phase insulin release was found. In contrast, patients exhibited insulin 
resistance (elevated fasting insulin and glucose values), which improved after surgery (HOMA 
index decreased). No difference was seen between LSG and LRYGB regarding amelioration of 
glucose homeostasis on β-cell level.
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