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Chapter 1

Worldwide, the prevalence of type 2 diabetes (T2DM) has reached alarming proportions, 
strongly related to the obesity pandemic and longevity. Since T2DM is a leading cause of 
blindness, chronic kidney disease, cardiovascular disease and mortality [1], its pandemic 
occurrence will impose a major burden on societies and health-care resources. T2DM is 
a multi-causal, heterogeneous and progressive cardiometabolic condition, commonly 
associated with obesity, insulin resistance, dyslipidaemia, hypertension, inflammation 
and endothelial dysfunction. The mechanisms underlying its development are only partly 
unveiled and both genetic and environmental factors are implicated [2], yet abnormal 
pancreatic islet-cell function and insulin resistance are key features. Although the treatment 
of T2DM is multifactorial [3], achieving euglycaemia is the major initial treatment target. 
Indeed, long-term intensive glycaemic control strongly reduces the incidence of the 
microvascular complications and to a lesser extent macrovascular disease [4,5]. However, 
approximately 25% of T2DM patients do not reach glycaemic targets with currently available 
antihyperglycaemic treatment options, which typically include metformin, sulphonylurea 
and insulin therapy [6]. While intensified treatment schedules may help, these are associated 
with a number of unwanted effects, including weight gain and hypoglycaemia. Thus, in 
addition to improving and implementing public health initiatives to prevent the disease 
(which include strategies to stimulate healthy diet and sufficient exercise), the development 
of novel antihyperglycaemic agents remains a priority. 
Over the last decade, several glucose-lowering drug-classes have been added to the 
treatment arsenal. However, as with every novel drug, there are potential safety risks that 
need exploration in clinical trials. In spite of stringent regulatory rules that enforce the 
conduction of large-scaled registration programs, rare adverse effects may only become 
apparent after marketing authorization, when a large group of patients has been treated 
for a longer period of time. Similarly, beneficial effects of novel drug classes are not always 
detected during registration programs, either because they are not sought-after, or because 
they do not occur during the relatively short follow-up time of phase-III trials. As such, in 
addition to ongoing long-term cardiovascular safety trials for all novel antihyperglycaemic 
drugs [7], there is a growing need to improve the post-marketing monitoring of potential 
risks and benefits of these drugs. 
Medication based on glucagon-like peptide (GLP)-1, the GLP-1 receptor agonists and 
dipeptidyl peptidase-4 inhibitors, are relatively novel and effective antihyperglycaemic 
agents. Several recent guidelines allow a role for these agents in the treatment of T2DM 
by positioning them equivalently to the established sulphonylureas, thiazolidinediones and 
insulin, as add-on medication when metformin monotherapy fails [5]. However, the full 
scope of risks and benefits of these agents is not yet fully established. 

GLP-1 and DPP-4: From Physiology to Therapy
Incretin-based therapies are based on the gut-derived incretin hormone glucagon-like 
peptide (GLP)-1. GLP-1 is released by intestinal L-cells after food ingestion and regulates 
glucose homeostasis predominantly by influencing pancreatic islet-cell function, including 
glucose-dependent stimulation of insulin and suppression of glucagon secretion [8]. Native 
GLP-1 is rapidly metabolized by the serine protease dipeptidyl peptidase (DPP)-4, leading 
to a plasma half-life of ~2 min. In T2DM, the effect of this incretin hormone on endocrine 
pancreatic function is impaired. However, in pharmacological doses, GLP-1 lowers fasting 
and postprandial glucose concentrations by improving islet-cell function, delaying gastric 
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emptying, reducing hepatic glucose production and by inducing bodyweight loss due to 
induction of satiety [9]. Therefore, GLP-1 was regarded as an attractive therapeutic option 
for T2DM [10]. To date, two incretin-based drug classes have been developed and marketed: 
injectable DPP-4-resistant GLP-1 receptor agonists, which mimic the effects of native GLP-
1, and oral DPP-4 inhibitors, which prolong the actions of endogenously secreted GLP-1 
(Figure 1)[11]. Both incretin-based drug classes improve glycaemic control in patients with 
T2DM, with minor risk of hypoglycaemia in clinical practice due to their glucose-dependent 
mode of action [5,11]. 
In 2005 the first GLP-1 receptor agonist, exenatide twice daily (BID), was approved by the 
United States Food and Drug Administration (FDA) for the treatment of T2DM. Exenatide 
is the synthetic form of exendin-4, which is isolated from the salivary glands of the Gila 
monster. Now, several GLP-1 receptor agonists have been developed and approved by the 
FDA and European Medicines Agency (EMA): lixisenatide once daily (QD) and exenatide once 
weekly (QW), which are similarly build upon an exendin-4 backbone. In addition, based on 
a human GLP-1 backbone, liraglutide QD, albiglutide QW and dulaglutide QW are approved, 
while several other GLP-1 based compounds are currently in various stages of development.
In general, GLP-1 receptor agonists are classified as short- or long-acting, based on their 
half-life (Table 1). This classification is important, since the available GLP-1 receptor agonists 
differentially affect the various components of dysglycaemia: long-acting GLP-1 receptor 
agonists shift the entire blood-glucose curve downwards, which is mainly characterized by 
decreased fasting glucose levels and some reduction in postprandial glucose excursions; 
whereas short-acting agents have a modest effect on fasting glucose levels, but completely 
prevent postprandial glucose elevations when given prior to meal ingestion [12]. The 
mechanism behind this important clinical difference is plural: short-acting agents strongly 

Figure 1: Life cycle of GLP-1. Adapted with permission from MHA Muskiet. Abbreviations: DPP-4, dipeptidyl 
peptidase 4; GLP-1, glucagon-like peptide 1.
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GLP-1 receptor agonists DPP-4 inhibitors
Short-acting Long-acting

Available Agents Exenatide (BID), 
Lixisenatide

Albiglutide, 
Dulaglutide, 

Exenatide (QW), 
Liraglutide

Alogliptin, 
Linagliptin, 
Saxagliptin, 
Vildagliptin

Administration Injectable Injectable Oral
GLP-1 levels Pharmacologic Pharmacologic Physiologic
Glucose levels Reduced Reduced Reduced
Body Weight Reduced Reduced Neutral
Satiety Reduced Reduced Neutral

Blood pressure Reduced Reduced Neutral / slight 
reduction

Gastric emptying Strong reduction Neutral Neutral
Hypoglycaemia Little to none Little to none Little to none

Common adverse effects Gastrointestinal 
(nausea / vomiting)

Gastrointestinal 
(nausea / vomiting) Little to none

Table 1: GLP-1 receptor agonists and DPP-4 inhibitors. Abbreviations: BID, twice daily; DPP-4, dipeptidyl peptidase 
4; GLP-1, glucagon-like peptide 1; QW, once weekly.

reduce gastric emptying and intestinal glucose uptake, thereby reducing postprandial glucose 
excursion. However, due to their short half-life, they have little action in the fasting state. 
In contrast, gastric and intestinal effects are virtually non-existent with long-acting agents, 
while these continuously increase insulin and reduce glucagon secretion, combined with 
suppression of hepatic gluconeogenesis. Although studies directly comparing short- and 
long-acting agents are scarce, long-acting GLP-1 receptor agonists have a more pronounced 
effect on HbA1c (reduction of ~1.0-1.9%), compared to short-acting agents (reduction of 
~0.8-1.5%)[13–17].
In 2006 the first DPP-4 inhibitor, sitagliptin, was introduced to the market, swiftly followed 
by several other compounds including vildagliptin (2008), saxagliptin (2009), alogliptin 
(2010), and linagliptin (2012). DPP-4 inhibitors reduce both fasting and postprandial glucose 
levels [18]. Moreover, on average, they reduce placebo-corrected HbA1c from baseline by 
0.7%, when added to ongoing metformin in T2DM patients [18].

Pleiotropic Effects of Incretin-Based Therapies
Interestingly, the receptor for GLP-1 has been identified in many non-pancreatic organ 
systems, such as the heart, blood vessels, kidneys, gastrointestinal system and central 
nervous system [19,20]. It was, therefore, not unexpected to find effects of GLP-1 and 
related therapies beyond glucose lowering. These actions are commonly referred to as 
“pleiotropic effects”. Although some of the pleiotropic actions of incretin-based therapies 
may be beneficial, they could also cause adverse effects (Figure 2). For example, clinical 
use of incretin-based therapies has been associated with acute pancreatitis [21–23], heart 
rate acceleration [24], heart failure [25] and sporadic cases of acute renal failure [26]. 
However, to date, a causal relationship between the use of incretin-based therapies and the 
occurrence of adverse effects is unclear, and the underlying mechanisms remain hitherto 
largely unexplored. 
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Incretin-based therapies and the Gastrointestinal System
GLP-1 receptor agonists and DPP-4 inhibitors have been associated with acute pancreatitis 
[21–23], and histological inflammatory changes of the pancreas have been shown in rodents 
[27]. Also, it has been hypothesized that incretin-based therapies increase the risk of chronic 
pancreatitis or pancreatic cancer [28]. However, available data are conflicting since other 
studies have failed to find such adverse effects with incretin-based therapies [29–31]. 
As T2DM (with associated comorbidities) is by itself associated with an increased risk of 
pancreatitis, it is difficult to distinguish the specific contribution of incretin-based therapies 
from database studies. A persistent finding is a slight increase in plasma pancreatic enzyme 
levels (amylase and lipase), the clinical significance of which remains enigmatic.
In contrast, beneficial gastrointestinal effects of GLP-1 have also been described. GLP-1 
and GLP-1 receptor agonists reduce gastric emptying, bowel motility and intestinal glucose 
absorption [32,33], thereby contributing to improved glycaemic control through decreased 
(postprandial) glycaemic excursions [34]. Moreover, GLP-1 peptide infusion decreases 
secretion of gastric acid and exocrine pancreatic enzymes [35–37]. In addition, the GLP-1 
receptor agonist exenatide reduces gallbladder emptying rate [38]. Many of these effects 
are likely to be mediated through changes in vagal nerve function [35]. Hepatic effects of 
incretin-based therapies are still unclear, but may include reduced endogenous glucose and 
lipid production [39]. Mounting evidence suggests that these gastrointestinal effects are not 
only beneficial for glucose control, but might also benefit gastrointestinal diseases, including 
non-alcoholic fatty liver disease and irritable bowel syndrome [40,41]. 

Incretin-based Therapies and the Cardiovascular System
GLP-1 receptor agonists have been associated with resting heart rate acceleration (mean 
increase of 2–4 beats/minute)[24], an established risk factor for cardiovascular and all-
cause mortality [42]. The mechanisms underlying this finding remain unclear, but alterations 

Figure 2: Beneficial and adverse events with GLP-1 based therapy. 
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in cardiac autonomic nervous system balance may be involved [43,44]. Other potential 
mechanisms include changes in baroreceptor sensitivity, natriuresis, reduced systemic 
vascular resistance and a direct effect on the sino-atrial node. Furthermore, although 
mechanistic trials with incretin-based therapies showed improvement in parameters 
associated with heart failure [45,46], recent large-sized clinical trials revealed signs of 
increased hospitalization for heart failure with the DPP-4 inhibitors saxagliptin and alogliptin, 
but not sitagliptin [25,47,48]. 
Conversely, long-term GLP-1 receptor agonist administration decreases systolic and 
diastolic blood pressure in clinical trials [24]. Moreover, it improves endothelial dysfunction, 
assessed by flow-mediated vasodilation [49,50], decreases macrophage foam cell formation 
and atherosclerosis in animal studies [51], and reduces carotid intimal-media thickness in 
humans [52]. Also, in animal models of myocardial infarction, native GLP-1 administration 
reduced infarction size [53] and improved post-infarction myocardial function [54]. Similar 
cardiovascular improvements have been noted in small-sized clinical studies [55–57]. 

Gastrointestinal and Cardiovascular Effects of Incretin-based 
Therapies: Friend or Foe?
As a result of their pleiotropic effects, incretin-based drugs have been associated with a 
wide range of side effects, both adverse (‘risks’) and beneficial (‘benefits’). Among others, 
they involve the gastrointestinal and cardiovascular system. While large-sized randomized 
trials and database studies with T2DM patients are awaited to provide evidence on the 
clinical risk-/benefit-ratio, mechanistic studies are needed to 1) identify the underlying 
mechanisms of these side effects, and 2) identify unforeseen side effects which are not 
endpoints in large clinical trials. Therefore, the aim of this thesis was to investigate the acute 
and prolonged effects of incretin-based therapies on the gastrointestinal and cardiovascular 
system of patients with type 2 diabetes mellitus. 

Figure 3: Overview of SAFEGUARD-project.
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Study Design
The data presented in this thesis are based on four clinical trials performed within the 
framework of the European-funded project ‘Safety Evaluation of Adverse Reactions in 
Diabetes’ (SAFEGUARD) – a pharmacovigilance project, designed to assess, quantify and 
understand safety aspects of antihyperglycaemic drugs in T2DM, with a focus on incretin-
based therapies [58]. The SAFEGUARD-project consisted of eight work packages, including 
pharmacovigilance database studies, observational database studies, meta-analyses, and 
mechanistic studies (Figure 3). Within this framework, we aimed to provide mechanistic 
evidence on potential adverse effects of incretin-based therapies, while additionally 
assessing potential beneficial effects.
In each chapter, a detailed description of the relevant study protocol and used study 
techniques is given. In overview, we performed the following studies (Figure 4):
1. Acute, open-label, non-randomized clinical trial in 10 healthy overweight males; 

to assess the effects of the GLP-1 receptor agonist exenatide on cardiovascular 
parameters. This study also served as pilot-study for the other three trials

2. Acute, placebo-controlled, double-blind, randomized, cross-over trial in 12 overweight 
males with T2DM; to assess the effects of exenatide on exocrine pancreatic function

3. Acute, placebo-controlled, double-blind, randomized, parallel-group trial in 60 patients 
with T2DM; to assess the effects of exenatide on cardiovascular parameters

4. 12-week (‘prolonged’), placebo-controlled, double-blind, double-dummy, randomized, 
parallel-group trial in 60 patients with T2DM; to assess the effects of the GLP-1 receptor 
agonist liraglutide and DPP-4 inhibitor sitagliptin on gastrointestinal and cardiovascular 
parameters

For each examined organ system, a primary endpoint was defined. The primary 
gastrointestinal endpoints were change in pancreatic exocrine function, assessed by MRI-
techniques, breath tests and faecal elastase-1 levels. The primary cardiovascular endpoint 
was change in resting heart rate variability (HRV), assessed by beat-to-beat heart rate 
monitor and spectral analyses software. Secondary endpoints included pancreatic plasma 
enzymes, pancreatic volume, gallbladder emptying-rate, bile acid levels, liver fat content, 
systemic haemodynamics, and microvascular function. It should be noted that we assessed 
the effects of incretin-based therapies on the kidney as well in the SAFEGUARD study, 
however, these are beyond the scope of this thesis.

Study Population
Volunteers were recruited using established recruitment methods: 1) participants of previous 
studies of the VU University Diabetes Center were contacted (if informed consent was 
obtained); 2) advertisements in local newspapers, folders and posters; 3) affiliated health-
care workers (internal medicine, general medicine) informed patients of the existence of 
this study; and 4) websites. After providing extensive printed and oral information, a hand-
signed informed consent form was attained by a clinical research physician. Eligibility was 
assessed during a screening visit, comprising a medical interview and physical, blood, urine 
and ECG examination. In- and exclusion criteria are listed in Box 1 for the T2DM patients. 
For healthy volunteers, we included Caucasian males, aged 18-50 years, BMI 25-40 kg/m2, 
without prior medical history or use of medication, and normal values during a 75 grams 
oral glucose tolerance test.
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Interventions
Acute intervention studies: The GLP-1 receptor agonist exenatide (AstraZeneca, London, UK) 
or placebo (isotonic 0.9% saline) was infused intravenously. A solution containing exenatide 
10 µg was administered with a calibrated syringe pump, at an infusion-rate of 50 ng/min for 
30 min, followed by 25 ng/min for the remainder of the test procedures, targeting steady-
state plasma concentrations of exenatide within the therapeutic range (100-150 pg/mL)[59].
 
12-week intervention study: The GLP-1 receptor agonist liraglutide (Novo Nordisk A/S, 
Bagsværd, Denmark) and matching liraglutide-placebo pre-filled pens for subcutaneous use 
were provided by Novo Nordisk. Patients injected liraglutide/-placebo 0.6 mg once daily for 
1 week, 1.2 mg once daily during the second week, and 1.8 mg once daily for the subsequent 
remaining 10 weeks of the prolonged intervention study. Subjects were instructed to inject 
liraglutide/-placebo in the abdominal region, always at the same time of day (evening). The 
DPP-4 inhibitor sitagliptin (Merck, Kenilworth, NJ, USA) and matching sitagliptin-placebo 
were encapsulated by an independent GMP-certified clinical research organization (ACE 
Pharmaceuticals BV, Zeewolde, The Netherlands). Sitagliptin/-placebo 100 mg was taken 
orally once daily for 12 weeks, at the same time of liraglutide/-placebo injection. 

Figure 4: Study design incorporating all four studies. Subjects were screened for eligibility. Included subjects 
underwent a run-in period of at least 4 weeks. For the study in healthy volunteers, the run-in period was followed 
by the acute intervention (*) with cardiovascular study procedures, as indicated by the dashed box. For the patients 
with T2DM, the run-in period was followed by baseline end-point measurements for the 12-week study and the 
acute intervention studies (*). Subsequently, subjects were randomized for the prolonged intervention. After 2 and 
6 weeks, a safety visit was performed. At week 1 and 9, telephone follow-up was performed (not depicted). After 
12 weeks of treatment, the end-point measurements were performed.
*For the acute cardiovascular study, subjects were randomized to exenatide or placebo. For the acute pancreatic 
study, 12 patients received intravenous exenatide and placebo in a randomized cross-over design. For the study in 
healthy volunteers, subjects received exenatide and placebo in a non-randomized cross-over design.
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Test Procedures
Because of the wide array of different endpoints, in order to obtain a complete picture of 
the effects of GLP-1 based therapies, several measurement techniques were used, divided 
over multiple testing days (Figure 4 and Figure 5). For every testing day, participants arrived 
at the research centre after an overnight fast, and were instructed to delay all morning-time 
medication, except for metformin. 

Cardiovascular study procedures: Blood and urine were collected and the participant 
assumed a semi-recumbent position. Then, resting HRV was measured, using a beat-to-
beat heart rate monitor. Systemic haemodynamic parameters were assessed using an 
oscillometric blood pressure measurement device and beat-to-beat blood pressure monitor. 
Arterial stiffness was measured using applanation tonometry and microvascular function 
with capillary videomicroscopy and laser Doppler fluxmetry. During this testing day, the 
acute intervention study was performed (for both the study in healthy volunteers and the 
study in patients with T2DM). Moreover, a high-fat mixed meal was given to assess the 
effects of GLP-1 based therapies in the postprandial state.

BOX 1: In- and exclusion criteria: 

Inclusion criteria
• Type 2 diabetes

- Stable dose of oral antihyperglycaemic drugs (metformin and/or sulphonylurea)  
for at least 3 months prior to inclusion
- HbA1c 6.5-9.0% DCCT or 48-75 mmol/mol IFCC

• Age between 35 and 75 years
• Females must be post-menopausal (defined as: no menses >1 year)
• Caucasian
• Body Mass Index 25 - 40 kg/m2

Exclusion criteria
• Use of the following medication: thiazolidinediones, GLP-1 receptor agonists, DPP-4 inhibitors, 

insulin, glucocorticoids, nonsteroidal anti-inflammatory drugs, antimicrobial agents, 
chemotherapeutics or immune suppressants. Patients on diuretics will only be excluded when 
these drugs (e.g. hydrochlorothiazide) cannot be stopped for the duration of the study

• History of pancreatic disease or impaired pancreatic exocrine function (defined as: use of 
pancreatic enzymes)

• Active liver disease or a 3-fold elevation of liver enzymes (AST / ALT) at screening 
• (History of) malignancy (with the exception of basal cell carcinoma)
• Estimated GFR < 60 mL/min/1.73m2; Current urinary tract infection and active nephritis
• Recent (<6 months) history of cardiovascular disease, including acute coronary syndrome, 

stroke, transient ischemic neurologic disorder. Chronic heart failure (New York Heart Association 
grade II-IV) or atrial fibrillation

• Alcohol abuse, defined as >4 units day
• Allergy to any of the test agents 
• Complaints compatible with or established gastroparesis and/or neurogenic bladder
• History of or present (severe) mental illness 
• Inability to understand the study protocol and/or to give written informed consent
• Contraindications for MRI scanning; claustrophobia or presence of metal objects/implants
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Gastrointestinal study procedures (12-week study only): During this visit, three experimental 
protocols were simultaneously performed: (1) a 13C-labeled mixed triglyceride (13C-MTG) 
breath test (pancreatic digestive function), (2) a meal-stimulated gallbladder ultrasound 
examination (gallbladder emptying rate) and (3) an acetaminophen absorption kinetic test 
(gastric emptying rate). Body anthropometrics, including weight, height, waist- and hip-
circumference were measured. Participants then assumed a semi-recumbent position, and 
the gallbladder was visualized by ultrasonographic imaging, to measure baseline gallbladder 
volume. Blood was sampled to determine baseline serum acetaminophen and reference 
breath samples were collected using a straw and gas collection tubes. Then, participants 
received a high-fat mixed meal, containing 13C-MTG stable isotopes and a standardized 
acetaminophen solution. Subsequently, gallbladder ultrasonographic imaging was 

Figure 5: Testing days. Schematic overview of the testing days. A) The long cardiovascular testing day was used in 
the study in healthy volunteers, and as acute intervention study in patients with T2DM. B) the short cardiovascular 
testing day was performed at the end of the 12-week intervention study. C) the gastrointestinal testing day was 
performed at the beginning and after 12-week intervention. Please note, the MRI-testing day is not depicted here.



23

Introduction

1
performed every 15 min for 3 h blood was drawn every 30 min for 3 h to examine serum 
acetaminophen levels, and a breath sample was collected for the 13C-MTG breath test every 
30 min for 6 h.

MRI-procedures: The MRI-protocol consisted of (1) structural sequences to assess organ 
anatomy, (2) spectroscopy sequences to assess hepatic lipid content, and (3) magnetic 
resonance cholangiopancreatography (MRCP) sequences for pancreatic duct morphology. 
Moreover, secretin was administered intravenously to induce pancreatic excretion, which 
was measured and quantified using MRCP sequences. To study the acute effects of exenatide 
on exocrine pancreatic function, the same MRI protocol was used during concomitant 
infusion of exenatide or placebo. 

Faecal studies: before the 12-week intervention, and 2 and 12 weeks after the start of 
the intervention, participants were asked to collect faecal samples for measurement of 
elastase-1, chymotrypsin and calprotectin.

Outline of the Thesis
The results of these studies are presented in the current thesis, which is divided into several 
separate sections (for an overview, see Table 2).

Section I provides a general outline to the thesis (and introduces the GLP-1 based therapies 
and their potential gastrointestinal and cardiovascular adverse events Chapter 1).

Section II discusses the effects of incretin-based therapies on the gastrointestinal 
system. This section starts with two reviews that highlight the risks and benefits of these 
gastrointestinal effects. Chapter 2 discusses how gastrointestinal effects of GLP-1 based 
therapies could be adverse; and reversely; how they might benefit patients with specific 
gastrointestinal disorders. Furthermore, in Chapter 3, the glucose-lowering effects of GLP-
1 receptor agonists are discussed, with emphasis on gastrointestinal contributions. The 
subsequent chapters include original data from the mechanistic studies. 
One of the main aims of these studies was to understand the effects of GLP-1 based 
therapies on the exocrine pancreas, given the reports of pancreatitis and pancreatic cancer. 
The acute effects of exenatide on exocrine pancreatic function (Chapter 4) and plasma 
pancreatic enzymes (Chapter 5) were studied, to assess whether pharmacological levels 
of GLP-1 receptor agonists could induce immediate changes in pancreatic physiology. 
Moreover, the effects of prolonged (12-week) intervention with liraglutide or sitagliptin on 
pancreatic exocrine function, pancreatic enzymes and pancreatic volume were evaluated 
and discussed in Chapter 6. Data from this 12-week study were also used to understand 
the effects on biliary physiology, including gallbladder emptying, and faecal and serum bile 
acids, aiming to gain insight into development of cholelithiasis (Chapter 7). 
Then, in the light of beneficial gastrointestinal effects of GLP-1, Chapter 8 discusses the 
effects of the 12-week intervention on hepatic steatosis.

Section III presents the effects of incretin-based therapies on the cardiovascular system. We 
studied the effects of GLP-1 based therapies on systemic haemodynamics and autonomic 
nervous system activity, to understand the mechanism behind the increase in resting 
heart rate. First, in Chapter 9, the acute effects of exenatide on systemic haemodynamics 
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and the role of nitric oxide were assessed in a group of healthy overweight males. The 
haemodynamic effects of infusion of exenatide, and 12-week treatment with liraglutide or 
sitagliptin in patients with T2DM are discussed in Chapter 10. 
To assess whether the haemodynamic effects of GLP-1 based therapies are beneficial for 
patients with postprandial hypotension, the acute and 12-week effects on postprandial 
haemodynamics are reported in Chapter 11. Finally, the effects of incretin-based therapies 
on microvascular function are discussed in Chapter 12 (acute exenatide in healthy overweight 
volunteers) and Chapter 13 (acute exenatide, and 12-week liraglutide or sitagliptin in 
patients with T2DM).

Section IV provides a summary of the presented research. Conclusions from this thesis are 
drawn and discussed (Chapter 14). In addition, directions for future research are provided.
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Abstract

The gut-derived incretin hormone, glucagon-like peptide-1 (GLP-1) lowers postprandial 
blood glucose levels by stimulating insulin and inhibiting glucagon secretion. Two novel 
antihyperglycaemic drug classes augment these effects; GLP-1 receptor agonists and 
inhibitors of the GLP-1 degrading enzyme dipeptidyl peptidase-4. These so called GLP-1 
based or incretin based drugs are increasingly used to treat type 2 diabetes, because of a 
low risk of hypoglycaemia and favourable effect on body weight, blood pressure and lipid 
profiles. Besides glucose control, GLP-1 functions as an enterogastrone, causing a wide range 
of GI responses. Studies have shown that endogenous GLP-1 and its derived therapies slow 
down digestion by affecting the stomach, intestines, exocrine pancreas, gallbladder and 
liver. Understanding the GI actions of GLP-1 based therapies is clinically relevant; because GI 
side effects are common and need to be recognized, and because these drugs may be used 
to treat GI disease.
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Introduction
The incretin hormone glucagon-like peptide 1 (GLP-1) is secreted by the gut in response 
to nutrient ingestion. It enhances insulin secretion by the pancreatic islet cells and inhibits 
glucagon secretion, thereby lowering postprandial blood glucose levels [8]. Two novel drug 
classes were developed to augment these responses and target hyperglycaemia in type 2 
diabetes (T2DM): GLP-1 receptor agonists and inhibitors of the GLP-1 degrading enzyme, 
dipeptidyl peptidase-4 inhibitors (Table 1). Based on their pharmacokinetic profiles, GLP-1 
receptor agonists are classified into short-acting and long-acting agents. At present, these 
GLP-1 (or incretin) based drugs are widely used as second-line treatment for T2DM, after 
metformin has failed [5].
Apart from contributing to the enteroinsular axis, GLP-1 is involved in several other processes. 
Thus, GLP-1 based therapies have extrapancreatic effects including early satiety, weight loss, 
increased insulin sensitivity, blood pressure lowering and improved lipid profiles [60]. These 
actions have been extensively advocated, because of potential cardiovascular benefits. 
Less attention has been given to the gastrointestinal (GI) effects of GLP-1 and associated 
therapies. By delaying a range of digestive processes, these responses contribute to glucose 
lowering [61]. Endogenous GLP-1 reduces proximal GI motility, whereas pharmacological 
concentrations influence the physiology of the stomach, intestines, exocrine pancreas, 
gallbladder and liver.
Understanding the GI effects of these drugs is of clinical importance. First, GLP-1 based 
drugs may be employed to treat GI disorders, as emerging evidence indicates that they are 
beneficial in, for instance, non-alcoholic fatty liver disease (NAFLD), irritable bowel syndrome 
(IBS) and short bowel syndrome. Second, they often cause GI complaints, mostly nausea, 
constipation and diarrhoea. With their increasing prescription rate, such side effects will be 
frequently encountered and need to be recognized. Finally, concerns have been raised that 
GLP-1 based therapies may induce pancreatitis and pancreatic cancer.
In order to understand the GI implications of GLP-1 based therapies, it is necessary to return 
to the physiological basis. This review will provide insight in the underlying mechanisms of 
GLP-1 and GLP-1 based therapies and discusses the potential beneficial and adverse effects 
of these new drugs on each GI organ system.

GLP-1 Physiology
Alternate splicing leads to glucagon production in the pancreatic α-cells and GLP-1 in the 
enteroendocrine L-cells [62]. L-cells are present throughout the intestine, but predominantly 
in the distal ileum. These cells are triggered to secrete GLP-1 by the presence of nutrients 
(mostly glucose and fat), as well as by bile acids (Figure 1) [63–65]. Already minutes after a 
meal, plasma GLP-1 levels start to rise, peaking after 2 h. Since GLP-1 secretion starts prior 
to the arrival of nutrients to the ileum, a feed-forward loop must be present. This indirect 
mechanism seems to involve neuronal pathways. For instance, blockage of the acetylcholine 
receptor of L-cells by atropine inhibits this early GLP-1 secretion in humans [66].
The actions of GLP-1 are thought to be effectuated by the GLP-1 receptor (GLP-1R), which is 
present in numerous organs (Figure 2) [19,20]. However, when this receptor is antagonized 
by exendin(9–39), some effects still pertain, suggesting involvement of additional receptors 
[67]. After meals, GLP-1 levels quickly return to baseline. Rapid degradation by dipeptidyl 
peptidase-4 (DPP-4) and renal clearance of GLP-1 and its metabolites result in a half-life of 
1–2 min [68,69]. Only 10–15% of the endogenous GLP-1 enters the circulation (Figure 1) 
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Agent
Brand nam

e
Dose

Half-life (h)
Elim

ination
Renal insuffi
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acting
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R
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[70]. Given this low systemic concentration, indirect receptor stimulation through the vagal 
nerve was postulated. Indeed, in animals and humans, vagal blocking diminished the effects 
of GLP-1 [71,72].

Incretin and Enterogastrone
Endogenous GLP-1 stimulates pancreatic insulin secretion in a glucose-dependent manner. 
As such, it is involved in the so called ‘incretin effect’, meaning higher insulin release after oral 
glucose intake, than after intravenous glucose administration. Its potency is demonstrated 
by blockage of the GLP-1R, which results in a 50–70% decrease in insulin secretion after oral 
glucose intake [73–75]. In addition, GLP-1 may also serve as an enterogastrone, a hormonal 
mediator of the ileal brake phenomenon [76]. This mechanism guards the distal intestine 
from caloric overload, by reducing GI transit, gastric acid secretion, pancreatic exocrine 
excretion and gallbladder emptying [77]. Several studies using the GLP-1 receptor antagonist 
exendin(9–39) revealed an inhibitory role of GLP-1 on proximal GI motility [75,78–80]. 
Some even suggest that the role of GLP-1 as enterogastrone outweighs its role as incretin in 
glucose homeostasis [81,82].

GLP-1 based medication 
GLP-1 based drugs mimic and exceed the effects of endogenous GLP-1 on metabolism 
and digestion, causing additional changes in intestinal mucosal proliferation, gallbladder 
motility, and hepatic glucose and lipid production (Figure 2) [38]. Two types of GLP-1 
based therapies are in use: incretin mimetics; GLP-1 receptor agonists that bind to the GLP-
1 receptor and mimic the action of GLP-1, and incretin enhancers; DPP-4 inhibitors that 
prolong endogenously produced GLP-1 activity, and the activity of other hormones that are 
degraded by DPP-4 (Table 2).
For both antihyperglycaemic drug classes, several agents have been approved for the 
treatment of T2DM. The first available GLP-1 receptor agonist, exenatide, was based on a 
peptide extracted from saliva of the gila monster (Heloderma suspectum). Subsequently, 
synthetic forms, more homologous to human GLP-1, were developed. The crucial difference 
between endogenous GLP-1 and GLP-1 recepor agonists is the susceptibility for degradation 
by DPP-4. GLP-1 receptor agonists are resistant to degradation, leading to prolonged half-
lives of 2–160 h. Combined with a high dose administration, this results in 6–10 times 
supranatural serum levels [83]. Based on their half-lives, GLP-1 receptor agonists are classified 
as short-acting agents (exenatide twice daily and lixisenatide) and long-acting agents 
(albiglutide, dulaglutide, exenatide once weekly and liraglutide). GLP-1 receptor agonists 
are administered subcutaneously, ranging from twice daily to once weekly, but other routes 
are being investigated [84]. DPP-4 inhibitors are taken orally, once or twice daily, while once 
weekly formulations are currently being developed [85]. They inhibit degradation by 80–
97%, with half-lives of 2–40 h and maintain GLP-1 at postprandial levels [83]. However, DPP-
4 degrades GLP-1, and several other hormones, including glucose-dependent insulinotropic 
peptide, glucagon-like peptide-2 (GLP-2) and peptide YY (PYY) (Table 2). Hence, DPP-4 
inhibitors have a wider range of actions than GLP-1 receptor agonists. Because some of 
these actions neutralize each other, GI effects are more pronounced with GLP-1 receptor 
agonists than DPP-4 inhibitors. 
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Gastro-intestinal Effects of GLP-1 Based Therapies
Stomach and Duodenum
GLP-1 and GLP-1 receptor agonists decrease gastric emptying in healthy volunteers and 
patients with diabetes [32]. In a variety of studies, GLP-1 prolongs the lag time, inhibits 
propulsion waves, stimulates pyloric tone and doubles time to empty 50% of gastric 
contents [32,86–90]. It also decreases gastric acid and lipase secretion by 67% and 36%, 
respectively [36,91]. The underlying mechanisms for these responses are unclear. Direct 
stimulation of GI smooth muscle cells by GLP-1 did not change gastric tone in rats [92]. After 
vagal blocking, the GLP-1 effect on gastric motility was lost [71,72,80]. Combined, these data 
suggest vagal mediation.
While short-acting agents retain their gastric inhibitory effects after prolonged treatment, 
these effects wane significantly with long-acting GLP-1 receptor agonists, already after 2 
weeks [93–95]. Tachyphylaxis, due to sustained receptor exposure by long-acting agents, 
has been postulated to cause this phenomenon. However, this theory is mostly based on 
small studies in healthy volunteers [96,97]. 
In contrast to GLP-1 receptor agonists, DPP-4 inhibitors have little to no effect on gastric 
motility [32,79,98,99]. An explanation for this discrepancy remains elusive. Some have 
speculated that the DPP-4 inhibitor-induced rise in GLP-1 to postprandial levels is not high 
enough to cause gastric inhibition [100], but GLP-1 infusion up to similar levels did reduce 
gastric emptying [101]. An alternative hypothesis is that DPP-4 inhibitors simultaneously 
affect other peptides that counteract the inhibitory effect of GLP-1. For example, degradation 
of PYY(1–36) to the more potent gastric inhibitor PYY(3–36) is prevented by DPP-4 inhibition 
[102]. 

Clinical Implications 
Glucose Control
A complex interaction exists between glycaemia and gastric motility [103]. Higher glucose 
levels delay, whereas lower levels stimulate gastric emptying [104–106]. As a result, the 
inhibitory effect of GLP-1 on gastric emptying is more pronounced during hyperglycaemia and 
reduced during hypoglycaemia [104,105]. Conversely, gastric emptying rate is accountable 
for approximately 35% of the postprandial glucose excursions [107,108]. Consequently, 
inhibition of gastric emptying by GLP-1 and short-acting GLP-1 receptor agonists reduces 

Figure 1: GLP-1 life cycle. GLP-1 is secreted from intestinal L-cells after direct stimulation of luminal receptors or 
indirect stimulation through neuronal pathways. As soon as GLP-1 is released in the portal circulation, degradation 
by DPP-4 occurs. When GLP-1 reaches the liver, 25% of the originally secreted GLP-1 is left. Further degradation 
occurs in the liver and arterial system, and only 15% reaches peripheral organs. Here, GLP-1 stimulates the GLP-
1 receptor. GLP-1 additionally affects target organs through indirect stimulation of the vagal nerve in the portal 
vein. Abbreviations: DPP-4, dipeptidyl peptidase 4; GLP-1, glucagon-like peptide 1; GLP-1R; glucagon-like peptide 
1 receptor.
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postprandial glucose levels [87,109]. The significance of this effect was demonstrated in a 
study where co-infusion of the prokinetic erythromycin blunted the inhibiting effect of GLP-
1 infusion on postprandial glucose excursions [110]. 

Weight Loss
While DPP-4 inhibitors are weight-neutral, GLP-1 receptor agonists (short-acting and 
long-acting) induce weight loss in a dose-dependent manner [111]. Recently, a high-
dose preparation of the long-acting GLP-1 receptor agonist liraglutide (3.0 mg) has been 
approved for weight reduction [112]. Mechanisms underlying this weight loss are still 
incompletely understood. A GLP-1 receptor agonist-mediated reduction in gastric emptying 
was postulated to be responsible for decreased appetite. However, the waning effect of 
tachyphylaxis and reduced fasting appetite suggest other, additional mechanisms [113]. 
Likely, central neurological mechanisms are involved. Preclinical data show that GLP-1 
reduces homeostatic and reward-associated food intake and, in humans, GLP-1 affects brain 
areas related to feeding and satiety [114]. Yet, in a recent study, liraglutide reduced central 
nervous activation initially, but no longer after 12 weeks of treatment, while self-reported 
hunger scores remained suppressed [115]. Unfortunately, effects on gastric emptying were 
not measured in this study.

Functional Dyspepsia 
Functional dyspepsia is characterized by delayed gastric emptying, decreased gastric 
accommodation and increased visceral sensitivity [116]. In theory, the inhibitory effects of 
GLP-1 receptor agonists on motility could worsen dyspeptic symptoms (Tables 3 and 4). On 
the other hand, their increase in gastric accommodation and decrease in visceral perception 
may relieve symptoms [89,117]. Unfortunately, no clinical studies have been performed 
regarding the effects of GLP-1 receptor agonists in this patient group.

Dumping Syndrome
In case of dumping, the gastric inhibitory effects of GLP-1 may slow down transit and thus 
reduce the hyperosmolar fluid challenge to the proximal intestine, which causes dumping 
symptoms (nausea, dizziness and fatigue after meals [118]). Inhibitory effects on small 
bowel transit (see below) may contribute, and may additionally reduce abdominal pain and 
diarrhoea. Recently, a case series demonstrated beneficial effects of liraglutide in seven 
patients with dumping syndrome after a gastric bypass [119]. Whether symptoms improved 
because of reduced gastric emptying or an earlier insulin peak is unclear. Further studies are 
needed to establish the effects of GLP-1 based therapies in this specific patient population.

Gastroparesis
The magnitude by which GLP-1 receptor agonists decrease gastric emptying depends on 
baseline gastric motility [120]. When gastric emptying is already delayed, GLP-1 seems to 
have little inhibitory effect and the glucose-lowering effect appears reduced [120]. Thus, 
in patients with gastroparesis, a common complication of T2DM [121], GLP-1 receptor 
agonists may be less effective. Moreover, GLP-1 receptor agonists may aggravate symptoms 
of nausea, vomiting, abdominal pain, early satiety and bloating in patients with (signs of) 
gastroparesis. Manufacturers currently advise not to use GLP-1 receptor agonists in such 
patients, but evidence is limited and more studies are urgently needed.
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Upper GI Side Effects
Nausea and vomiting are common side effects of GLP-1 receptor agonists, which are 
minimized by a dose-escalating initiation [122]. They occur in at least 25% of patients and, 
although often shortlasting, are a major cause for drug discontinuation [123]. After 6 months 
of treatment, nausea remains present in 3% with long-acting and 9% with short-acting GLP-1 
receptor agonists [94,123]. These numbers were mostly acquired by self-reporting, but even 
when a validated questionnaire was used, liraglutide significantly increased ‘indigestion’ 
scores, compared with placebo [124]. It has long been suggested that these effects are 
caused by inhibition of gastric emptying. This would explain the absence of nausea with 
DPP-4 inhibitors, and the abating effect with long-acting GLP-1 receptor agonists, because 
of tachyphylaxis. However, nausea also occurs in fasting patients [125], and its presence 
is not closely correlated to gastric emptying inhibition [87]. Recent animal studies suggest 
that central neurological nausea circuits are involved, but human evidence is still lacking 
[126]. Also, why these side effects are common after subcutaneous injection and rare after 
intravenous administration is still unresolved [127].
Another frequent complaint with GLP-1 receptor agonists is (nocturnal) gastro-oesophageal 
reflux [124]. This seems surprising, since GLP-1 reduces gastric pressure and acid secretion 
[37,89]. Perhaps, GLP-1 (receptor agonists) also reduce gastro-oesophageal sphincter 
pressure, but this has not been investigated yet.

Figure 2: The effects of GLP-1 on different gastrointestinal organ systems. Receptor concentrations are graded 
from (+) to (+++) and were determined using validated immunohistochemistry or autoradiography methods 
[10,11]. * effects have only been demonstrated for GLP-1 receptor agonists, effects of GLP-1 peptide unstudied. 
Abbreviations: Apo-B48, apolipoprotein B48; FFA, free fatty acid; GLP-1, glucagon-like peptide 1.
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Small and Large Intestines
GLP-1 (receptor agonist) infusion evidently decreases small bowel activity, as observed by a 
reduction in migratory motor complexes in the fasting state and a reduction in postprandial 
spiking activity [32,33,128]. The colonic effects of GLP-1 are less clear [32]. GLP-1 seems 
to inhibit colonic motility, as was shown by reduced circular contractions in full thickness 
muscular colon strips [129,130]. Notably, a reduction in glycaemia tends to increase 
intestinal motility, thus the direct inhibitory effect of GLP-1 and GLP-1 receptor agonists 
are likely to be underestimated in these studies [131]. Similar to the gastric responses, 
the intestinal effects appear to be indirect and are probably mediated through neuronal 
involvement [92,129,132,133]. 
Exogenous GLP-1 affects intestinal motility, and morphology and absorption. GLP-1 receptor 
agonists and DPP-4 inhibitors decrease intestinal absorption of triglycerides and lower 
plasma levels of apolipoprotein B48 and triglycerides [120,134–137]. In healthy rodents, 
mucosal mass and intestinal length increased after 12 weeks of treatment with a GLP-1 
receptor agonist, but not with a DPP-4 inhibitor [138]. However, in an animal model of 
experimental colitis, DPP-4 inhibitor did restore mucosal damage [139]. Thus, GLP-1 receptor 
agonists and DPP-4 inhibitors seem to have proliferative effects on intestinal epithelial cells. 
This combination of decreased motility and absorption further inhibits glucose absorption 
[33,120].

Clinical Implications
Irritable Bowel Syndrome
Though contraintuitive, patients with constipation-predominant IBS (c-IBS) may benefit from 
GLP-1 effects (Tables 3 and 4). In these patients, symptoms seem to be caused by abnormal 
contractions of the circular colonic muscles, which are reduced by GLP-1 [129]. Indeed, 
a placebo-controlled trial showed that the GLP-1 receptor agonist ROSE-010 improved 
scintigraphically measured colonic transit time in patients with c-IBS [130]. Furthermore, 
high-dose GLP-1 infusion reduced migratory motor complexes and intestinal motility in 
patients with IBS [128]. Data from animal studies suggest that GLP-1 receptor agonists also 
decrease visceral sensitivity [140]. In a double-blind randomized prospective trial in humans, 
pain relief, assessed with a visual analogue score, was higher with ROSE-010, as compared 
with placebo [41]. Since T2DM and IBS frequently coincide, GLP-1 receptor agonists might 
be of double benefit to these patients [141].

Short Bowel Syndrome
Malabsorption is a frequent problem in short bowel syndrome, obviously caused by the 
reduced intestinal absorbent surface. Loss of the terminal ileum also eradicates the ileal 
brake mechanism, further compromising digestion. Infusion of GLP-1 peptide significantly 
reduced diarrhoea and faecal excretions in patients with short bowel, as compared with 
placebo [142]. Similar findings were observed in five cases for the short-acting GLP-1 
receptor agonist exenatide twice daily [143]. Although not studied, long-acting GLP-
1 receptor agonists are probably not as effective, since they have little effect on gastric 
emptying. A cause of potential concern is the inhibiting effect of GLP-1 receptor agonists on 
appetite, since patients with short bowel syndrome need adequate energy and electrolyte 
intake [142]. 
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Effects of DPP-4 inhibitors have not been studied in this population, yet other non-GLP-1-
substrates of DPP-4 seem to benefit the clinical condition and quality of life of this patient 
group. For example, GLP-2 improves intestinal absorption and the nutritional status in 
patients with short bowel syndrome [144]. Recently, the GLP-2 receptor agonist teduglutide 
was approved for the treatment of short bowel syndrome [145]. Combined infusion of GLP-
1 and GLP-2 led to greater effects on intestinal absorption, compared with infusion of either 
peptide alone, suggesting that DPP-4 inhibition may be highly effective in these patients 
[142]. 

Peptide Actions

PYY (1-36)

Gastric acid secretion ↓
Gastric emptying ↓
GI transit ↓
Electrolyte / water secretion↓
Pancreatic exocrine secretion ↓
Gallbladder contraction ↓

NPY (1-36)
GI motility ↓
Electrolyte / water secretion ↓
Intestinal inflammation ↑

GLP-2 (1-33)

Gastric acid secretion ↓
Intestinal mucosa growth ↑
Nutrient absorption ↑
Intestinal blood flow ↑
GI transit ↓

GIP (1-42) Intestinal glucose uptake ↑
GI transit ↓

VIP

Gastric acid secretion ↓
Electrolyte / water secretion ↓
Nutrient absorption ↓
Bicarbonate secretion ↑
GI transit ↑
Gallbladder contraction ↓

Bradykinin
Nociception / pain ↑
Hepatic gluconeogenesis ↓
Gallbladder contraction ↑

SP
GI transit ↑
Intestinal chloride secretion ↑
Intestinal inflammation ↑

Prolactin Gastric emptying ↓(♂) /↑ (♀)
Endomorphin-2 GI transit ↓
GRP Gastrin release ↑
IL-2 Intestinal chloride secretion ↑
CLIP Amylase release ↑

Table 2: Other peptides degraged by DPP-4 and their actions, stimulated during DPP-4 inhibition. In addition to 
GLP-1, DPP-4 cleaves a number of other peptides and hormones. Therefore, inhibition of DPP-4 also leads to altered 
levels and activity of these substrates. Whether these effects, which were mainly demonstrated in preclinical 
models, have a role in patients remains to be demonstrated. Abbreviations: CLIP, corticotropin-like intermediate 
lobe peptide; GIP, glucose-dependent insulinotropic peptide; GLP-2, glucagon-like peptide 2; GRP, gastrin-releasing 
peptide; IL-2, interleukin-2; NPY, neuropeptide Y; PYY, peptide YY; SP, substance P; VIP, vasoactive intestinal peptide. 
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Mucosal Healing in Mucositis and Inflammatory Bowel Disease (IBD)
The proliferative effect of GLP-1 receptor agonists and DPP-4 inhibitors on intestinal mucosa 
provides possibilities for treatment of chemotherapy-induced mucositis. In animal studies, 
pharmacological levels of exogenous GLP-1 ameliorated 5-fluorouracil-induced mucositis 
[146]. Although DPP-4 inhibitors have no effect on healthy mucosa, the DPP-4 inhibitor 
anagliptin restored mucosal damage in an animal model of experimental colitis [139]. Also, 
DPP-4 inhibition increases levels of active GLP-2 and stromal-derived factor-1α, both of 
which are involved in mucosal healing [138,146]. These animal studies evidently call for 
further investigation.
Currently, there are no data confirming that GLP-1 based therapies ameliorate IBD. However, 
administration of GLP-1 receptor agonists or DPP-4 inhibitors reduced systemic inflammatory 
parameters [147,148]. In addition, GLP-1 receptor agonists lower inflammatory activity in 
psoriasis [149]. This combination of mucosal healing and alleviation of systemic inflammation 
may bare new possibilities for treatment of IBD.

Intestinal Side Effects; Constipation and Diarrhoea
Many patients experience constipation or, in contrast, diarrhoea, while using GLP-1 based 
drugs [124,150]. Constipation may be caused by a decrease in colonic muscle contractions 
[129]. An explanation for diarrhoea is lacking. In one study, patients experienced osmotic 
diarrhoea, 8 h after administration of GLP-1 [151]. Potentially, the intestinal effects of GLP-
1 reduce absorption, thereby leading to increased osmosis. Reduced pancreatic exocrine 
excretion may also play a role, causing malabsorption (see below) [35,152].

Colon Carcinoma
Although cell proliferation is beneficial for mucosal healing, it may also induce dysplasia. 
In mice with familial adenomatous polyposis, GLP-1 and GLP-1 receptor agonists increased 
polyp numbers and size [153]. After bariatric surgery, which increases GLP-1 levels, the 
incidence of colorectal cancer is elevated [154]. Consequently, GLP-1 based therapies should 
be used with caution in subjects at risk for colorectal cancer, until further studies become 
available.

Exocrine Pancreas
Intravenous infusion of GLP-1 reduces pancreatic exocrine function in preclinical and human 
studies [35,152,155]. In pigs, GLP-1 reduced bicarbonate secretion [155]. Administration to 
healthy volunteers led to an immediate decrease in pancreatic trypsin and lipase secretion 
of over 40% [35,152]. Underlying mechanisms are incompletely understood. Direct 
stimulation of acinar cells by GLP-1 did not affect pancreatic amylase secretion in vitro [156]. 
Again, indirect mediators are likely, possibly through vagal nerve activation or through the 
pancreas-stimulating hormones secretin and cholecystokinin (CCK) [91,155]. Also, the (GLP-
1 induced) gastric effects decrease duodenal acidity, which is a major stimulus for secretin/
CCK secretion. Thus, inhibition of exocrine secretion may be partly mediated by gastric 
responses [35]. To date, the influence of GLP-1 based drugs on exocrine pancreatic function 
remains unstudied.

Clinical Implications 
Pancreatitis and Pancreatic Carcinoma
Soon after their introduction, GLP-1 based drugs were linked to development of pancreatitis 
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Condition (potential) Mechanisms Level of Evidence
Dumping syndrome Gastric emptying ↓ Case series [67]

Functional dyspepsia Gastric emptying ↓
Gastric acid secretion ↓ Hypothesized

Constipated IBS Colon circular muscle tone ↓
Visceral sensitivity ↓

Clinical trials: improved defecation 
pattern, pain relief [80,91]

Short Bowel Syndrome Gastric and bowel motility ↓ Clinical trials: reduced diarrhoea, 
improved nutritional status [93,94]

Mucositis and IBD
Inflammatory parameters ↓
Mucosal apoptosis ↓
Mucosa proliferation ↑

Animal studies: prevention of loss 
in mucosal mass in experimental 
mucositis [89,97]

NAFLD

Weight ↓
Hepatic insulin sensitivity ↑
Hepatic de novo lipogenesis ↓
Fatty acid oxidation↑

Clinical trials: reduction in steatosis 
and steatohepatitis [148,155]

Cholangiopathies
Cholangiocyte proliferation ↑
Cholangiocyte apoptosis ↓
Bile acid production ↓

Hypothesized [168]

Table 3: Potential gastrointestinal therapeutic indications for GLP-1 based therapies. Abbreviations: IBD, 
inflammatory bowel disease; IBS, irritable bowel syndrome; NAFLD, non-alcoholic fatty liver disease

and pancreatic cancer [23](Tables 3 and 4). In patients with T2DM using GLP-1 based drugs, 
a subtle and asymptomatic increase in plasma lipase and amylase levels was observed 
[157,158], suggesting subclinical inflammation or pancreatic duct obstruction. Findings from 
animal studies are conflicting. A handful of studies showed that GLP-1 receptor agonists 
induce pancreatic inflammation, cellular proliferation and intraepithelial neoplasia (PanIN) 
[27,159,160]. One study found an association between the DPP-4 inhibitor sitagliptin 
and pancreatitis, ductal cell replication and metaplasia in a rat model of diabetes [161]. 
However, the majority of animal studies did not find any effect of GLP-1 receptor agonist or 
DPP-4 inhibitors on pancreatic physiology, even with a 240 times increased dose [162–168]. 
Notably, some studies even suggested that GLP-1 receptor agonists decrease inflammation 
and malignant degeneration [160,169–171]. 
Few human histological studies are available. In a study in pancreatic donors, including 
12 patients with diabetes without GLP-1 based therapy, seven using sitagliptin and one 
exenatide, GLP-1 based therapy was associated with α-cell hyperplasia and PanIN lesions 
[172]. However, re-analyses showed that the treatment and control groups in this study 
were severely mismatched, which probably induced confounding [173,174]. A recent study 
has demonstrated the absence of the GLP-1R on human pancreatic ductal cells [19], which 
contradicts the hypothesis that GLP-1R activation leads to ductal cell proliferation [159]. 
Clinical data are available from pharmacovigilance studies, database studies and randomized 
clinical trials (RCTs). Pharmacovigilance studies have shown associations between GLP-1 
receptor agonists and DPP-4 inhibitors and acute pancreatitis and pancreatic carcinoma [23]. 
However, since these studies depend on spontaneous reporting by clinicians, they become 
notably unreliable when a certain side effect receives media attention, as happened in this 
case. Additionally, they lack information on confounders. Indeed, patients with T2DM often 
have concomitant risk factors for pancreatitis, including obesity, long-standing disease and 
use of co-medication. Importantly, these factors are likely to be more present in patients 
with an indication for GLP-1 based therapy. 
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In contrast, healthcare databases are able to correct for potential confounding. These did 
not show a relation between GLP-1 based therapies and pancreatic adverse events [175–
180], except for a single study. In this case, a combined analysis of exenatide and sitagliptin 
was performed [22]. When each drug was analysed separately, however, no association with 
pancreatitis was found. Four recent large-scale RCTs, Saxagliptin Assessment of Vascular 
Outcomes Recorded in Patients with Diabetes Mellitus - Thrombolysis in Myocardial 
Infarction (SAVOR-TIMI 53) (saxagliptin), Examination of Cardiovascular Outcomes with 
Alogliptin versus Standard of Care in PAtients with Type 2 Diabetes Mellitus and Acute 
Coronary Syndrome (EXAMINE) (alogliptin), Trial to Evaluate Cardiovascular Outcomes 
After Treatment with Sitagliptin (TECOS) (sitagliptin) and Evaluation of Lixisenatide in Acute 
Coronary Syndrome (ELIXA) (lixisenatide), which investigated the cardiovascular safety of 
DPP-4 inhibitors and GLP-1 receptor agonists, did not identify an increased risk of pancreatitis 
or pancreatic cancer [181–184]. Notably, a trend towards an increased incidence of acute 
pancreatitis with sitagliptin was seen (0.3% vs 0.2% with placebo, p-value 0.066) [183]. 
However, these trials did not have sufficient power and follow-up to investigate rare side 
effects. A meta-analysis did not find any association with acute pancreatitis, although the 
most recent studies were not included and an update is needed [185]. 
Recently, the regulatory authorities have reviewed all available preclinical and clinical 
evidence, and found no causal association between GLP-1 based therapies and pancreatic 
adverse events [30]. Yet, all studies combined, evidence is still scarce and the follow-up time 
of current studies may be too short for the development of pancreatic cancer. Thus final 
conclusions cannot be made. Until further data become available, it is highly recommended 
not to use these agents in patients with a (family) history of pancreatic disease.

Liver and Biliary System
GLP-1 induces several metabolic changes in the liver, adding to lower glucose and lipid 
levels. Independent from insulin and glucagon, GLP-1 stimulates hepatic glycogen storage, 
while suppressing gluconeogenesis [39,186]. It increases mitochondrial degradation of 
fatty acids and inhibits triglyceride production [187,188]. In addition, GLP-1 influences bile 
metabolism [137]. It lowers bile acid production and increases excretion, thereby lowering 
the bile acid exposure of hepatocytes [189]. In vitro, GLP-1 and the GLP-1 receptor agonist 
exendin-4 increase cholangiocyte proliferation and reduce apoptosis [190]. Moreover, a 
single dose of exenatide decreased CCK-induced gallbladder contractions in healthy humans 
[38]. Combined, these biliary effects may potentially prevent secondary biliary cirrhosis in 
patients with cholangiopathies.

Clinical Implications 
Non-Alcoholic Fatty Liver Disease
GLP-1 based therapies seem to be beneficial in NAFLD and non-alcoholic steatohepatitis 
(NASH) (Tables 3 and 4). In several animal models, GLP-1 based therapies decreased 
steatosis and hepatic damage [191]. Evidence in humans is less conclusive. Studies showed 
a reduction in transaminase levels and spectroscopy-measured steatosis, after treatment 
with GLP-1 receptor agonists or DPP-4 inhibitors in patients with T2DM and ultrasonography-
proven or biopsy-proven NAFLD [192–195]. Likewise, on histology, 1 year of treatment with 
sitagliptin improved NASH severity [196]. However, none of these trials had an adequate 
control group, precluding definite conclusions. Three recent RCTs are of interest. In patients 
with T2DM, insulin glargine reduced MRI-measured hepatic fat, while liraglutide had no 
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effect [197]. Sitagliptin reduced steatosis significantly more than sulphonylurea derivates 
[198]. In patients with biopsy-confirmed NASH (with or without diabetes), 48 weeks of 
liraglutide treatment was associated with histological resolution of steatohepatitis [199].
The mechanisms underlying the effects of GLP-1 based therapies on NAFLD remain 
speculative. Steatosis is induced by obesity and insulin resistance, while inflammatory 
cytokines, bacterial endotoxins, mitochondrial dysfunction and/or endoplasmic reticulum 
stress further lead towards steatohepatitis [200,201]. As GLP-1 receptor agonists and DPP-4 
inhibitors increase hepatic insulin sensitivity, this may explain the beneficial effect on NAFLD 
[202–205]. GLP-1-induced improvement of hepatic triglyceride handling probably also 
plays a role. Furthermore, GLP-1 receptor agonists and DPP-4 inhibitors reduce hepatocyte 
endoplasmic reticulum stress [206,207] and inflammatory cytokines [207,208], both 
involved in NASH development.

Cholelithiasis
High-dose liraglutide treatment has been related to increased occurrence of cholelithiasis 
and cholecystitis in studies, investigating this drug as weight-reducing agent [209]. The 
underlying mechanism remains unclear, but may involve altered bile acid production and 
excretion, decreased gallbladder emptying or liraglutide-induced weight loss.

Conclusions and Future Perspectives
The GLP-1 based drugs, GLP-1 receptor agonists and DPP-4 inhibitors, are increasingly used 
to treat T2DM. Apart from their insulinotropic effects, their GI effects provide therapeutic 
possibilities for a wide scale of GI diseases, including functional dyspepsia, dumping 
syndrome, IBS, IBD, short bowel syndrome, NAFLD/NASH and cholestatic disorders. Since 

Side Effect Frequency Potential mechanism
GLP-1RA DPP-4I

GastrointestinaI
Nausea +++ ++ gastric emptying ↓, activation nausea centres
Vomiting ++ + gastric emptying ↓, activation nausea centres
Diarrhoea +++ + unknown
Constipation ++ + intestinal motility ↓
Flatulence ++ + unknown
Gastric reflux ++ +/++ unknown
Pancreatitis +/- +/- unknown
Cholelithiasis +/- ? weight ↓, bile acid production ↓, gallbladder motility ↓ 

Other
Hypoglycaemia* +/++ +/++ insulin secretion ↑, intestinal glucose uptake ↓
Nasopharyngitis ++ + unknown
Anaphylaxis +/- +/- immunoreactive
Pre-renal failure +/- +/- dehydration by vomiting, diuresis ↑

Table 4: Adverse effects of GLP-1 based therapies. Based on summary product characteristics of all registered 
GLP-1 receptor agonists (GLP-1RA) and DPP-4 inhibitors (DPP-4I). * Predominantly observed in combination with 
sulphonylurea agents, not with metformin. NA, not applicable; +++, very common (>1/10); ++, common (>1/100); +, 
uncommon (>1/1000); +/-, rare to very rare (>1/10,000); -, not present. Abbreviations: DPP-4I, dipeptidyl peptidase 
4 inhibitor; GLP-1RA, glucagon-like peptide-1 receptor agonist.
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digestive disorders frequently coincide with T2DM, GLP-1 based drugs may have added 
benefits in these patient groups.
The recent registration of liraglutide for weight loss confirms the safety of these agents 
in normoglycaemic subjects, and creates possibilities for a more general application in GI 
disease. However, evidence is still mechanistic in nature, and not solid enough to direct 
clinical care. To gain approval for such indications, more studies are needed, which will take 
time. While results from ongoing studies on NAFLD are eagerly awaited (clinicaltrials.gov: 
NCT01237119, NCT02147925 and NCT01744236), large-scale RCTs with adequate control 
groups are needed to establish safety and efficacy for other applications. 
On the other hand, GLP-1 based therapies frequently cause GI side effects, such as nausea, 
constipation and diarrhoea, which need to be recognized. Such side effects may limit the 
use of these drugs in patients with pre-existing GI symptoms, which are common; in a self-
reported study, nausea, heartburn, early satiety, diarrhoea and constipation were all more 
prevalent in patients with diabetes than in controls [210]. Also, reports of serious adverse 
events (ie, acute pancreatitis, pancreatic cancer) need to be acknowledged. Although an 
increased risk was never proven, these issues need to be clarified, before GLP-1 based 
therapies can be advocated for treatment of GI disorders.
Finally, to enhance patient comfort, respiratory and oral administration routes of GLP-1 
receptor agonists are currently being developed. Whether these agents will exert similar 
metabolic and GI effects needs to be investigated. Hypothetically, oral GLP-1 receptor 
agonists could reach high portal levels, and thus be extra beneficial for NAFLD. Inhalation 
of (very) short-acting GLP-1 receptor agonists could strongly and briefly reduce gastric 
emptying, and thus be beneficial for dumping syndrome.

In conclusion, understanding the GI actions of GLP-1 based therapies is clinically relevant for 
diabetologists and gastroenterologists, because GI side effects are common and need to be 
recognized, and because these drugs may potentially be applied to treat GI disease. 
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Abstract

The gastrointestinal hormone glucagon-like peptide-1 (GLP-1) lowers postprandial glucose 
concentrations by regulating pancreatic islet-cell function, with stimulation of glucose-
dependent insulin and suppression of glucagon secretion. In addition to endocrine pancreatic 
effects, mounting evidence suggests that several gastrointestinal actions of GLP-1 are at 
least as important for glucose-lowering. GLP-1 reduces gastric emptying rate and small 
bowel motility, thereby delaying glucose absorption and decreasing postprandial glucose 
excursions. Furthermore, it has been suggested that GLP-1 directly stimulates hepatic glucose 
uptake, and suppresses hepatic glucose production, thereby adding to reduction of fasting 
and postprandial glucose levels. GLP-1 receptor agonists, which mimic the effects of GLP-1, 
have been developed for the treatment of type 2 diabetes. Based on their pharmacokinetic 
profile, GLP-1 receptor agonists can be broadly categorized as short- or long-acting, with 
each having unique islet-cell and gastrointestinal effects that lower glucose levels. Short-
acting agonists predominantly lower postprandial glucose excursions, by inhibiting gastric 
emptying and intestinal glucose uptake, with little effect on insulin secretion. By contrast, 
long-acting agonists mainly reduce fasting glucose levels, predominantly by increased 
insulin and reduced glucagon secretion, with potential additional direct inhibitory effects on 
hepatic glucose production. Understanding these pharmacokinetic and pharmacodynamic 
differences may allow personalized antihyperglycaemic therapy in type 2 diabetes. In 
addition, it may provide the rationale to explore treatment in patients with no or little 
residual β-cell function.
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Introduction
In parallel with the obesity pandemic and rising life expectancy, the global prevalence of type 
2 diabetes mellitus (T2DM) is ever-increasing, and is currently estimated to affect 8.3% of 
the population [211]. The pathophysiology of T2DM is complex, involving defects in insulin 
secretion, insulin sensitivity and incretin biology [212]. Chronic hyperglycaemia, frequently 
combined with other cardiovascular risk factors of the T2DM phenotype, is associated with 
micro- and macrovascular complications, increased mortality and decreased quality of life 
in many observational studies [213]. Long-term intensive glycaemic control reduces the risk 
of vascular complications in diabetes, although the effect on macrovascular disease risk is 
limited [214]; however, despite many advances in diabetes therapeutics and technology, a 
substantial proportion of patients fails to reach or maintain recommended glycaemic targets 
[5]. Thus, the search for novel glucose-lowering agents continues.
The incretin-hormone glucagon-like peptide-1 (GLP-1) enhances insulin secretion during 
meal ingestion, thereby reducing postprandial glucose excursions. Interestingly, in recent 
years, our understanding of the physiological role of GLP-1 has expanded beyond its well-
recognized effect on the pancreatic β-cell. We now know that GLP-1 also affects the function 
of pancreatic α-cells, the stomach, small bowel, liver, muscle, (central) nervous system, 
cardiovascular system and kidneys [8]. Interestingly, many of these actions contribute to 
the glucose-lowering effect of native GLP-1, and may potentially be equally important for 
glucose-lowering as effects on the endocrine pancreas [8].
A decade ago, two GLP-1-based antihyperglycaemic drug classes were granted marketing 
approval for the treatment of T2DM [8]: oral dipeptidyl peptidase-4 (DPP-4) inhibitors, 
which raise levels of native GLP-1 by inhibiting its degradation, and injectable GLP-1 receptor 
agonists, which mimic the effects of native GLP-1. Both drug classes have established 
glucose-lowering efficacy and are now commonly used to treat T2DM [8]. In the present 
review, we provide an overview of the glucose-lowering effects of GLP-1 and GLP-1 receptor 
agonists. In contrast to several excellent previous reviews focusing on the islet effects, we 
emphasize the gastrointestinal actions in the present review. Moreover, we elaborate on the 
pharmacokinetic and pharmacodynamic differences between the currently available GLP-
1 receptor agonists, which may allow personalized glucose-lowering therapy for diabetes 
patients with and without residual β-cell function.

GLP-1 and GLP-1 Receptor Agonists: Effects on Pancreatic Islets
Physiology of the Incretin Hormone GLP-1
A higher oral glucose load is needed to achieve similar plasma levels compared with 
intravenous glucose administration, a phenomenon which has been termed ‘gastrointestinal 
mediated glucose disposal’ (GIGD) [215,216]. While several factors are involved in GIGD, 
including neural reflexes, glucagon secretion, first-pass hepatic glucose uptake, and portal 
and venous blood glucose concentrations, the most important seems to be the secretion of 
‘incretin’ hormones. Classical observations by Bayliss (1902) and McIntyre (1964) indicated 
that oral glucose intake leads to a greater insulin secretory response [217,218], compared 
to intravenous administration, a phenomenon referred to as the incretin effect [219]. The 
incretin hormones GLP-1 (1985) and glucose-dependent insulinotropic polypeptide (1970), 
which are secreted from entero-endocrine L- and K-cells, respectively, in response to 
nutrient ingestion [220], were identified as responsible mediators of this effect [221–223]. 
The physiological importance of GLP-1 as an incretin hormone and a mediator of GIGD has 
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been shown by studies in which its actions were blocked by the GLP-1 receptor blocker 
exendin(9-39). Such interventions reduced insulin secretion by ~50% in healthy subjects 
and patients with T2DM after oral glucose intake, whereas no changes in insulin secretion 
were observed during intravenous glucose administration [75,224]. Moreover, GIGD was 
significantly reduced during GLP-1 blockage [75,224]. In addition to its insulinotropic effects, 
native GLP-1 also suppresses glucagon release from pancreatic α-cells, resulting in reductions 
of postprandial glucagon levels of ~35% in patients with T2DM and ~80% in healthy controls 
[224,225]. The actions on the α-cells are likely mediated by GLP-1-stimulated somatostatin 
release from δ-cells [226].
The mechanisms by which GLP-1 stimulates insulin secretion remain uncertain. As a result 
of rapid inactivation of native GLP-1 by the ubiquitous enzyme DPP-4, combined with renal 
clearance, the half-life of GLP-1 is 1–2 min [68,70]. Less than 25% of GLP-1 secreted in the 
portal system reaches the liver, while only 10–15% enters the systemic circulation (Figure 1) 
[68,70]. Such levels may alone be insufficient for β-cell stimulation. Potentially, portal GLP-1 
activates vagal afferents [227], which augment insulin secretion through synaptic release 
of acetylcholine and pituitary adenylate cyclase-activating polypeptide (PACAP) at the level 
of the β-cell. Indeed, vagotomy completely inhibited the insulinotropic effects of GLP-1 
in several animal and clinical studies [72,228,229]. In a mouse model in which the GLP-
1 receptor was only expressed on β-cells (Pdx1-hGLP-1R:Glp1r−/− mice), pharmacological 
levels of the GLP-1 receptor agonist exendin-4 increased glucose-stimulated insulin 
secretion (GSIS) [230]; thus, while high plasma levels of GLP-1 may directly bind to the β-cell 
and stimulate GSIS, endogenously released GLP-1 most likely has its main effect on insulin 
secretion through vagal intermediates. 

Development of GLP-1 Receptor Agonists
The incretin effect is impaired in patients with type 2 diabetes, probably because of 
resistance to the incretin hormones [10,216], thereby reducing oral glucose disposal [216]. 
Nevertheless, GLP-1 peptide infusion in patients with T2DM increases GSIS, reaching 71% of 
the effect obtained in healthy subjects, and reduces glucagon secretion [9,231,232]. Given 
its relatively short half-life, however, native GLP-1 cannot be used without the need for 
continuous infusion [9]. Therefore, several GLP-1 receptor agonists have been developed 
that are resistant to degradation by DPP-4.
Currently available GLP-1 receptor agonists differ in their molecular structure and 
pharmacokinetic properties, so that they can be categorized into short- and long-acting 
agents (Table 1) [16]. The short-acting agents are exenatide (twice daily) and lixisenatide, 
which are resistant to the actions of DPP-4 because of several specific amino acid changes. 
These agents are based on the molecule exendin-4, which was originally isolated from 
saliva of the Gilamonster (Heloderma suspectum) and shares ~50% homology with human 
GLP-1 [233]. Long-acting agents are not only resistant to inactivation by DPP-4, but also 
have a delayed renal clearance, resulting in half-lives of up to a week. This is accomplished 
by attaching synthetic human GLP-1 to a carbon fatty acid molecule (liraglutide), albumin 
(albiglutide) or a Fc fragment of IgG (dulaglutide). In exenatide long-acting release (LAR), 
exenatide is bound in microspheres, resulting in extended release and duration of action.
Both short- and long-acting GLP-1 receptor agonists increase insulin secretion by 160–310% 
[234–236], after an intravenous glucose load in patients with T2DM. Acute administration 
of both drug classes also increases insulin levels in the fasted state [237]; however, in a 
clinical setting, differential effects on fasting insulin secretion occur. Because of rapid 
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Figure 1: Vascular and neural pathways for the gastrointestinal actions of glucagon-like peptide (GLP)-1. (A) GLP-
1 secretion from the intestinal L-cells is stimulated after food ingestion. GLP-1 peptide is released into the portal 
system. Here, vagal afferents are stimulated by GLP-1 peptide. (B) Due to rapid degradation by dipeptidyl pepti-
dase-4 (DPP-4), which is highly expressed in the portal vein, only 25% of active GLP-1 peptide reaches the liver. (C) 
In the liver, active GLP-1 is further metabolized, and 15% of the original secreted GLP-1 is found in the hepatic vein. 
(D) Because of ongoing degradation by DPP-4, only 5% of GLP-1 is found in the systemic circulation where it could 
stimulate the GLP-1 receptor present on target organs. (E) Ascending vagal fibres synapse in the brain stem, leading 
to activation of efferent vagal nerves. (F) The efferent nerves can either have stimulating or inhibiting actions on 
the gastrointestinal organs. Combined vascular and neural pathways lead to stimulation of insulin secretion, and 
reduction of glucagon secretion, gastric emptying rate, intestinal motility and hepatic glucose production.
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metabolization of short-acting agents (half-life 2–4 h) and the time of administration (before 
breakfast and dinner), they lack overnight activity, while long-acting GLP-1 receptor agonists 
demonstrate 24-h plasma levels (increase in fasting-state homeostatic model assessment 
of β-cell function index for exenatide twice daily 2.74%, and for liraglutide 32.12%) [123].
Short- and long-acting GLP-1 receptor agonists also have divergent effects on insulin 
secretion in the postprandial state [94,238]. In an open-label, randomized, clinical trial 
in 148 patients with T2DM, treatment for 28 days with lixisenatide resulted in reduced 
postprandial C-peptide secretion, whereas liraglutide led to an increase of 10% [238]. 
Interestingly, postprandial glucose levels were lower with lixisenatide. These findings may 
be explained by the differences in gastrointestinal actions discussed below.
All GLP-1 receptor agonists reduce fasting and postprandial glucagon levels [94,123,239], 
which contributes to the decrease in glucose levels. It is still not completely clear whether 
differences exist between short- and long-acting agents. More pronounced reductions in 
fasting glucagon are seen with exenatide twice daily compared with exenatide LAR [94], 
while no differences were observed between exenatide twice daily and liraglutide [123], or 
exenatide twice daily and taspoglutide (discontinued long-acting agent) [240]. In contrast 
to earlier findings, a recent study in patients with T2DM reported a postprandial increase 
in glucagon levels that emerged after 12-week liraglutide treatment and persisted over the 
total 48-week intervention period [241]. Evidently, more studies are needed to unravel the 
exact effect of GLP-1 receptor agonist treatment on glucagon levels.
The durability of the effects of GLP-1 receptor agonists on pancreatic islet-cell function 
are unclear. Interestingly, in preclinical studies, GLP-1 may improve β-cell proliferation and 
survival, leading to increased β-cell mass [242]. It should, however, be noted that this was 
only observed in young animals and not in rodents of older age [243]. Currently available 
clinical studies have shown a sustained effect on glycaemic control of up to 3 years [244]; 
however, after cessation of therapy, no lasting effect on insulin secretion is seen [245,246]. 
The ongoing GRADE trial will assess whether GLP-1 receptor agonists maintain glycaemic 
control for up to 7 years of treatment [247].

GLP-1 and GLP-1 Receptor Agonists: Effects Beyond Pancreatic Islets
In 1989, only 4 years after the discovery of its incretin actions, significant effects of GLP-1 on 
gastric acid secretion were observed [37]. Ever since, a growing number of extra-islet effects 
of GLP-1 have been identified (Table 1).The significance of these effects for glucose-lowering 
have been elegantly shown in animal and human studies, in which the effects of GLP-1 
(receptor agonists) on insulin and glucagon were blocked. For example, GIGD is absent in 
patients after complete pancreatectomy, suggesting that endogenous GLP-1 release after 
an oral glucose load does not lower blood glucose through extra-pancreatic factors [248]. In 
contrast, in a mouse model of diabetes, where insulin secretion was successfully attenuated 
by streptozotocin and glucagon action was inactivated by glucagon-receptor knockout, 
infusion of GLP-1 reduced fasting and postprandial glucose levels [249]. Moreover, in healthy 
men, GLP-1 infusion reduced plasma glucose levels when the islet effects were inhibited 
by high-dose somatostatin infusion (i.e. pancreatic clamp technique) [250]; therefore, 
endogenous GLP-1 seems to act mainly as an incretin hormone, i.e. stimulating insulin 
release, while pharmacological GLP-1 levels or GLP-1 receptor agonist treatment also have 
extra-islet effects that regulate glycaemia.
The extra-islet glucose-lowering effects of GLP-1 seem mainly driven by physiological 
alterations in the gastrointestinal system (Figure 2). Indeed, many clinical studies have shown 
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Short-acting GLP-1RA Long-acting GLP-1RA

Exenatide BID
Lixisenatide

Albiglutide
Dulaglutide 

Exenatide LAR
Liraglutide

Glucose effects
Fasting glucose Absent / Modest reduction Strong reduction
Postprandial glucose Strong reduction Modest reduction

HbA1c

-0.7 to -1.5% 
(baseline values of 8-8.5%)

-1.0 to -1.9% 
(baseline values of 8-8.5%)

Endocrine effects
Fasting insulin secretion Absent to minor increase1 Strong increase1

Postprandial insulin secretion Reduction2 Modest increase
Fasting glucagon secretion Reduction Reduction
Postprandial glucagon secretion Reduction Reduction

GI effects
Gastric emptying Strong reduction2 Neutral3

Intestinal motility Reduction ?
Intestinal glucose absorption Reduction ?5

Hepatic glucose production4 Strong reduction Strong reduction

Table 1: Differential effects of short- and long-acting GLP-1 receptor agonists on pancreatic and extrapancreatic 
glucose regulation. 1 Acute administration with a single injection of long-acting GLP-1 receptor agonists in-
creases insulin secretion to a similar extent as short-acting GLP-1 receptor agonists [234–236]; 2 When effect of 
short-acting GLP-1 receptor agonists on gastric emptying rate is bypassed by duodenal glucose infusion, these 
agents strongly increase postprandial insulin secretion [135]; 3 Acute administration with a single injection of 
long-acting GLP-1 receptor agonists reduces gastric emptying, yet this effect wanes after long-term treatment 
[93,94,266,267]; 4 GLP-1 receptor agonists reduce hepatic glucose production through direct effects, as well as by 
increasing (postprandial) insulin and lowering glucagon levels; 5 GLP-1 peptide reduces intestinal glucose uptake, 
no evidence for GLP-1 receptor agonists is available. Abbreviations = BID, twice daily; GI, gastrointestinal; GLP-
1RA, glucagon-like peptide 1 receptor agonists; LAR, long-acting release

Figure 2: Glucoregulatory gastrointestinal effects of glucagon-like peptide (GLP)-1. Pancreatic and gastrointesti-
nal effects of GLP-1 that are involved in (postprandial) glucose lowering.
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that GLP-1-based therapies reduce gastric emptying and intestinal glucose absorption and 
also directly lower hepatic glucose production. Effects on insulin-stimulated glucose uptake 
in adipose tissue and muscle may also contribute, as demonstrated in animal studies [251–
253]. In humans, however, this could not be demonstrated, in particular, when changes in 
insulin concentrations are accounted for [254]. Moreover, stimulation of the GLP-1 receptor 
modulates appetite- and reward-related brain areas, presumably leading to decreased food 
intake and body weight [114]. Weight loss could subsequently increase insulin sensitivity and 
improve insulin-stimulated glucose uptake, although direct human evidence to support this 
notion is unavailable. In the following sections we describe the extra-islet gastrointestinal 
effects of GLP-1 receptor agonists, to better understand the glucose-lowering effects of 
these agents. 

Actions on Gastric Emptying Rate
Gastric emptying rate is an important determinant of glycaemic excursions after a meal. It 
normally allows the passage of 2–3 kcal of carbohydrates per min [255], thereby accounting 
for ~35% of the variance in peak postprandial blood glucose levels [131]. Several human 
studies have shown that delaying glucose transport to the intestine prolongs absorption, 
leading to a lower postprandial glucose excursion, while total glucose uptake remains 
unchanged [107,256,257]. In contrast, increased gastric emptying rate leads to an earlier 
and higher glucose peak [257]. Through mechanisms not yet understood, reducing gastric 
emptying rate additionally increases hepatic glucose disposal and systemic insulin sensitivity 
[256,258]. Consequently, therapeutic agents that delay gastric emptying improve glycaemic 
control in T2DM, by lowering the postprandial glucose curve [107,131].
Physiologically, the rate of gastric emptying is determined by several processes, including 
the ileal brake mechanism. This negative feedback mechanism, which reduces proximal 
gastrointestinal motor and secretory function, is activated by nutrient stimulation of the 
distal ileum and mediated by hormones, including peptide YY, cholecystokinin, and secretin 
(so-called ‘enterogastrones’) [259]. Although evidence is conflicting, several studies 
showed that GLP-1 also functions as an enterogastrone [260]. Indeed, blocking of GLP-1 
by exendin(9-39) in healthy volunteers results in an increase in gastric emptying rate and 
gastroduodenal motility after introduodenal glucose perfusion or test meal [75,78].
Exogenous administration of GLP-1 peptide dose-dependently decreases the gastric 
emptying rate [32,261]. Notably, these actions depend on baseline values, such that the 
inhibiting effects of GLP-1 are lower in subjects with pre-existent delayed gastric emptying 
[120]. Mechanistically, GLP-1 decreases the time to reach maximum gastric emptying speed, 
while maximum velocity is not altered [88,262]. The reduction in gastric emptying rate is 
characterized by an inhibition in the frequency and pressure of antropyloric pressure waves, 
while the pyloric tone increases [263]. Direct stimulation of animal and human gastric muscle 
cells with GLP-1 does not change smooth muscle tone [92,264], while the effects of GLP-1-
infusion after atropine and vagotomy interventions were absent [72,80]. Albumin-bound 
GLP-1, which is not able to cross the blood–brain barrier and thereby activate the efferent 
vagal nerve, still reduces gastric emptying [265]. Collectively, these findings suggest that the 
inhibitory effects of GLP-1 on gastric emptying rate seem to depend on indirect stimulation 
of the stomach through afferent vagal-mediated mechanisms.
GLP-1-induced reduction in gastric emptying rate lowers the duodenal glucose load, thereby 
reducing postprandial glucose excursions and obliterating postprandial insulin secretion 
[261]. The glucose-lowering importance of the gastric effect is demonstrated by studies 
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where it is deactivated [110,261]. During co-infusion with the pro-kinetic erythromycin, 
which accelerates gastric emptying rate through vagal stimulation, no gastric inhibitory 
effect of GLP-1 infusion was found in healthy volunteers [110]. Consequently, the glucose-
lowering effect was markedly reduced, despite an augmented rise in insulin secretion [110].
Similar to GLP-1 peptide, GLP-1 receptor agonists reduce gastric emptying and postprandial 
glucose excursions. In patients with T2DM, a single subcutaneous dose of exenatide 10 
μg increased the time to empty half of the stomach content by 180%, and total gastric 
emptying time from 147 to 279 min [87]. Peak postprandial insulin levels were lower with 
exenatide, as compared with placebo, as were postprandial glucose excursions. Single-dose 
administration of long-acting agents yields similar results [266,267], although prolonged 
treatment leads to different outcomes [96,97]. Short-acting agents maintain their effect 
on gastric emptying, while long-acting GLP-1 receptor agonists do not [94,93]. These 
findings are likely explained by chronic stimulation of the GLP-1 receptor and its subsequent 
desensitization (tachyphylaxis) during treatment with long-acting GLP-1 receptor agonists 
[96]. In contrast, short-acting GLP-1 receptor agonists have regular receptor off-time leading 
to conservation of their effects on gastric emptying rate [94,93]. Illustratively, after 14 weeks 
of treatment, exenatide twice daily still reduced gastric emptying, whereas no gastric effect 
was seen with exenatide LAR [94]. As a result, long-acting GLP-1 receptor agonists are less 
effective in controlling postprandial glucose excursions compared with short-acting agents 
[94].

Actions on Intestinal Motility and Absorption
After passing the stomach, intestinal glucose uptake is influenced by several factors, 
including intestinal motility, carbohydrate degradation, mucosal absorption and mesenteric 
blood flow [131]. First, small intestinal motility serves to expose intestinal lumen to chymal 
contents to facilitate digestion and absorption. Similarly to gastric emptying, an increase 
in small bowel motility by administration of the prokinetic agent cisapride increases 
glucose uptake [268], while reducing motility by ingesting dietary fibres reduces glucose 
uptake [269]. Since complex carbohydrates cannot pass the intestinal wall, degradation by 
glycoside hydrolases is needed. Disturbing this process, for example by administration of 
an α-glucosidase inhibitor, reduces glucose uptake [270]. Next, the importance of glucose 
absorption across the mucosa is demonstrated in animal studies, where the prime intestinal 
glucose transporter (sodium-glucose co-transporter-1) is inhibited, and glucose absorption 
is drastically reduced [271]. Finally, reduced blood flow of the superior mesenteric artery is 
associated with less glucose uptake [272].
GLP-1 and GLP-1 receptor agonists affect several aspects of intestinal physiology involved 
in glucose regulation. First, administration of pharmacological levels of GLP-1 or GLP-1 
receptor agonists reduce intestinal motility in rodents and humans in both the fasting and 
postprandial state [33,92,128,273]. In the fasting state, GLP-1 increases the cycling length 
of the migrating myoelectric complex, which is a predictable and recurring motor pattern 
and facilitates the propulsion of indigestible substances towards the colon [274]. In the 
postprandial state, GLP-1 reduces the electrical spiking activity, which reduces contractility 
and thus mucosa exposure to chyme. Second, exendin-4 increased mucosal mass in a study 
in rats, which may potentially affect glucose absorption [138]. Finally, it was shown that GLP-
1 infusion reduces duodenal and jejunal blood flow in healthy lean subjects [275].
The consequences of the intestinal effects of GLP-1 on glucose absorption have been 
studied in several studies, using 3-O methyl glucose (3-OMG) as marker of intestinal glucose 
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absorption [33,78,105,120]. While a reduction in 3-OMG uptake was observed with GLP-1-
infusion, the inhibitory effect on gastric emptying rate may have influenced these results 
in most studies [78,105,120]. Interestingly, in one placebo-controlled crossover study in 25 
critically ill patients in an intensive care unit without known diabetes, 11 patients showed 
no effect of intravenous GLP-1 on gastric emptying, probably because of low baseline gastric 
motility [120]. Nevertheless, in these subjects, GLP-1 still reduced 3-OMG uptake by ~65%, 
indicating a direct effect on intestinal glucose uptake. In a recent study in healthy volunteers 
and patients with T2DM, gastric emptying was bypassed by intraduodenal administration of 
3-OMG [33]. Here, exenatide reduced 3-OMG absorption by ~40%, compared with placebo, 
which was probably caused by suppression of small intestinal motility [33]. More studies 
are needed to understand whether this also occurs with other GLP-1 receptor agonists, and 
whether this effect is subject to tachyphylaxis.

Figure 3: Exogenous glucagon-like peptide (GLP)-1 stimulates hepatocyte mechanisms for glucose storage. GLP-1 
influences numerous downstream mediators of the insulin and glucagon signalling pathways, independent of in-
sulin and glucagon. Although not specifically investigated, these effects of exogenous GLP-1 are likely also induced 
by GLP-1 receptor agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors. (A) GLUT-2 expression is upregulated by 
GLP-1, thereby increasing glucose uptake in hepatocytes [251,302]. (B) Glucokinase levels are increased by GLP-1, 
thereby enhancing phosphorylation of glucose to glucose-6-P [279]. (C) Glycogen synthesis is stimulated by GLP-1 
through increased levels of glycogen synthase, thereby directing glucose 6-P towards storage in the form of gly-
cogen [205,280,281]. (D) Glycogen phosphorylase is decreased by GLP-1, thereby reducing glycogenolysis [251]. 
(E) Phosphoenolpyruvate carboxykinase (PEPCK) is inhibited by GLP-1, thereby reducing glycogenolysis [282]. (F) 
Activity of glucose 6-P-ase is decreased by GLP-1, thereby reducing the capacity to produce glucose from glucose 
6-P [282]. Abbreviations = Acetyl-CoA, Acetyl coenzyme A; Fructose 6-P, fructose-6-phosphate; Glucose 1-P, glucose-
1-phosphate; Glucose 6-P, glucose-6-phosphate; GLUT2, Glucose Transporter 2; PEPCK, Phosphoenolpyruvate 
carboxykinase



54

Chapter 3

Actions on Hepatic Glucose Metabolism
The liver plays a key role in glucose metabolism, by regulating glycogen storage and glucose 
production. Insulin stimulates glucose storage and suppresses hepatic glucose production, 
whereas high levels of glucagon induce glycogenolysis and gluconeogenesis. In T2DM, 
hepatic insulin resistance and hyperglucagonaemia lead to increased glucose production by 
the liver, even when blood glucose levels are high, contributing to hyperglycaemia in these 
patients [212].
The effects of GLP-1 on hepatocyte glucose metabolism are translated into decreased fasting 
hepatic glucose production, and increased hepatic postprandial glucose uptake, as assessed 
using stable isotope techniques during GLP-1 infusion [39,276,277]. The GLP-1 induced 
increase in insulin and decrease in glucagon secretion could be responsible for the observed 
hepatic effects; however, when the effects of GLP-1 on hormone secretion are blocked 
using a pancreatic clamp technique, and insulin, glucagon and growth hormone are infused 
to maintain steady physiological levels, GLP-1 still reduces hepatic glucose production by 
~25% in patients with T2DM [39,250]. Moreover, in glucagon-receptor knockout mice with 
streptozotocin-induced diabetes, additional knockout of the GLP-1 receptor leads to a 46% 
increase in hepatic glucose production [249]. To date, no study has directly compared the 
effects of GLP-1 during the physiological state (where insulin and glucagon can vary) and 
during a pancreatic clamp in order to quantify direct and indirect (i.e. through insulin and 
glucagon) effects of GLP-1 on hepatic glucose production; however, in two separate studies 
in healthy volunteers in which the same dose of GLP-1 (0.4 pmol/kg/min) or placebo was 
used, similar reductions in hepatic glucose production were observed during the pancreatic 
clamp and a setting in which insulin and glucagon could vary (27 and 25%, respectively) 
[39,278]. These data suggest direct hepatic effects of GLP-1 in healthy subjects, yet more 
direct comparative studies are needed to confirm these actions, especially in T2DM.
In several preclinical studies, direct hepatocyte activation by GLP-1 increases enzymes 
involved in glycogen synthesis [205,279–281], while reducing enzymes involved in glycolysis 
and gluconeogenesis [251,282], independently of insulin and glucagon (Figure 3). Combined, 
this leads to increased glycogen storage, and reduced glucose production. Whether these 
effects are caused by direct effects on hepatocytes or by vagal mediation is incompletely 
understood. Direct effects are suggested from a study in dogs, where infusion of GLP-1 
peptide in the portal vein and hepatic artery induces similar hepatic glucose uptake during 
pancreatic clamp [276]. Since GLP-1-sensitive vagal nerve endings are only located in the 
portal vein, this indicates that vagal mediation is probably not involved [276]. An alternative 
mechanism for glucose-lowering is through improvements in hepatic fat accumulation and 
insulin sensitivity. GLP-1 reduces hepatic lipogenesis and endoplasmic reticulum stress, 
while increasing fatty acid oxidation, leading to improved lipid metabolism and reduced 
fat accumulation in hepatocytes [205,283,284]. Because of these effects, GLP-1 receptor 
agonists are believed to have a role in the prevention or treatment of non-alcoholic fatty 
liver disease [285], a condition that is frequently associated with insulin resistance and 
T2DM. As non-alcoholic fatty liver disease or hepatic lipid accumulation is associated with 
decreased hepatic insulin-mediated glucose uptake [286], a GLP-1 induced improvement 
could have beneficial effects on glucose metabolism.
Clinical use of GLP-1 receptor agonists leads to similar effects on hepatic glucose metabolism 
as administration of GLP-1 peptide, although no studies have been performed during 
pancreatic clamp intervention. Acute administration of the GLP-1 receptor agonist exenatide 
increased postprandial hepatic glucose uptake by ~50% in patients with T2DM [287]. In 17 
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patients with T2DM, 2 weeks of treatment with the short-acting exenatide decreased fasting 
hepatic glucose production by ~20%, while insulin and glucagon levels did not change [288]. 
Similarly, treatment with the long-acting liraglutide for 1 week reduced fasting hepatic 
glucose production by ~10% [235]. These studies show the potential of improved hepatic 
glucose metabolism for long-term glycaemic control [235,288].

Clinical Considerations
In addition to their insulinotropic and glucagonostatic effects, currently available GLP-1 
receptor agonists seem to harbour important glucose-lowering effects through actions on 
gastric emptying rate, intestinal glucose absorption and hepatic glucose metabolism (Table 
1 and Figure 2). Indeed, it has been hypothesized that their effect on postprandial glucose 
excursions may largely depend on reductions in gastric emptying rate, rather than the effects 
on the endocrine pancreas [81]. The relative contribution of the effects on intestinal glucose 
absorption and hepatic glucose metabolism needs further quantification.
The glucose-lowering effects of GLP-1 receptor agonists are affected by their 
pharmacokinetic profile. As such, short-acting GLP-1 receptor agonists strongly reduce 
postprandial glucose excursions, probably by their pronounced effects on gastric emptying 
rate and intestinal glucose uptake, while concomitantly increasing hepatic glucose uptake. 
Although these agents suppress glucagon secretion upon meal ingestion, they have little 
effect on postprandial insulin secretion. Moreover, their short half-life precludes action in 
the fasting state. By contrast, long-acting GLP-1 receptor agonists have little to no effect 
on gastric emptying rate, probably because of continuous GLP-1 receptor activation and 
subsequent tachyphylaxis. Their modest effect on postprandial glucose excursions can be 
largely explained by actions on islet-cell function and hepatic glucose uptake; however, the 
chronic stimulation of insulin and reduction of glucagon secretion, combined with potential 
direct GLP-1-mediated effects on the liver, leads to reduced hepatic glucose production and 
consequent significant reductions in fasting glucose levels. 
The gastrointestinal glucose-lowering effects of GLP-1 receptor agonists, on top of 
their effects on islet-cell function, can be relevant in several clinical situations. First, the 
differences in gastrointestinal and islet effects between short- and long-acting GLP-1 receptor 
agonists allow tailoring treatment to individual needs. For instance, patients with T2DM 
predominantly affected by postprandial hyperglycaemia may benefit most from short-acting 
agents, whereas for patients with high fasting glucose levels, long-acting agents might offer 
greatest efficacy. Although head-to-head studies are scarce, long-acting GLP-1 receptor 
agonists have a more pronounced effect on glycated haemoglobin (HbA1c), compared with 
short-acting agents [13]. The reduction in HbA1c with liraglutide varies between 1.1 and 
1.8%, and with exenatide LAR this is 1.0–1.9% (all from a baseline HbA1c of 8–8.5%) [14–16]. 
By contrast, exenatide twice daily lowers HbA1c by 0.8–1.5%, and lixisenatide by 0.7–1.0% 
(Figure 4) [15–17].
Second, in patients in whom fasting glucose is successfully lowered with basal insulin therapy, 
yet where inadequate glycaemic control obligates treatment for postprandial glucose 
excursions, the gastrointestinal and islet effects of GLP-1 receptor agonists make them an 
attractive treatment alternative to prandial insulin. Indeed, a meta-analysis of several large 
clinical trials showed that GLP-1-based strategies lower hypoglycaemia risk, lead to a greater 
reduction in HbA1c, and reduce the total insulin dose in patients with T2DM, compared with 
adding prandial insulin to a basal regime [289]. Given their potency in lowering postprandial 
glucose, addition of a short-acting GLP-1 receptor agonist appears rational. In contrast, the 
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mainly fasting glucose reducing actions of long-acting agents are somewhat redundant in 
patients treated with basal insulin therapy. Nevertheless, because of the pharmacokinetic 
properties and dosing schedule of short-acting GLP-1 receptor agonists, strong postprandial 
glucose-lowering effects may control one or two meals a day, while weak postprandial effects 
of long-acting agents are effectuated continuously. Indeed, in a recent randomized study, 
8 weeks of treatment with lixisenatide once daily before breakfast improved glycaemic 
control to a similar extent to liraglutide once daily (both showing a reduction of ~0.6% in 
HbA1c) [239]. Because insulin glargine was continuously titrated to maintain similar fasting 
glucose levels in all treatment arms, only the postprandial effects of the short- and long-
acting GLP-1 receptor agonist were utilized in that study. Lixisenatide strongly reduced the 
postprandial glucose excursion after breakfast, while having no effect on glucose throughout 
the remainder of the day. In contrast, liraglutide slightly lowered glucose throughout the 
day. Further studies are required to determine how these agents are best combined with 
basal insulin therapy in T2DM.
Third, the β-cell independent glucose-lowering actions of GLP-1 receptor agonists make 
these antihyperglycaemic drugs clinically interesting for the treatment of patients with 
type 1 diabetes (T1DM). GLP-1 infusion lowers postprandial glucose by 45%, regardless 
of residual β-cell function, which was associated with prolongation of gastric emptying 
rate by ~250% [290]. In another study in patients with T1DM, continuous GLP-1 infusion 
reduced fasting glucose, without effect on insulin secretion [291]. In both studies, GLP-1 
infusion decreased glucagon levels by ~50% [290,291]. Long-term treatment with GLP-1 
receptor agonists in T1DM seems promising. In an uncontrolled study, 4-week liraglutide 
administration improved HbA1c and reduced insulin dose similarly in 10 patients who were 
C-peptide-positive and 19 who were C-peptide-negative [292]. In a randomized placebo-
controlled trial in patients without residual β-cell function, liraglutide reduced HbA1c with 
~0.8% and insulin dose with 12 units, without increasing hypoglycaemia risk after 12 weeks 

Figure 4: Effects of GLP-1 receptor agonists on glycaemic control. Effects of the short- and 
long-acting GLP-1 receptor agonists with marketing approval on glycated haemoglobin 
(HbA1c) levels. Numbers are based on results of the phase III clinical trial programmes, using 
the highest tolerable dose used in clinical practice (exenatide 10 μg twice daily, lixisenatide 
20 μg once daily, liraglutide 1.8mg once daily, exenatide LAR 2mg once weekly, albiglutide 
30mg once weekly, and dulaglutide 1.5mg once weekly) [14,15,17,303,304]. Abbreviations 
= BID, twice daily; LAR, long-acting release
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[293]. By contrast, in one 12-week and one 26-week randomized trial in patients with poorly 
controlled T1DM, liraglutide was not superior to placebo in reducing HbA1c [294,295]. In 
a large-sized phase III trial, including 1398 patients with T1DM, liraglutide reduced HbA1c 
and body weight compared with placebo, but was associated with increased hypoglycaemia 
risk. Based on the risk/benefit assessment, the drug manufacturer does not intend to 
submit an application to expand the label of liraglutide for use in patients with T1DM [296]. 
Nevertheless, studies using other long-acting agents, as well as short-acting agents, are 
ongoing to assess the clinical potential and glucose-lowering mechanisms of these drugs 
in T1DM.
The combination of the glucose-lowering islet and gastrointestinal effects of GLP-1 receptor 
agonists can induce hypoglycaemia. This adverse event can occur with both short- and 
long-acting GLP-1 receptor agonists. A recent mechanistic study showed that GLP-1 peptide 
infusion blunts the increase in gastric emptying rate during hypoglycaemia [105], which is a 
physiological phenomenon that normally accelerates intestinal glucose transit and uptake. 
This effect of GLP-1 could be mimicked by short-acting GLP-1 receptor agonists, and could 
theoretically prolong and worsen hypoglycaemic episodes. Long-acting agents continuously 
stimulate insulin release, thereby also increasing the risk of hypoglycaemia; however, the 
hypoglycaemia risk between short- and long-acting agents is quite similar, and is mainly 
dependent on concomitant glucose-lowering therapy. Only minor hypoglycaemia rates of 
~5% are reported with GLP-1 receptor agonist therapy in metformin-treated T2DM, while 
rates range between 10 and 40% in patients on sulphonylurea or insulin background therapy. 
Likely, lixisenatide has the lowest hypoglycaemia risk (~2.5%), probably because of its very 
short duration of action [297]. No evident differences exist between other, short- and long-
acting, GLP-1 receptor agonists [94,123,297,298].
Apart from the different effects on glucose-lowering, the unique pharmacokinetic 
characteristics of short- and long-acting agents also lead to differential gastrointestinal 
adverse effect profiles. Most notably, nausea, probably caused by a decrease in gastric 
emptying rate combined with activation of neuronal nausea centres [114], occurs in up 
to 40% of patients with T2DM who recently initiated short- or long-acting GLP-1 therapy. 
Nausea prevalence drops faster with long-acting compared with short-acting GLP-1 receptor 
agonists [123,150], and symptoms remain present in 9% with short-acting and 3% with 
long-acting agents after 26 weeks of treatment [94,123]. Vomiting is also more frequent 
with short-acting agents, affecting ~10% of patients with T2DM that initiated therapy 
[94,123,150], but subsides after prolonged treatment. In contrast, diarrhoea seems to occur 
more frequently with long-acting GLP-1 receptor agonists, for reasons not yet understood 
[150,239]. Importantly, drop-out rates in clinical trials, both overall and specifically as a result 
of adverse effects, are similar for short- and long-acting agents, generally not exceeding 15% 
[94,123,239]. These rates are believed to be higher in clinical practice, in which time and 
resources for patient support and follow-up are limited. Self-reported treatment satisfaction 
is higher with long-acting agents [123,299]. 
Finally, the gastrointestinal effects of GLP-1 receptor agonists may not be favourable in all 
patients with T2DM. For example, the inhibiting effect of these drugs on gastric motility could 
reduce absorption kinetics or even pharmacodynamics of orally administered co-medication. 
Caution is warranted when patients have co-mediation with a narrow therapeutic window 
[300]. Additionally, in patients in whom gastric emptying rate is already reduced, additional 
decrements could theoretically increase the incidence of adverse effects (i.e. nausea and 
vomiting), although the degree of gastric inhibition by GLP-1 receptor agonists seems to 
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depend on baseline gastric emptying rate [120]. This should be considered in patients with 
(early) diabetic gastroparesis, but also in patients with reduced gastric motility attributable 
to, for example, renal insufficiency (uraemia, autonomic neuropathy) or to Parkinson’s 
disease (involvement of intestinal motility nuclei) [301]; however, evidence is very limited, 
and more clinical data are needed to assess the safety and efficacy of short- and long-acting 
GLP-1 receptor agonists in these specific patient populations.

Conclusion
Mounting evidence suggests that the glucose-lowering effects of GLP-1 receptor agonists are 
not solely mediated by effects on pancreatic islet-cells. Reduced gastric emptying, intestinal 
motility, intestinal glucose uptake and hepatic glucose uptake and production seem to 
be equally important in clinical practice. Whereas short-acting GLP-1 receptor agonists 
predominantly reduce gastric emptying rate, thereby principally improving postprandial 
hyperglycaemia, long-acting agents mainly increase insulin and reduce glucagon secretion, 
with additional direct inhibitory effects on hepatic glucose production, leading to both 
fasting and, to a lesser extent, postprandial glucose control. Collectively, these differential 
extra-islet actions allow individualized GLP-1 receptor agonist therapy in T2DM, and may 
even improve glycaemic control in diabetes patients with little or no residual β-cell function.

Search Strategy
A PubMed and Google search was performed using combinations of the following 
search terms: ‘GLP-1’, ‘GLP-1 receptor agonists’, ‘short-acting’, ‘long-acting’, ‘incretin’, 
‘enterogastrone’, ‘gastrointestinal glucose disposal’, ‘insulin secretion’, ‘beta cell function’, 
‘glucagon secretion’, ‘vagus’, ‘gastric emptying’, ‘intestinal’, ‘motility’, ‘absorption’, ‘liver’, 
‘hepatic’, ‘glucose metabolism’, ‘adverse effects’, ‘glycaemic control’, ‘hypoglycaemia’, ‘type 
2 diabetes’, and ‘type 1 diabetes.’ These keywords were used as single search terms and in 
combinations. The search was limited to English-, Dutch- and German-language abstracts, 
full-text articles and other relevant online material, without time restrictions. Human and 
animal studies, systematic reviews, meta-analyses and personal opinions were allowed. 
Reference lists were hand searched for additional material of interest.
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Abstract

Aims
To investigate the effect of infusion of the glucagon-like peptide-1 (GLP-1) receptor agonist 
exenatide on exocrine pancreatic function.

Materials and Methods
This was a randomized, placebo-controlled, double-blind, crossover study in 12 male patients 
with type 2 diabetes, treated with oral glucose-lowering agents. On two separate occasions, 
exenatide or placebo (saline 0.9%) were administered intravenously, in randomized order. 
Exocrine pancreatic function was measured using secretin-enhanced magnetic resonance 
cholangiopancreatography. The primary outcome measure was defined as secretin-
stimulated pancreatic excretion volume. Secondary outcome measures were maximum 
secretion speed and the time to reach this maximum. In addition, changes in pancreatic 
duct (PD) diameter were measured. 

Results
Exenatide did not change secretin-stimulated pancreatic excretion volume, as compared with 
placebo (mean±standard error of the mean 142.2 ± 15.6 mL vs 142.6 ± 8.5 mL, respectively; 
p=0.590). Also, exenatide did not change the maximum secretion speed (33.1 ± 1.4 vs 36.9 
± 2.2; p=0.221), nor the time to reach this maximum (both 4 min 30 s). No differences in PD 
diameter were observed between the two groups.

Conclusions
Infusion of exenatide did not directly influence MRI-measured exocrine pancreatic excretion 
in patients with type 2 diabetes. Although long-term studies are warranted, these findings 
suggest that potential adverse pancreatic effects of GLP-1 receptor agonists are not mediated 
by changes in exocrine pancreatic secretion.
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Introduction
Ever since the marketing approval of glucagon-like peptide-1 (GLP-1) receptor agonists as 
treatment for type 2 diabetes (T2DM), concerns have been raised regarding an association 
with the development of acute pancreatitis [305]. Early data from adverse event reporting 
systems [23] and administrative database case–control studies [22,306] showed an increased 
incidence of pancreatitis. Long-term treatment mildly increases serum lipase and amylase 
levels [157,158], but the clinical implications of this finding are unclear. Similar observations 
were made in animal studies. In several rat models, the GLP-1 receptor agonists exenatide 
and liraglutide induced ductal cell proliferation and pancreatitis [159,307,308]. In contrast, 
recent larger database studies [29,309], a meta-analysis [179] and a randomized clinical 
trial with the GLP-1 receptor agonist lixisenatide [310] did not find an increased risk of 
pancreatitis in patients taking a GLP-1 receptor agonist. Moreover, in a variety of animal 
models, GLP-1-based therapies in up to 240 times the normal dose did not cause any adverse 
pancreatic effects [31,311–313]. Thus, current data are conflicting. So far, no clinical study 
has focused on the possible underlying pathophysiological mechanisms for GLP-1 receptor 
agonist-induced pancreatitis.
It is known that GLP-1 reduces pancreatic exocrine secretion [35,152]. Mechanistic data 
from alcohol-induced pancreatitis studies suggest that inhibition of exocrine secretion is 
part of the complex pathophysiology of acute pancreatitis [314–316]; thus, a GLP-1 receptor 
agonist-induced decrease in exocrine secretion may explain a possible association between 
these drugs and pancreatitis. In the present study, we aimed to investigate the short-term 
effect of the GLP-1 receptor agonist exenatide on exocrine pancreatic secretion in patients 
with T2DM.
Several aspects of exocrine secretion can be assessed. Acinar cells produce digestive 
enzymes, including proteases, lipase and amylase, which can be measured in duodenal 
aspirate. Pancreatic ductal cells produce bicarbonate, which induces osmotic fluid 
production. Excretion of this fluid into the duodenum can be measured non-invasively, by 
validated MRI techniques [317]. Infusion of the gastrointestinal peptide secretin facilitates 
this assessment, by stimulating bicarbonate production [318]. Secretin-enhanced magnetic 
resonance cholangiopancreatography (s-MRCP) has good reproducibility in healthy 
volunteers and thus allows the study of the acute effects of exenatide on exocrine secretion 
[319].

Materials and Methods
This was a randomized, placebo-controlled, double-blind, crossover study, in which the 
GLP-1 receptor agonist exenatide or placebo was infused. The study was approved by the 
local ethics review board, registered at clinicaltrials.gov (NCT01744236), and conducted 
in accordance with the Declaration of Helsinki and the International Conference on 
Harmonization of Good Clinical Practice. All participants provided written informed consent 
before participation.

Participants
We recruited 12 Caucasian male patients with type 2 diabetes. Inclusion criteria were: 
treatment with a stable dose of metformin and/or sulphonylurea derivatives for at least 3 
months; glycated haemoglobin (HbA1c) of 6.5–9.0% (48–75mmol/mol); age between 35 and 
75 years; and a BMI of 25–40 kg/m2. Exclusion criteria were: previous treatment with insulin 
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or GLP-1-based therapies; a history of pancreatic, hepatic, renal (estimated glomerular 
filtration rate <60 mL/min/1.73m2) or cardiovascular disease; allergy to any of the test 
substances; and inability to undergo MRI scanning.

Study Protocol
Each participant underwent three MRI sessions (with at least 5-day intervals, to allow wash-
out of study drugs). After an overnight fast, participants were instructed to refrain from 
taking medication and report to the clinical research unit of our Diabetes Center VUMC at 
07:30 hours. An intravenous catheter was placed into an antecubital vein, for intermittent 
blood sampling and continuous drug administration (Figure 1). On the first day, a baseline 
MRI scan was performed, which was later compared with the placebo scan, to confirm good 
reproducibility of the measured variables in this cohort. Subsequently, the two intervention 
visits were performed in randomized order. Randomization took place with a block size of 
four, using an online randomization tool (http://randomization.com).
Because exenatide-placebo pens for subcutaneous administration were not available, study 
drugs were administered intravenously, thereby allowing blinding of both participants 
and study personnel. The intravenous solution was prepared and administered by an 
independent physician, and either contained exenatide (AstraZeneca, London, UK), or 
an equivalent volume of saline 0.9% (placebo). Using an MRI-compatible infusion pump 
(MRidium 3850 MRI IVpump; IRadimed, Winter Park, FL, USA), an exenatide-loading dose 
of 50 ng/min was administered for 30 min, followed by continuous infusion at 25 ng/min. 
This schedule was chosen because it yields exenatide plasma levels within the therapeutic 
range (130–150 pg/mL), has similar pharmacokinetics to subcutaneous injection, and is well 
tolerated [59,320]. 
After 55 min, participants received 300 mL of oral ferumoxsil suspension (Lumirem®, Guer-
bet, Gorinchem, The Netherlands), as negative contrast agent. This cancels out signals from 
the stomach and duodenum, thereby increasing pancreatic duct (PD) visibility and enabling 
assessment of the outcome variable. The MRI protocol commenced 60 min after the start 
of the intervention..

Outcome Measures
Post-secretin pancreatic secretion volume was used as the primary outcome measure [321]. 
Secondary outcome measures were the maximum secretion rate, changes in PD diameter, 
the time to reach maximum secretion rate and maximum PD diameter. Effects of exenatide 
on blood glucose and pancreatic enzyme levels were also measured. Additionally, day-to-
day and intra-observer reproducibility of the MRI technique were assessed.

MRI Protocol
The MRI protocol was performed by a trained research physician on a 1.5-T MRI system, using 
a phased-array bodycoil (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany). All 
participants were in a supine position with their arms beside their body. The MRI protocol 
consisted of the following sequences: 1) coronal and transversal T2-weighted half-Fourier 
acquisition single-shot turbo spin-echo (T2-HASTE), to determine pancreatic morphology 
and total secreted fluid volume; 2) coronal heavily T2-weighted 3D fast Spin-Echo (TSE3D), 
a high-detail magnetic resonance cholangiopancreatography (MRCP) sequence to assess PD 
morphology; and 3) coronal heavily T2-weighted T2-HASTE, a thick-slab MRCP sequence to 
measure secretion rate and PD diameter (all MRI sequences are shown in Figure 1C).
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The protocol started with the T2-HASTE, TSE3D MRCP-sequence and T2-HASTE thick-slab 
MRCP sequence to assess general pancreas and PD morphology (Figure 1A). Subsequently, 
1CU/kg of secretin (Secrelux®, Sanochemia Diagnostics, Vienna, Austria) was administered 
intravenously by hand for 60 s, after which the thick-slab MRCP sequence was repeated 
every 30 s for 10 min, in order to assess post-secretin maximum pancreatic exocrine 
secretion speed and changes in PD diameter. After 10 min, the T2-HASTE sequences were 
repeated, to measure post-secretin total secreted volume.

Image Analysis
All images were transferred for analysis to a diagnostic workstation with a NEC MDview 193 
monitor (Formex Medical, Gouda, The Netherlands). The software programs used were Onis 
version 2.4 (DigitalCore Co., Tokyo, Japan) and Sante DICOM Editor version 3.1 (Santesoft 
LTD, Athens, Greece). Analyses were performed by an experienced radiologist (ICP) and 
clinical research physician (MMS), who were blinded to treatment allocation. MRI images 
were evaluated in duplicate, to calculate intra-observer variation of the outcome measures 
(Supplemental Table 1).

Post-Secretin Pancreatic Secretion Volume: On the post-secretin coronal T2-HASTE image, a 
region of interest (ROI) was drawn on each slice, directly around any visible fluid (hyperdense 
signal) in the duodenumand proximal jejunum [321–323]. Per slice, the ROI (cm2) was 

Figure 1: Study design and MRI protocol. Schematic overview of the study design (A), the intervention 
randomisation (B) and MRI sequences (C). Abbreviations = BH, breath hold; Cor, coronal; MRCP, magnetic resonance 
cholangiopancreatography; PD, pancreatic duct; T2-HASTE, T2-weighted half-Fourier Acquisition Single-Shot Turbo 
Spin-Echo; TE, echo time; TR, repetition time; Trans, transversal; TS-MRCP, thick-slab MRCP; TSE3D, T2-weighted 
3D fast Spin-Echo.
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multiplied by the slice thickness, to obtain volumes (mL). The interslice volume gaps were 
interpolated, by using the mean of the adjacent images, corrected for interslice thickness. 
The sum of all individual volumes was used for statistical analysis.

Secretion Speed: One ROI was drawn around the duodenum and proximal jejunum and 
superimposed on the pre-secretin and all post-secretin coronal thick-slab MRCP images 
[321,322]. The mean ROI signal intensity was plotted over time, and the maximum secretion 
speed was derived from the slope [321,322]. Additionally, the time to reach Matos-3, 
meaning duodenal filling beyond the inferior duodenal genu, was noted [324]. Reaching 
Matos-3 is a validated marker for exocrine pancreatic secretion [324].

Pancreatic Duct Diameter: The maximum PD diameter was measured on each thick-slab 
MRCP image (pre- and post-secretin) in the head or neck region, using the same position 
within each participant for all scans and interventions [317]. Also, the time to reach the 
post-secretin maximum diameter was noted.

Laboratory Measurements
On the day of the blank MRI scan, venous blood was drawn and analysed for fasting glucose 
(glucoquant-hexokinase), HbA1c (high-performance liquid chromatography), lipase and 
amylase (enzymatic techniques in accordance to the International Federation of Clinical 
Chemistry [IFCC]), hepatic enzymes (enzymatic IFCC), triglycerides and total cholesterol 
(colorimetric method), and HDL cholesterol (third generation HDL cholesterol reagent; Table 
1). LDL cholesterol was calculated using the Friedewald formula. During the intervention 
visits, plasma glucose was measured at set time points, using a Hemocue 201+ (HemoCue, 
Zoetermeer, The Netherlands). Serum lipase and amylase levels were additionally 
determined after 90 min of exenatide and placebo infusion.

Variable total (n=12)
Age (years) 60.1 ± 7.4
BMI (kg/m2) 32.0 ± 4.1
Waist circumference (cm) 111.8 ± 8.9
Fasting plasma glucose (mmol/L) 8.5 ± 1.5
HbA1c (%) 7.4 ± 0.7
HbA1c (mmol/mol) 57.8 ± 8.1
AST (U/L) 24.2 ± 7.4
ALT (U/L) 39.9 ± 24.1
y-GT (U/L) 67.0 ± 16.9
ALP (U/L) 59.1 ± 46.4
Lipase (U/L) 42.8 ± 14.9
Amylase (U/L) 49.4 ± 19.2
Total cholesterol (mmol/L) 3.9 ± 1.3
HDL cholesterol (mmol/L) 0.9 ± 0.2
LDL cholesterol (mmol/L) 1.9 ± 0.6
Triglycerides (mmol/L) 2.2 ± 1.3

Table 1: Baseline Characteristics. Data are presented as means ± SD. Abbreviations = ALP, alkaline phosphatase, 
ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index, HDL, high-density lipoprotein; LDL, 
low-density lipoprotein; y-GT, gamma-glutamyltransferase
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Sample Size, Data Management and Statistical Analysis
A sample size calculation was performed before the start of the study, based on the acute 
effect of GLP-1 peptide infusion on exocrine pancreatic function, as measured using 
duodenal aspiration in healthy males [35]. With a crossover design, an α of 0.05, and 
power (1-β) of 80%, we calculated that 12 participants would be needed to observe a 40% 
change (standard deviation 35%) in our primary outcome measure (post-secretin pancreatic 
secretion volume).
All data were double-entered into an electronic data management system (OpenClinica 
LLC, version 3.3, Waltham, MA, USA) and then exported to the study database. Baseline 
characteristics are presented as means ± standard deviation, while continuous endpoint 
data are presented as means ± standard error of the mean (SEM). If case variables showed 
a non-Gaussian distribution, log-transformation was applied. A paired samples t-test was 
used to compare continuous variables. Discrete ordinal variables are presented as medians 
(interquartile range), and a Wilcoxon rank signed test was used for statistical analyses. Intra-
observer and day-to-day variation were calculated as coefficients of variation, Spearman’s 
correlation coefficient, intra-class correlation and Cronbach’s α. A p-value <0.05 was taken 
to indicate statistical significance. All tests were performed using SPSS version 20.0 for 
Windows (IBM SPSS Inc., Chicago, IL, USA).

Figure 2: Effect of exenatide on post-secretin 
total secreted volume in patients with type 2 
diabetes. Illustration of secretin-induced effects on 
the coronal T2 HASTE image (A and B). (A) Before 
secretin administration. (B) Ten minutes post-secretin 
administration. A region of interest is drawn around 
the hyperdense area, representing excreted pancreatic 
fluid in the proximal duodenum and jejunum. (C) Effects 
of intravenous placebo and exenatide on post-secretin 
total secreted volume (mean ± SEM).
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Results
Baseline Characteristics
All 12 participants completed the study protocol between June 2014 and January 2015, 
without adverse events. Their mean age was 60.1 ± 7.4 years, BMI 32.0 ± 4.1 kg/m2 and 
HbA1c 7.4 ± 0.7% (57.8 ± 8.1 mmol/mol; Table 1). All participants used metformin, while five 
additionally used a sulphonylurea derivative.

Pancreatic Parameters
There was no statistical difference in secretin-stimulated pancreatic excretion volume 
between exenatide and placebo (142.2 ± 15.6 mL and 142.6 ± 8.5 mL, respectively; p=0.590; 
Figure 2). No differences were observed in maximum secretion speed (exenatide 33.1 ± 1.4; 
placebo 36.9 ± 2.2; p=0.221; Figure 3) and time to reach this maximum speed (exenatide 
median 4 min 30 s; placebo median 4 min 30 s; p=0.096). Pancreatic fluid filled beyond the 
inferior duodenal genu (Matos 3) after a median of 7 min 30 s during exenatide infusion and 
6 min during placebo infusion (p=0.919).
The exenatide-induced decrease in gastric emptying prevented adequate passage of the 
oral negative contrast agent to the duodenum (Figure 3L) [87]. Consequently, the proximal 
intestinal signal intensity was higher with exenatide, as compared with placebo (23.9 ± 3.6 
and 15.5 ± 1.4, respectively; p=0.028). Although given to enhance PD visibility, decreased 
contrast passage in the exenatide group did not affect image quality or PD diameter 
assessment.
The maximum PD diameter did not differ between the exenatide and placebo group (4.9 ± 
0.15 and 5.1 ± 0.3 mm, respectively; p=0.385 (Figure 3M)). The secretin-induced increase 
in PD diameter was similar in both groups (exenatide 176.6 ± 18.7%; placebo 160.6 ± 7.0%; 
p=0.590 (Figure 3)), as was the median time to reach this maximum diameter (exenatide 5 
min; placebo 4 min; p=0.310). 
Day-to-day variation of our primary endpoint was 9.2% and for the secondary endpoints 
ranged from very low (7.5% for maximum PD diameter) to acceptable (15.5% for post-
secretin maximum secretion speed). Intra-observer variation was low for all variables 
(<5.1%). See Supplemental Table 1 for detailed information. 

Laboratory Measurements
After 90 min of exenatide infusion, lipase levels were lower than after placebo infusion 
(36.6 ± 3.6 and 39.9 ± 3.7 U/L, respectively; p=0.042), while no difference in amylase levels 
was observed between the two groups (49.1 ± 5.4 and 51.0 ± 6.0 U/L, respectively). Mean 
glucose levels decreased after exenatide infusion, to 6.5 ± 0.5 mmol/L at the start of the 
MRI-protocol, and to 6.0 ± 0.7 at the end of the MRI-protocol (p=0.007, compared with pla-
cebo (Figure 4)). One patient developed hypoglycaemia during exenatide infusion (glucose 
2.9 mmol/L), but had no clinical symptoms.

Discussion
The present study is the first to investigate the direct effect of GLP-1 receptor agonist 
infusion on exocrine pancreatic secretion in patients with type 2 diabetes. Intravenous 
administration of exenatide did not alter any of the measured outcome variables. These 
data suggest that GLP-1 receptor agonists do not have a have a major, direct, inhibiting 
effect on exocrine pancreatic function.
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Figure 3: Exocrine pancreatic fluid secretion over 
time. In the upper panel, sequential images of 
pancreatic secretion during secretin-enhanced 
magnetic resonance cholangiopancreatography 
(MRCP). (A) Before secretin administration. (B–K) 
Each min post-secretin infusion. Lower panel, 
differences between effects of exenatide and 
placebo on: (L) signal intensity, representing 
secretion speed (mean ± SEM); (M) pancreatic 
duct diameter (mean ± SEM); and (N) time to 
reach Matos-3 (duodenal filing beyond the inferior 
duodenal genu)(median with interquartile range).

In studies examining the pathophysiology of alcoholic pancreatitis, it has been hypothesized 
that both increased and decreased pancreatic exocrine secretion render the pancreas 
susceptible to inflammation [315,316]. Increased secretion could elevate ductal pressure, 
whereas a reduction could enhance protein plug formation, leading to PD obstruction 
[315,316]. In addition, both increased and decreased secretion induce activation of 
zymogens, generally considered to be a pathophysiological factor in the development 
of pancreatitis; therefore, our observed lack of exenatide-induced changes in exocrine 
pancreatic function is reassuring.
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An increasing amount of evidence suggests pancreatic safety with GLP-1 receptor agonists. 
A recent controlled study with exenatide demonstrated no effect on exocrine pancreatic 
histology (in baboons) [31]. Moreover, the largest case–control study to date found no 
adverse effects of exenatide [29]. The present finding that exenatide has no effect on 
exocrine secretion underlines these studies; however, these short-term outcomes cannot 
be extrapolated to chronic use. For example, acute GLP-1 administration increases, whereas 
prolonged intervention reduces systolic blood pressure [325]. Importantly, pancreatic 
adverse effects are likely to present after longer intervention. For instance, six out of seven 
pancreatitis cases in liraglutide users occurred after >6 months of treatment [326]; thus, to 
establish pancreatic safety, more mechanistic data are of importance to investigate a causal 
link, while larger clinical trials are ongoing to establish long-term safety [30].
Exenatide may influence exocrine function directly, by affecting ductal or acinar cells, or 
indirectly, through vagal inhibition or decreased secretin or cholecystokinin release [35,91]. 
In the present study, indirect effects were bypassed by stimulating pancreatic excretion with 
secretin. This may explain why other studies observed GLP-1 infusion to reduce pancreatic 
secretion of lipase, amylase and chymotrypsin after a meal or amino acid infusion, which 
allow indirect effects [35,152]. A study in isolated perfused porcine pancreata endorses our 
findings, as GLP-1 did not alter directly stimulated pancreatic exocrine secretion [155].
Several other factors may have influenced our outcomes. First, we used the GLP-1 receptor 
agonist exenatide, which is only 53% homologous to native GLP-1, and may have different 
effects. For example, GLP-1 decreases gastric acid secretion while exenatide does not [327]. 
Second, with secretin-induced MRI, the effect on bicarbonate-induced fluid excretion 
is measured, while previous studies measured secreted enzyme levels; however, both 
equally represent pancreatic exocrine function and are strongly correlated [328,329]. 
Furthermore, bicarbonate production has a high sensitivity to detect reduced exocrine 
function in pancreatic disorders [330]. Lastly, glucose-lowering actions of exenatide could 
have influenced the present findings while this was not an issue in previous studies, because 
GLP-1 infusion was combined with a meal [35,152]. Hypoglycaemia increases exocrine 
pancreatic secretion, even when pancreatic secretion is already stimulated by high-dose 
secretin infusion [331]; however, only one participant experienced hypoglycaemia during 
exenatide infusion, and exclusion of this participant did not change results (data not shown), 
suggesting no interaction of glycaemic effects.
In the present study, exenatide infusion resulted in a discreet decline in serum lipase levels, 
for which we lack an explanation. This is in contrast with other studies, which observed an 

Figure 4: Blood glucose levels during the study. 
Effects of exenatide and placebo infusion on 
blood glucose levels (mean ± SEM). The asterisk 
(*) indicates a statistical significant difference (p 
<0.05) between outcomes.
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increase in enzyme levels after prolonged treatment with GLP-1 receptor agonists [157,158]. 
We acknowledge, however, that this observation depends on a single measurement, which 
introduces the risk of measurement error. Future studies are needed to further investigate 
the effects of GLP-1 receptor agonists on lipase and amylase levels, both in the acute and 
long-term setting.
We only tested one possible hypothesis, linking GLP-1 receptor agonists and pancreatitis. 
However, s-MRCP only assesses ductal secretion, while clinical evidence also suggests that 
GLP-1 receptor agonists affect acinar cells. Future studies should additionally assess this 
aspect of exocrine secretion. Moreover, apart from an altered exocrine secretion, several 
other changes in pancreatic physiology and structure are known to increase the risk of 
pancreatitis, including ductal obstruction, reduced tissue perfusion and activation of pro-
inflammatory cytokines. Indeed, Butler et al postulated that GLP-1 receptor agonists increase 
pancreatic ductal cell replication [305], which leads to distorted ducts, obstructed flow and 
chronic pancreatitis. Our direct intervention study was not able to test this hypothesis, but 
prolonged s-MRCP studies are ongoing to address this issue (e.g. NCT01744236).
The use of s-MRCP has several advantages and disadvantages. This technique strongly 
correlates with the ‘gold standard’, assessment of duodenal-aspirate (R 0.946) [332], without 
being invasive. Also, we have confirmed that day-to-day and intra-observer variability are low 
[319] and in line with physiological fluctuations in pancreatic secretion [333]. Additionally, 
s-MRCP allows assessment of the PD calibre. Clinically, s-MRCP has a sensitivity of 69–92% 
and specificity of 71–90% to detect exocrine pancreatic insufficiency [334]. Importantly, a 
study using s-MRCP showed a reduction in exocrine secretion after somatostatin infusion, 
illustrating that this technique is able to capture acute changes [335]; however, s-MRCP 
has not been validated in patients with T2DM, who are known to have altered pancreatic 
exocrine function compared with healthy subjects [336].
The present study has some limitations. First, the results rely on a relatively small sample 
size. The power calculation was based on a previous study in humans, which observed a 
substantial decrease of 40% [337]. The difference we found, however, was only 0.3%. To 
verify such minor changes, a study in >35 000 patients would be needed. Second, while 
exenatide is normally injected subcutaneously, we chose the intravenous route, to allow 
blinding in the absence of placebo pens; however, the used dosing scheme was proven 
to yield therapeutic exenatide levels, without changing pharmacokinetics [59,320]. Finally, 
only male participants were tested, to increase homogeneity in this small sample, which 
makes the results less generalizable.

In conclusion, no major reduction in pancreatic exocrine secretion was observed after 
exenatide infusion in male patients with T2DM. This finding does not support the concept 
that potential pancreatic adverse effects of GLP-1 receptor agonists are caused by changes 
in exocrine pancreatic function; however, further long-term clinical studies are needed to 
fully clarify the effects of GLP-1 receptor agonists on pancreatic function and structure in 
humans.
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Supplemental Data

Day-to-Day variation

Parameter CV (%) Correlation (r) ICC Cronbach’s α

Total pancreatic fluid secretion 9.2% 0.800 0.770 0.870

Maximal secretion speed 15.5% 0.555 0.476 0.645

Baseline PD diameter 10.5% 0.552 0.389 0.561

Maximal PD diameter 7.5% 0.830 0.858 0.923

Increase in PD diameter 10.4% 0.200 0.363 0.533

Intra-Observer variation

Parameter CV (%) Correlation (r) ICC Cronbach’s α

Total pancreatic fluid secretion 2.3% 0.953 0.978 0.989

Maximal secretion speed 5.1% 0.936 0.888 0.941

Baseline PD diameter 4.2% 0.924 0.918 0.957

Maximal PD diameter 2.2% 0.954 0.965 0.982

Increase in PD diameter 3.9% 0.943 0.928 0.963

Supplemental Table 1: Day-to-Day and Intra-Observer Variation. Variation is calculated as coefficient-of-variation 
(CV), expressed in percentage, Spearman correlation-coefficient (r), intra-class correlation (ICC, two-way mixed) 
and Cronbach’s alpha. For day-to-day variation, the blank and placebo-stimulated measurements were used. 
For the intra-observer variation, the blank and placebo-stimulated measurements were analysed in duplicate. 
Abbreviations; CV, coefficient of variation; PD, pancreatic duct.
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Treatment of type 2 diabetes mellitus (T2DM) with glucagon-like peptide (GLP)-1 receptor 
agonists leads to a modest increase in fasting plasma pancreatic enzyme levels, i.e. lipase 
and amylase [30,338]. The relevance of this observation is currently unknown, although 
GLP-1 receptor agonists have been linked to the development of pancreatitis [30]. The rate 
by which these enzymes increase remains largely unstudied. To date, the earliest observed 
enzyme increment is 4 weeks after drug initiation, while elevated levels are sustained during 
prolonged treatment [30,338]. In vitro, native GLP-1 increases amylase secretion from 
isolated pancreatic acinar cells within 30 min [339], suggesting that the effect is immediate; 
however, in a recent study by Sonne et al. [340], liquid meal-stimulated endogenous GLP-1 
(reaching two to three times fasting GLP-1 levels) did not raise plasma lipase or amylase 
levels in people with T2DM within 4 h. Whether plasma concentrations of therapeutic 
GLP-1 receptor agonist increase pancreatic enzyme levels acutely in the clinical setting 
remains unclear. In the present study, we measured plasma lipase and amylase during i.v. 
administration of the GLP-1 receptor agonist exenatide in people with T2DM.

A detailed description of the design of this double-blind, placebo-controlled trial has 
been reported previously [341]. Briefly, 57 patients with T2DM (mean ± SD age 62.8 ± 
6.9 years, BMI 31.8 ± 4.1 kg/m2, HbA1c, 56 ± 7 mmol/mol (7.3 ± 0.6%), diabetes duration 
7.8 ± 4.9 years)) were randomized to exenatide (AstraZeneca, London, UK) or placebo 
(isotonic saline). Exenatide was administered i.v., with a loading dose of 50 ng/min in 30 
min, followed by continuous infusion of 25 ng/min, which is known to achieve steady-
state plasma concentrations within the therapeutically relevant range (130–150 pg/mL) 
[234]. Plasma lipase and amylase were measured at baseline (~150 min before the start of 
intervention), and repeatedly during intervention in both the fasting state and after a high-
fat mixed meal (905.7 kCal; 50 g fat, 36.8 g protein and 75 g carbohydrates), using enzymatic 
colorimetric assays (Modular Analytics; Roche Diagnostics GmbH, Mannheim, Germany). 
Statistical analyses were performed using linear mixed models, which inherently correct for 
the multiple time points tested.

Lipase and amylase levels were in the normal range at baseline (mean ± SEM lipase 44.6 ± 3.3 
U/L and amylase 50.7 ± 2.4 U/L) and showed a similar initial decrease in both intervention 
groups (between-group difference p>0.05; Figure 1). Thereafter, plasma amylase levels 
showed an increase during exenatide infusion, but not during placebo infusion. After 280 
min infusion, amylase was significantly higher with exenatide compared with placebo (4.7 
± 1.4 U/L; p=0.001). Amylase levels in individual participants did not exceed 3x the upper 
limit of normal (maximum value was 110 U/L). Neither exenatide nor placebo had an effect 
on plasma lipase levels.

We show for the first time that the GLP-1 receptor agonist exenatide increases amylase 
levels within hours after treatment initiation. The exact mechanisms by which exenatide 
increased amylase cannot be concluded from the present study; however, increased plasma 
pancreatic enzyme levels can be caused by acinar secretion or leakage. Because in vitro data 
show that GLP-1 induces amylase secretion [339], it is likely that the increase in amylase 
in the present study was caused by augmented secretion. Also, in case of acute cellular 
damage with exenatide-infusion, a combined increase in amylase and lipase would be 
expected [342], arguing against damage in the present study.
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An initial decrease in both lipase and amylase levels was observed. This could be explained 
by circadian rhythm, because the baseline measurement and the first intervention 
measurement were separated by 3 h. Intraday variability has been shown in a canine study 
[343], and importantly, is not affected by feeding status. The fact that meal ingestion, and 
release of endogenous GLP-1, has no effect on pancreatic plasma enzymes underlines our 
findings and those of Sonne et al [340]. However, the exenatide-induced increase in amylase 
occurred after the test meal. Whether this increase would have occurred without a test-
meal remains speculative, although levels tended to rise before meal ingestion. Further 
studies are needed to determine the clinical relevance of these modest pancreatic enzyme 
elevations, and whether these increases are modulated by food intake.

Figure 1: Effects of exenatide- and placebo-infusion on plasma lipase and amylase levels. Effects of exenatide 
(circles, solid line) and placebo (squares, dashed line) on changes in plasma lipase and amylase concentrations, pre- 
and postprandial. The high-fat mixed meal was given 155 min after start of intervention. The asterisk (*) indicates 
a statistically significant difference (p<0.05) between the treatment groups at that time point.
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Abstract

Aims
To assess the mechanistic effects of the glucagon-like peptide (GLP)-1 receptor agonist 
liraglutide and dipeptidyl peptidase (DPP)-4 inhibitor sitagliptin on (exocrine) pancreatic 
physiology and morphology.

Materials and Methods
For this randomized, double-blind, parallel-group trial, 55 patients with type 2 diabetes 
treated with metformin and/or sulphonylurea agents were included. Participants received 
liraglutide 1.8 mg (n = 19), sitagliptin 100 mg (n = 19), or matching placebos (n = 17) once 
daily for 12 weeks. The primary end point was change in exocrine function (intraduodenal 
pancreatic fluid secretion, lipase activity, faecal elastase-1, and chymotrypsin). Secondary 
end points included changes in plasma enzyme concentrations and pancreatic morphology 
(per MRI).

Results
No patient developed pancreatitis. Sitagliptin increased intraduodenal pancreatic fluid 
secretion by 16.3 mL (95%-CI -0.3 to 32.9; p=0.05), whereas liraglutide did not change 
exocrine pancreatic function. Neither therapy increased lipase/amylase levels after 12 
weeks. However, liraglutide increased lipase levels after 6 weeks (23.5 U/L [95%-CI 2.1 to 
44.8]; p=0.03) and sitagliptin increased amylase levels after 2 and 6 weeks (13.7 U/L [95%-CI 
3.4 to 23.9]; p=0.03). Both drugs increased plasma trypsinogen after 12 weeks (liraglutide: 
34.6 mg/mL [95%-CI 15.1 to 54.2], p=0.001; sitagliptin: 23.9 mg/mL [95%-CI 4.9 to 42.9], 
p= 0.01). Neither changed pancreatic morphology, although liraglutide tended to increase 
pancreatic volume (7.7 cm3 [95%-CI -1.2 to 16.6]; p=0.09). Treatment-induced volume 
expansion was associated with increased amylase levels.

Conclusions
A 12-week treatment with liraglutide or sitagliptin only resulted in a brief and modest 
increase of plasma pancreatic enzyme concentrations in patients with type 2 diabetes. Apart 
from a minimal sitagliptin-induced increase in intraduodenal fluid secretion, pancreatic 
exocrine function was unaffected. The long-term clinical consequences of these discrete 
changes require further study.
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Introduction
Glucagon-like peptide (GLP)-1 based drugs, that is GLP-1 receptor agonists and dipeptidyl 
peptidase (DPP)-4 inhibitors, are increasingly prescribed for the management of type 2 
diabetes (T2DM) [8]. A decade after drug-approval, however, the long-term pancreatic 
safety of these antihyperglycemic drugs is still not fully established [344]. 
Shortly after their introduction, sporadic cases of acute pancreatitis were described for GLP-
1 receptor agonists [345], and a study using an adverse event reporting system found strong 
associations with acute pancreatitis and pancreatic cancer for both drug classes [23]. These 
warnings led to numerous studies evaluating potential risks. Several administrative database 
studies demonstrated an association between GLP-1–based drugs and acute pancreatitis 
[22,344]. Also, in experimental animal models, GLP-1–based therapies induced pancreatitis, 
ductal cell proliferation, and premalignant lesions [305]. A recent meta-analysis of three 
large-scale, randomized, placebo-controlled trials with DPP-4 inhibitors demonstrated a 
modest, yet significant, increase in acute pancreatitis risk (risk ratio 1.8; 95-CI 1.1 – 2.8) 
[346]. However, many other studies were neutral, including database studies, clinical 
trials, and animal studies [344,347]. For example, the largest observational database study, 
including 12,868 patients, did not find an increased risk of pancreatitis [29]. Prospective 
studies of pancreatic cancer are lacking, given the low prevalence and long exposure 
required to develop this condition. However, a recent case-control study did not find an 
increased pancreatic cancer risk compared with sulphonylurea derivatives [348].
Human mechanistic studies could support the debate on pancreatic safety, but, to date, the 
pancreatic effects of these drugs have been selectively investigated, with a focus on endocrine 
physiology. To determine pancreatic safety requires a broader view, one encompassing three 
complementary aspects: 1) plasma enzyme concentrations, as a marker of inflammation or 
leakage; 2) parameters representing pancreatic exocrine function, such as intraduodenal 
lipase activity, pancreatic fluid secretion, and faecal pancreatic enzyme concentrations; 
and 3) morphological features, including pancreatic volume, degree of steatosis, and main 
pancreatic duct (MPD) diameter [349]. So far, only effects on plasma lipase and amylase 
concentrations have been studied, providing consistent evidence of a drug-induced increase 
[157,338,350]. The current study was designed to perform an integrated assessment of 
the effects of the GLP-1 receptor agonist liraglutide and the DPP-4 inhibitor sitagliptin on 
pancreatic physiology and morphology in type 2 diabetes.

Materials and Methods
This was a 12-week, randomized, placebo-controlled, double-blind, parallel-group 
intervention trial in which subjects received the GLP-1 receptor agonist liraglutide (Novo 
Nordisk A/S, Bagsvaerd, Denmark), the DPP-4 inhibitor sitagliptin (Merck&Co, Kenilworth, 
NJ), or matching placebos. The study was carried out at the Diabetes Center of the VU 
University Medical Center. The protocol has previously been described in detail [341]. 
The study was approved by the ethics review board of the VU University Medical Center 
(approval number 2012/391), registered at clinicaltrials.gov (NCT01744236), and conducted 
in accordance with the Declaration of Helsinki and the International Conference on 
Harmonization of Good Clinical Practice. All patients provided written informed consent 
before participation.
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Participants
Fifty-six Caucasian patients with T2DM were recruited by newspaper advertisements. 
Inclusion criteria were age 35–75 years (women had to be postmenopausal, defined as no 
menses for >1 year); HbA1c 6.5–9.0% (48–75 mmol/mol); using a stable dose of metformin 
and/or a sulphonylurea derivative for at least 3 months; and a BMI of 25–40 kg/m2. Exclusion 
criteria were treatment with insulin or GLP-1–based therapy; history of pancreatic, hepatic, 
renal (estimated glomerular filtration rate <60 mL/min/1.73 m2), or cardiovascular disease; 
allergy to any of the test substances; and inability to undergo MRI.

Treatment and Randomization
The trial pharmacist randomized patients using computer-generated numbers. Patients were 
assigned in a 1:1:1 ratio, with a block size of six, to receive liraglutide 1.8 mg, sitagliptin 100 
mg, or placebo. Both patients and trial physicians were blinded to study group assignments. 
Novo Nordisk provided pens prefilled with liraglutide or placebo, and ACE Pharmaceuticals 
B.V. (Zeewolde, the Netherlands) encapsulated sitagliptin or placebo tablets. Study drugs 
were taken once daily, in the evening. Liraglutide (and placebo) injections were started at a 
dose of 0.6 mg for the first week, 1.2 mg for the second week, and 1.8 mg for the remaining 
10 weeks. In the case of drug intolerance, time between doses could be extended and/or 
the dose could be reduced. After completion of the study, compliance was established for 
by counting of the study drugs [351]. 

Study Endpoints
The primary end point was first defined as changes in faecal elastase-1. Later, it was 
expanded to include other exocrine pancreatic function tests: intraduodenal lipase activity 
(13C-mixed triglyceride [MTG] breath test), pancreatic fluid secretion (secretin-enhanced 
magnetic resonance cholangiopancreatography), and faecal chymotrypsin concentrations. 
This adaptation was made because the faecal elastase-1 test is not considered to be sensitive 
enough to detect minor changes. The protocol was adjusted well before the statistical 
analyses were conducted (see the Supplementary Material). Secondary end points included 
plasma lipase, amylase, and trypsinogen concentrations; urine trypsinogen concentrations; 
and morphological features (pancreatic volume, steatosis, MPD diameter), as evaluated by 
MRI. In addition, gastric emptying (acetaminophen absorption test) was measured.

Study Procedures and Data Collection
End points were measured after a 4-week run-in period. Blood was drawn at baseline and 
after 2, 6, and 12 weeks of treatment. Stool and urine were collected at baseline and after 12 
weeks. Also, at both time points, two study visits were planned for the 13C-MTG breath test 
and acetaminophen absorption test on one day and MRI on another (in random order). For 
each visit, patients were instructed to arrive in a fasted state and withhold all medication, 
except metformin. Study medication was taken the evening before the study visit. (The 
assessment techniques are described in detail in the Supplementary Material).

Faecal Enzymes
Patients received a kit containing sample tubes and were carefully instructed in collection 
and storage. Within 2 days, samples were frozen at -20 °C until determination of elastase-1 
(ELISA-techniques, normal value >200 μg/g), whereas chymotrypsin concentrations were 
measured within 7 days (colorimetric method, normal value >3 U/g).
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Plasma and urine enzymes
Plasma lipase (pancreas-specific, normal value <70 U/L) and amylase (α-amylase, measuring 
pancreatic and salivary amylase, normal value <100 U/L) were measured using standardized 
enzymatic techniques, according to the International Federation of Clinical Chemistry. 
Plasma and urine trypsinogen were determined by sandwich ELISA (normal values unknown 
for plasma, urine <50 ng/mL).

13C-MTG and acetaminophen test visit
Before this visit, subjects were instructed not to take any products that are naturally 
enriched with 13C for 2 days. Upon arrival, blood (acetaminophen concentrations) and 

Figure 1: Study Flowchart and Baseline Characteristics. Data are presented as means ± SD for continuous data, 
and number (percent of total) for count data. Using ANOVA and Chi-square tests, no statistically significant be-
tween-group differences were observed. *: history of any type of cholelithiasis; † triglyceride levels > 11 mmol/L; 
‡: any class 1 or 2 drug as described by Badalow et al [365], mainly comprising ACE-inhibitors, statins and proton 
pump inhibitors. Abbreviations: BMI, body mass index; BP, blood pressure.
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breath (13C) samples were collected. Subsequently, a mixed meal (420 kCal, 22.4 g fat, 38.6 
g carbohydrates, and 14.6 g protein) containing 250 mg 13C-MTG (Euriso-Top, Saint-Aubin 
Cedex, France) and 1.5 g liquid acetaminophen (62.5 mL Daro Paracetamol; Remark Groep, 
Rogat, the Netherlands) was consumed within 15 min. Breath samples were collected every 
30 min for 6 h, and blood samples were taken every 30 min for 3 h. Biochemical analysis 
techniques are described in the Supplementary Material.

MRI scanning and analysis
The MRI protocol has been described previously [352]. In short, after administering 300 mL 
of oral ferumoxsil suspension (Lumirem; Guerbet, Gorinchem, the Netherlands), a contrast 
agent that enhances pancreatic duct visibility, imaging was performed using a 1.5-T MRI 
system (Magnetom Avanto; Siemens Healthcare, Erlangen, Germany). First, scans were 
acquired in the unstimulated state. Subsequently, 1 CU/kg of secretin (Secrelux; Sanochemia 
Diagnostics, Vienna, Austria) was administered intravenously over 60 s, after which imaging 
was repeated to assess secretin-induced bicarbonate and fluid production. 
Images were analyzed using dedicated software, Onis version 2.4 (DigitalCore Co., Tokyo, 
Japan) and Sante DICOM Editor version 3.1 (Santesoft LTD, Athens, Greece). Signs of 
pancreatitis were evaluated [353]. As detailed in the Supplementary Material, pancreatic 
volume, fat content, total pancreas-secreted volume, secretion speed, time to reach 
Matos-3 (filling beyond the inferior duodenal genu), and MPD diameter were measured.

Glycaemic control
Glucose and HbA1c were measured at baseline and after 12 weeks of treatment, using the 
Gluco Quant-hexokinase method on a Modular P (Roche Diagnostics, Basel, Switzerland), 
and high-performance liquid chromatography, respectively.

Sample Size, Data Management and Statistical Analysis
The sample size was calculated as the primary outcome measure, based on an acute 
intervention study [35], in which GLP-1 peptide infusion reduced pancreatic exocrine 
function by 40% (SD 35%). With a parallel-group design, an α of 0.05, and power (1 - β) of 
80%, we needed 13 participants per group, comparing liraglutide or sitagliptin with placebo. 
To account for dropouts, and to increase the power to find smaller changes, we included 20 
participants per group. 
All data were double-entered into an electronic data management system (OpenClinica 
version 3.3; OpenClinica LLC, Waltham, MA) and exported to the study database. Baseline 
characteristics are presented as means ± SDs. End point data are presented as placebo- 
corrected means with 95%-CIs or, in the case of a non-Gaussian distribution, as medians 
(interquartile ranges). To test treatment effects versus placebo, multivariable regression 
models (for singly measured continuous data) and linear mixed models (for repeatedly 
measured continuous data) were used in the per-protocol population. Treatment with 
liraglutide or sitagliptin was added to the model as the dummy variable, thereby integrally 
correcting for multiple use of the placebo group. In addition, corresponding baseline 
variables were added as covariates to correct for baseline differences. When variables 
demonstrated a non-Gaussian distribution, log-transformation was applied. In linear 
mixed-model analyses, time was added as a fixed factor. The outcome of interest was the 
intervention-by-time interaction. A Mann-Whitney U test was performed for end points for 
which the time to reach an event was measured on an ordinal scale (for example, time to 
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Figure 2: Pancreatic exocrine function. Figure 2A) lipase activity after 12 weeks of treatment, as measured by 
the 13C-mixed triglycerides (MTG) breath test. The left panel shows the recovered percentage of the adminis-
tered 13C-MTG dose per hour, whereas the right panel shows the total recovered percentage of the administered 
13C-MTG dose. Figure 2B) intraduodenal pancreatic fluid, as measured by secretin-stimulated MRI-scans. The left 
panel shows the total pancreas-secreted volume, and the right panel shows the maximal secretion speed. Figure 
2C) faecal enzyme levels. The left panel shows elastase-1 and the right panel shows chymotrypsin. An asterisk (*) 
indicates a significant (p≤0.05) effect of treatment versus placebo. Abbreviations: MTG, mixed triglycerides; MRI-
scan, magnetic resonance imaging scan.

reach Matos-3). Finally, correlation analyses were performed between treatment-induced 
changes in enzyme levels, exocrine function, and MRI parameters using the Spearman 
correlation technique. All analyses were performed using SPSS 22.0 (IBM/SPSS Inc., Chicago, 
IL), and a two-sided p-value ≤0.05 was considered to be statistically significant.
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Results
Subject Characteristics and General Treatment Effects
Between July 2013 and August 2015, 56 participants were randomized: 19 to liraglutide, 20 
to sitagliptin and 17 to placebo (Figure 1). In the sitagliptin-group, one patient withdrew from 
the trial because of adverse events (dizziness and pollakiuria). In the liraglutide group, dose 
reduction was applied in one patient to 0.6 mg. Drug compliance was similar for patients 
treated with liraglutide (mean proportion of taken pens 101.6% and pills 98.9%), sitagliptin 
(pens 100.1%, pills 98.6%) and placebo (pens 100.9%, pills 98.7%); none of the subjects 
had compliance <90%. Baseline characteristics were similar in the three groups (Figure 1). 
HbA1c improved with both liraglutide (placebo-corrected mean difference -1.3% [95%-CI 
-0.9 to -1.7]; p<0.001) and sitagliptin (-0.8% [-0.4 to -1.2]; p=0.001). Moreover, liraglutide 
and sitagliptin decreased fasting glucose by -1.7 mmol/L (-0.8 to -2.6; p=0.001) and 1.8 
mmol/L (-0.8 to -2.7; p<0.001), respectively. Liraglutide tended to reduce body weight (-1.7 
kg [-3.6 to 0.3]; p=0.09), while sitagliptin was weight neutral (-0.9 kg [-2.7 to 1.0]; p=0.37). 
Gastrointestinal side effects (nausea, diarrhea) were reported by 12 patients on liraglutide, 
two patients on sitagliptin and no patients on placebo treatment. Other (minor) adverse 
effects were experienced equally in the treatment groups. No cases of pancreatitis were 
observed. 

Pancreatic Exocrine Function
After 12 weeks of treatment, lipase activity, measured as cumulative 13C-recovery, was 
similar to that of placebo (liraglutide -0.4% [95%-CI -4.9 to 4.3], p=0.88; sitagliptin -1.5% 
[-6.1 to 3.0], p=0.50, Figure 2A). Maximal 13C-recovery speed and time were also unaffected. 

Figure 3: Plasma enzyme levels. * indicates a signifi-
cant (p≤0.05) effect of treatment versus placebo
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Figure 4: Pancreatic morphology, as assessed by MRI-scan. Comparison of values at baseline and after 12 weeks 
of treatment with liraglutide, sitagliptin or placebo of A) pancreatic volume; B) steatosis; C) pre-secretin MPD; 
and E) maximal secretin-induced change in MPD diameter. Abbreviations: MPD, main pancreatic duct; MRI-scan, 
magnetic resonance imaging scan.

Sitagliptin increased the total secreted pancreatic fluid volume (16.3 mL [-0.3 to 32.9], 
p=0.05), partly driven by a decrease with placebo-treatment, whereas liraglutide had no 
effect (-0.2 mL [-16.8 to 16.5], p=0.99)(Figure 2B). Neither drug changed the maximal 
secretion speed (Figure 2B) or time to reach maximal secretion speed or Matos-3 (data 
not shown). Faecal elastase-1 concentrations were not affected by either liraglutide (+152.1 
µg/g [-383.8 to 688.1]; p=0.58) or sitagliptin (+196.8 µg/g [-324.6 to 718.2]; p=0.46)(Figure 
2C). Also, faecal chymotrypsin concentrations in both treatment groups were similar to 
placebo after 12 weeks, although after 2 weeks, an increase was observed with sitagliptin 
(11.9 U/g [-0.1 to 24.0], p=0.05). 

Plasma and Urine Enzyme Levels
After 12 weeks, no differences in plasma lipase concentrations were observed between the 
GLP-1 based treatment groups and placebo, although a trend towards higher concentrations 
in the sitagliptin group was found (placebo-corrected increase of 17.7 U/L [95%-CI -3.1 to 
38.4], p=0.10, Figure 3). In addition, at 6 weeks, lipase concentrations were significantly 
higher with liraglutide than placebo (23.5 U/L [2.1 to 44.8]; p=0.03). Plasma amylase 
concentrations were no different from placebo after 12 weeks of treatment. However, 
liraglutide tended to increase amylase after 6 weeks (10.3 U/L [-0.2 to 20.9], p=0.06), whereas 
in the sitagliptin group, amylase concentrations were higher than placebo at weeks 2 and 
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6 (13.7 U/L [3.4 to 23.9], p=0.03; and 11.8 U/L [1.5 to 22.2], p=0.01, respectively). Plasma 
trypsinogen concentrations were higher with both drugs after 12 weeks of treatment, 
compared with placebo (liraglutide 34.6 µg/mL [15.1 to 54.2], p=0.001; and sitagliptin 23.9 
µg/mL [4.9 to 42.9], p=0.01). These increases already reached significance after 2 weeks of 
treatment. Neither drug increased urinary trypsinogen >50 ng/mL.

Pancreatic Morphology
No signs of pancreatitis (oedema, infiltration) were present on MRI after 12 weeks. 
Pancreatic steatosis was not significantly altered by liraglutide (-2.4% [95%-CI -6.4 to 1.6], 
p=0.24), but was reduced by sitagliptin (-4.2% [-8.1 to -0.3], p=0.04). A modest trend toward 
increased pancreatic volume was seen with both liraglutide (7.7 cm3 [-1.2 to 16.6], p=0.09) 
and sitagliptin (6.8 cm3 [-1.9 to 15.6], p=0.12, Figure 4), compared with placebo. The MPD-
diameter (before and after secretin stimulation) did not differ between treatment groups 
and the placebo group (Figure 4). 

Other Analyses
In an analysis of all treatment groups combined, a change in pancreatic volume was 
associated with an increase in amylase levels (R 0.353, p=0.01), but not lipase levels (R 
0.111, p=0.45) (Supplemental figure S1). Finally, liraglutide or sitagliptin did not change 
gastric emptying, as measured by the maximal acetaminophen concentration (Cmax), time to 
reach the maximal acetaminophen concentration (Tmax) and AUC, compared with placebo 
(Supplemental figure 2).

Discussion
In T2DM patients, 12 weeks of treatment with the GLP-1 receptor agonist liraglutide or the 
DPP-4 inhibitor sitagliptin induced a modest increase in trypsinogen levels. No significant 
increase in amylase or lipase levels was found after 12 weeks, although liraglutide transiently
increased lipase and sitagliptin transiently increased amylase. Sitagliptin decreased steatosis 
and marginally increased pancreatic exocrine fluid secretion. No other morphological or 
functional changes were observed.
The transient increase in plasma enzyme concentrations in the earlier weeks of the 
intervention confirms the results of many observational studies and randomized clinical 
trials [157,338,350]. We show that this increase occurs after 2 weeks and also includes 
trypsinogen. In contrast to a recent trial, in which the same dose of liraglutide elevated lipase 
and amylase levels for up to 56 weeks [338], our enzyme increase was not sustained. This 
may be explained by fluctuations in lipase and amylase levels during GLP-1–based treatment, 
as was shown in several prolonged intervention studies [157,338,350]. Alternatively, 
effects on these enzyme levels may wane over time. We cannot explain why the increase 
in trypsinogen levels was sustained while the increases in lipase and amylase levels were 
transient. One reason could be the ability of acinar cells to differentially secrete these 
enzymes, as illustrated by the influence of nutrients on enzyme composition. While dietary 
lipids predominately stimulate lipase, carbohydrates induce more amylase secretion [354]. 
GLP-1 potentially stimulates trypsinogen secretion more than it does the other enzymes.
While liraglutide had no effect on pancreatic exocrine function, sitagliptin modestly increased 
secretin-stimulated pancreatic fluid secretion after 12 weeks, without having any effect on 
intraduodenal lipase activity or faecal enzyme concentrations. Secretin-enhanced magnetic 
resonance cholangiopancreatography assesses ductal bicarbonate and fluid secretion, 
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whereas the other two parameters measure acinar enzyme secretion, which could explain 
the observed difference. Alternatively, the effect of sitagliptin may only be present after 
maximal pancreatic stimulation, as is induced by secretin infusion. Also, since pancreatic 
duct cells express DPP-4, local inhibition by sitagliptin may alter intracellular processes, 
thereby increasing bicarbonate secretion [355]. The meaning of the transient increase in 
faecal chymotrypsin concentrations after 2 weeks of sitagliptin is unclear; this effect was 
not paralleled by the more sensitive faecal elastase-1 test. This temporarily higher level 
may have been caused by the large day-to-day variation (~30%) of chymotrypsin [329]. 
Also, DPP-4 is known to degrade chymotrypsin, and thus reduced intestinal degradation 
as a result of DPP-4 inhibition may have added to the tendency of sitagliptin to increase 
faecal chymotrypsin concentrations [356]. Notably, the effects of sitagliptin on bicarbonate 
secretion and chymotrypsin were small and the 95% CI wide.
The lack of an effect by liraglutide treatment on exocrine secretion is in contrast with several 
previous studies in which infusion of GLP-1 instantly decreased meal-stimulated exocrine 
secretion up to 40% [35,155]. In those studies, however, the effect of GLP-1 was likely caused 
by a reduction in gastric emptying, which reduces duodenal acidity and nutrient loading, 
both of which are important triggers of pancreatic secretion. Long-acting liraglutide has no 
effect on gastric emptying after prolonged intervention [344], as also demonstrated in the 
current study, which explains why we observed no effect on the meal-stimulated 13C-MTG 
breath test parameters. Short-acting GLP-1 receptor agonists retain their gastric inhibitory 
effect [344]; therefore the results of this test may have been different if a short-acting agent 
had been used. Importantly, however, the current data confirm our previous finding that 
the GLP-1 receptor agonist exenatide does not affect secretin-stimulated intraduodenal 
pancreatic fluid secretion [352]. Secretin infusion bypasses the effect of GLP-1 on gastric 
emptying, and the direct effect of GLP-1 on pancreatic exocrine secretion can be measured. 
Since neither acute exenatide [352] nor 12-week liraglutide affected secretin-stimulated 
pancreatic secretion, it is unlikely that GLP-1 (receptor agonists) has direct effects on 
pancreatic secretion.
Using MRI techniques, we found no significant changes in pancreatic morphology after 
either treatment. However, pancreatic volume tended to increase with liraglutide and, to a 
lesser extent, with sitagliptin. Pancreatic volume may be expanded by cellular hyperplasia/
hypertrophy, increased steatosis, or oedema. We did not observe the latter two conditions, 
although discrete changes may have been missed on MRI. In animal studies, an increase 
in pancreatic weight was found after treatment with a GLP-1 receptor agonist [347,357]. 
A study of mice demonstrated that 14 days of treatment with the GLP-1 receptor agonists 
exendin-4 or liraglutide increased pancreatic weight by stimulating acinar protein production 
without inducing changes in ductal or islet cells [357]. Increased acinar productivity can 
induce cellular growth and thus increase both plasma enzyme concentrations and pancreatic 
volume, which may explain our observed correlation between changes in amylase levels and 
pancreatic volume, and the tendency of liraglutide to increase pancreatic volume.
The reduction of pancreatic steatosis with sitagliptin is of interest. Pancreatic steatosis is a 
relatively unexplored phenomenon with an unknown pathophysiology. However, because 
it has been associated with beta-cell dysfunction, exocrine insufficiency, acute pancreatitis 
severity, and pancreatic fistula after pancreatic surgery [358], further study should assess 
whether this modest decrease in pancreatic fat content has clinical relevance.
In this study, increases in plasma enzyme concentrations and exocrine fluid secretion were 
not accompanied by clinical signs or symptoms of pancreatitis. The implications of these 
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modest changes remain speculative. Elevations in enzyme levels caused by GLP-1–based 
drugs do not predict pancreatitis events, and enzyme levels rapidly normalize after treatment 
cessation [359]. On the other hand, an analogy may exist with cerulein-induced pancreatitis, 
whereby high-dose cerulein induces acute pancreatitis and a lower dose causes cellular 
injury and, eventually, chronic pancreatitis [360]. In turn, chronic inflammation may lead 
to pancreatic cancer [360]. In this context, the modest increase in exocrine secretion with 
sitagliptin may support the findings of a recent meta-analysis demonstrating an increased 
risk of acute pancreatitis with DPP-4 inhibitors [346]. Large-scale prospective data on GLP-
1 receptor agonists do not suggest pancreatic adverse effects [184,361,362]. Evidence of 
pancreatic cancer risk is hampered by a lack of long-term studies.
This study has several limitations. First, the study has a relatively small sample size. 
Importantly, this mechanistic trial was not designed to assess pancreatic adverse events, 
which would require a much larger study population and longer follow-up. The power 
calculation was based on a study demonstrating an acute and profound inhibition of exocrine 
secretion [35], and was supported by studies demonstrating extensive inhibitory effects of 
GLP-1 on other proximal gastrointestinal organs. However, the effects in the current study 
were not as strong as expected, creating risk of type 1 and 2 errors. Second, while the study 
population is representative of patients with diabetes who receive GLP-1–based therapies 
in a clinical setting, we did not assess patients at high-risk of developing pancreatic adverse 
events. It has been suggested that pancreatic adverse events occur more readily in patients 
with previous pancreatic damage or with risk factors such as alcoholism or a family history 
of pancreatic disease [363]. Third, in this study, most subjects used metformin, which could 
have attenuated effects; an animal study showed that pancreatic adverse effects of GLP-
1–based therapies were ameliorated by concomitant use of metformin [161]. Fourth, the 
observed lowered glucose may have affected potential effects of GLP-1–based therapies on 
the exocrine pancreas [364]. However, while interesting from a mechanistic point of view, 
the net effect is more important clinically. Finally, we did not measure exocrine function 
by duodenal aspiration, which is considered the gold standard test. Because of the large 
reserve capacity of the exocrine pancreas, only profound changes can be measured. Thus, 
more subtle fluctuations may not have been captured.

In conclusion, in this comprehensive study of patients with T2DM, treatment with a GLP-
1 receptor agonist or a DPP-4 inhibitor increased serum trypsinogen concentrations after 
12 weeks, but not lipase or amylase concentrations. Furthermore, our study suggests 
an association between treatment- induced changes in plasma enzyme concentrations 
and pancreatic volume expansion. Pancreatic exocrine function was unaffected, with the 
exception of exocrine fluid secretion, which was stimulated by sitagliptin. It seems unlikely 
that these subtle changes will induce pancreatitis after long-term treatment, but this 
requires further study. 
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Supplemental Data

Supplemental figure 1: Correlations between treatment-induced changes in pancreatic volume and changes in 
enzyme concentrations. A) Amylase; and B) Lipase. * indicates a significant (p≤0.05) correlation.

Supplemental figure 2: Gastric emptying. Panel A) acetaminophen levels before 12-week intervention; Panel B) 
acetaminophen levels after 12 weeks of treatment; Panel C) maximal postprandial acetaminophen levels before 
and after 12-week intervention; Panel D) area under the curve for the postprandial acetaminophen levels before 
and after 12-week intervention. Abbreviations: AUC, area under the curve; Cmax, maximal concentration; PCM, 
paracetamol (acetaminophen).
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Supplemental Methods ("Test Battery")

To determine pancreatic changes, three complementary aspects were evaluated; plasma 
enzyme levels, as a marker for inflammation or leakage; parameters representing 
pancreatic exocrine function, such as faecal enzyme levels, intra-duodenal lipase activity 
and bicarbonate secretion; and morphological features, such as pancreatic volume, degree 
of steatosis and main pancreatic duct (MPD) diameter [349]. The primary endpoint was 
defined as the difference in pancreatic exocrine function between baseline and 12-weeks 
of treatment [341]. Originally, we operationalized this endpoint as the measurement 
of faecal elastase-1; given the reliability of this test, and the availability at our research 
centre. However, over time, we came to appreciate that measurement of intra-duodenal 
lipase activity and bicarbonate secretion are more sensitive tests to detect smaller changes. 
Moreover, for this mechanistic study, where the main aim was to understand the effects 
of GLP-1 based therapies on the exocrine pancreas, it would be beneficial to have more 
information on exocrine pancreatic function. We therefore decided to operationalize the 
primary endpoint as the combination of all exocrine function tests. 
These aspects were measured at the following time points:

Supplemental figure 3: Study test schedule

Faecal Enzymes
Subjects received a collection kit, containing faeces containers with a scoop in the screw-
top, gloves, cold packs and a Styrofoam casing. Patients were instructed to empty their 
bladder before defecation, in order to avoid urine contamination. The sample was then 
collected using a technique to prevent contamination, for example by placing a bucket in 
the toilet bowl, or by spreading a clean newspaper over the rim of the toilet. Samples were 
then placed in the screw-top container, and stored in a dark and cool place. Samples were 
transported to the clinical research unit in Styrofoam containers with cold packs, in order 
to avoid exposure to heat and direct sunlight. All samples were delivered to the clinical 
research physicians within 2 days of collection. 
Within 7 days of collection, one faeces sample was analyzed for chymotrypsin levels. Analyses 
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were performed using a colometric method, with an intra-assay variation of 2.7%, and an 
inter-assay variation of 3.1%. Reproducibility for chymotrypsin is 30%, when assessed with 
10 consecutive faeces samples [329]. Compared to the gold standard secretin-caerulein 
test, the sensitivity to diagnose exocrine insufficiency ranges from 65 to 76% (sensitivity 
increases with progressive pancreatic exocrine insufficiency), and specificity 89%, when 
using a chymotrypsin cut-of value of 3 U/g [329,366].
One sample was stored at -20 °C for analysis of elastase-1 levels. To prevent protein 
degradation, maximum storage time was set at 1 year, ultimately leading to 2 measurement 
moments to analyze all samples. Elastase-1 was measured using Enzyme Linked 
ImmunoSorbent Assay (ELISA)-techniques, with an intra- and inter-assay variation of 6.5% 
and 7.6%, respectively. The reproducibility for elastase-1 is 15% (10 consecutive samples) 
[329]. Compared to gold-standard secretin-caerulein test, the sensitivity to diagnose 
exocrine insufficiency ranges from 65 to 100% (sensitivity increases with progression of 
pancreatic exocrine insufficiency), with a specificity of 93%, using a cut-of value of 200 μg/g 
[329,366]. 

Blood and Urine Enzymes
Blood was drawn using standardized venipuncture techniques at baseline, and after 2, 6 
and 12 weeks of treatment. Heparin samples were instantly analyzed for plasma lipase and 
amylase levels, using standardized enzymatic colorimetric assays (Modular Analytics; Roche 
Diagnostics GmbH), according to the International Federation of Clinical Chemistry (IFCC). 
The lipase-assay was pancreas-specific, also including co-lipase, and had an intra- and inter-
assay variation of 0.7% and 3.7%, respectively. The amylase-assay also measured salivary 
amylase, and had an intra- and inter-assay variation of 0.9% and 1.9% respectively. Normal 
values for lipase and amylase were considered <70 U/L and <100 U/L, respectively. 
Furthermore, at baseline, and after 2 and 12 weeks, serum and urine was collected for 
determination of trypsinogen levels. Blood was drawn in clotting tubes, centrifuged at 3500 
RPM for 10 min, at 4 °C. Both serum and urine were then stored at -80 °C. Subsequently, 
sandwich ELISA was used for testing. Capture and detection antibodies were purchased 
from Medix Biochemica (Espoo, Finland). Human recombinant Trypsinogen 2 served as a 
standard (Medix Biochemica, Espoo, Finland). Intra- and inter-assay coefficients of variation 
were 6.7% and 8.5%, respectively.

13C-Mixed Triglycerides Breath Test
The 13C-MTG breath test measures the digestive function of the pancreatic lipase enzyme. 
Lipase hydrolyses 13C-triglycerides to 13C-free fatty acids and 13C-glycerol, which are absorbed 
by intestinal mucosa. During metabolism, 13C is incorporated into 13CO2 (carbon dioxide), and 
subsequently exhaled. When lipase activity is reduced, less 13C-triglyceride is degraded and 
absorbed, leading to lower breath 13CO2 levels. The 13C-MTG breath test is not influenced by 
other lipases (including lingual and gastric) or mucosa adsorption surface [367].
Prior to the 13C-Mixed Triglycerides (MTG) breath test, subjects were instructed not to 
take any products that are naturally enriched with 13C, such as corn, cane sugar, pineapple 
and tequila, for two days. After an overnight fast, subjects withheld all medication apart 
from metformin, until the test day was over. Subjects received a test meal of two slices 
of whole wheat bread, 20 g butter and 250 mL semi-skimmed milk (420 kCal, 22.4 g fat, 
38.6 g carbohydrates and 14.6 g protein). The butter was mixed with 250 mg of 13C-mixed 
triglycerides (chemical name: 2-octanoyl(1-13C)-1,3-distearyl glycerol), which was 
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purchased from Euriso-Top (Saint-Aubin Cedex, France). The chemical purity exceeded 
99.5% (high-performance liquid chromatography) and isotopic enrichment was 99.4% (gas 
chromatography-mass spectrometry), according to the certificate of analysis provided by 
the manufacturer. All tests were performed using 13C-MTG from the same batch, well within 
the expiration date. 
Breath samples were taken in duplicate before ingestion of the test meal, and every 30 min 
for 6 h after the meal [368,369]. Breath samples were collected by asking patients to hold 
their breath for 10 s, and then steadily exhaling through a straw into a 12 mL gas collection 
tube (Exetainer®, Labco Limited, Lampeter, United Kingdom), which was immediately 
tightened with a air-tight plastic cap as soon as condensation appeared on the inside wall 
of the vial [370]. In order to minimize variation throughout the testing day, subjects were 
instructed to remain in a semi-recumbent position, with the room temperature stable 
between 22-24 ⁰C. 
The ratio of 13CO2 to 12CO2 in expired breath was measured by an automated isotope ratio 
mass spectrometer (ABCA, Sercon, Cheshire, UK), and expressed as delta-per mil relative to 
Pee Dee Belemnite limestone (δ‰-PDB), the international standard. The proportion of 13C 
excreted in breath CO2 was expressed as the percentage of administered 13C, recovered per 
hour [370]. For these calculations, CO2 production was assumed to be stable at 300 mmol/
m2 body surface area per hour, with the body surface area computed by the formula by 
Mosteller et al [371,372]. The maximal recovery speed (D-max) and time to reach maximal 
speed (T-max) were recorded. Moreover, the cumulative percentage of administered 13C 
recovered over the 6 hour study period (C-max) was used for statistical analyses. 
Although not confirmed in the present setting, in general, the reproducibility of the 13C-MTG 
breath test is 16.3% for T-max, 11.0% for D-max and 14.4% for the AUC .[373] The sensitivity 
and specificity for capturing exocrine pancreatic insufficiency, as established by gold 
standard secretin-caerulein tests, are 81% and 85%, respectively, when using a cut-of value 
of 26.8% (6-hour cumulative 13C-recovery)[374]. The 13C-recovery has a 100% sensitivity for 
detection of pancreatic steatorrhea [374].

MRI and s-MRCP
Subjects were instructed not to take any medication until conclusion of the examination day. 
After an overnight fast, subjects arrived between 7.00 and 9.00 AM at the clinical research 
unit. An intravenous catheter was placed in an antecubital vein for administration of secretin 
during the MRI-scan. Immediately prior to the MRI scan, participants received 300 mL of oral 
ferumoxsil suspension (Lumirem®, Guerbet, Gorinchem, The Netherlands). This negative 
contrast agent cancels out signals from the stomach and duodenum, thereby increasing 
pancreatic duct (PD) visibility and enabling assessment of secretin-induced secretion.

MRI protocol
The scanning protocol was performed by trained clinical research physicians using a 1.5-
T MRI system (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany), using two 
phased-array body-coils. All subjects were in a supine position with their arms beside their 
body. The MRI protocol consisted of the following sequences:
1. Coronal and transversal T2-weighted half-Fourier Acquisition Single-Shot Turbo Spin-

Echo (T2-HASTE) to determine general pancreas morphology and secretin-stimulated 
total secreted volume (repetition time [TR] 1000 ms, echo time [TE] 65 ms, variable 
slice number, slice thickness 8 mm with 2 mm gap, matrix 212x256, navigator-triggered)
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2. Coronal heavily T2-weighted 3D fast Spin-Echo (TSE3D), which is a high-detail MRCP-
sequence to assess PD morphology (TR 1600 ms, TE 622 ms, 40 slices, slice thickness 
1.8 mm without gap, matrix 156x256, navigator-triggered)

3. Coronal heavily T2-weighted T2-HASTE, a thick-slab MRCP sequence to determine the 
maximum secretion speed and changes in PD diameter (TR 4500 ms, TE 754 ms, 1 slices, 
thickness 60 mm, matrix 307x384, breath-hold in expiration, scanning time 4 sec.)

4. Transversal Volumetric Interpolated Breath-hold Examination (VIBE) to measure 
pancreatic volume (TR 2.63 ms, TE 5.77 ms, 64 slices, thickness 4.0 mm without gap, 
matrix 125x256, breath-hold in inspiration, scanning time 21 sec., with fat suppression).

5. Transversal T1 dual-phase gradient-echo sequence (TR 100 ms; TE in-phase 4.76 ms; 
TE opposed-phase 2.38 ms; flip angle 70°; thickness 6 mm with 7.8 mm gap; matrix 
154x256). The in-phase and opposed-phase were captured in two separate navigator-
guided breath holds of ~15 s.

The protocol commenced with the T2-HASTE, VIBE, TSE3D MRCP-sequence and T2-HASTE 
thick-slab MRCP sequence to assess general pancreas and PD morphology. Subsequently, 
secretin (Secrelux®, Sanochemia Diagnostics, Austria) was administered intravenously by 
hand over 60 s in a dose of 1 CU/kg. Thereafter, the thick-slab MRCP sequence was repeated 
every 30 s for 10 min, to assess secretin-induced secretion and changes in PD diameter, 
followed by the T2-HASTE sequences.

Image Analysis
Image analyses were performed on a diagnostic workstation with a NEC MDview 193 
monitor (Formex Medical, Gouda, The Netherlands), using software packages Onis version 
2.4 (DigitalCore Co., Tokyo, Japan) and Sante DICOM Editor version 3.1 (Santesoft LTD, 
Athens, Greece). Analyses were performed by an experienced radiologist (ICP) and clinical 
research physician (MMS), who were blinded to treatment allocation. 
All sequences were used to assess the presence of signs indicating pancreatic distress. 
Moreover, the following morphologic/structural analyses were performed:
• Pancreatic volume was assessed using the transversal VIBE-sequence. A region of 

interest (ROI) was drawn around the pancreas on each slice. Per slice, the ROI volume 
was multiplied by slice thickness to obtain the volume in mL.

• Pancreatic fat content: signal intensity (SI) loss of the pancreas compared with the 
spleen, an indicator of pancreas fat infiltration, was measured by positioning 1-2 
ROIs (0.3 – 1 cm2) in the pancreatic head, neck and tail, and 3 ROIs (1 – cm2) in the 
spleen. Pancreas fat was calculated as “100 * (Pin / Sin – Pop / Sop) / (Pin / Sin)”, where 
Pin is mean in-phase SI pancreas, Sin is mean in-phase SI spleen, Pop is mean opposed-
phase SI pancreas/ So mean opposed-phase SI spleen [375]. Similarly, the amount of 
hepatic fat was measured using this technique, to derive a correction factor based on 
the difference in hepatic MRI- and spectroscopy-measurements [376]. This correction 
factor was applied on the pancreatic fat measurements.

Secretin induces ductal-cell bicarbonate secretion, with subsequent osmotic fluid 
production. This bicarbonate-rich fluid production can be quantified using several image 
analysis techniques:
• Post-secretin pancreatic secretion volume (the total volume secreted 10 min after 

secretin-administration): on the coronal T2-HASTE image acquired after secretin-
infusion, a ROI was drawn on each slice, directly around any visible fluid (hyperdense 
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signal) in the duodenum and proximal jejunum [321–323]. Per slice, the ROI (cm2) was 
multiplied by the slice thickness, to obtain volumes (mL). The inter-slice volume-gaps 
were interpolated, by using the mean of the adjacent images, corrected for inter-slice 
thickness. The sum of all individual volumes was used for statistical analysis. 

• Secretion speed: one ROI was drawn around the duodenum and proximal jejunum and 
superimposed on the pre-secretin and all post-secretin coronal thick-slab MRCP images 
[321,322]. The mean ROI signal intensity was plotted over time, and the maximum 
secretion speed was derived from the slope [321,322].

• Matos 3 (duodenal filling beyond the inferior duodenal genu): using the thick-slab MRCP 
images, the time to reach Matos 3 was noted [324]. Reaching Matos-3 is a validated 
marker for exocrine pancreatic secretion [324].

• Pancreatic duct diameter: maximal duct diameter was measured on each thick-slab 
MRCP image (pre- and post-secretin) in the head or neck region, using the same position 
within each participant for all scans and interventions [317]. Also, the time to reach the 
post-secretin maximal diameter was noted.

Test characteristics:
In a previous study in 12 males with type 2 diabetes, we assessed day-to-day and intra-
observer variation for the used MRI and s-MRCP sequences (see table) [352]. 
 s-MRCP has a sensitivity of 69% to 92% and specificity of 71% to 90% of detecting exocrine 
pancreatic insufficiency [334]. However, we used s-MRCP to detect changes on a continuous 
scale, which strongly correlates with the gold standard, assessment of duodenal-aspiration 
(R=0.946) [332]. 

Acetaminophen absorption test 
The instructions prior to the acetaminophen absorption test were identical to those of 
the 13C- MTG breath test. After an overnight fast, subjects withheld all medication apart 
from metformin, until the test day was over. Subjects received a test meal of two slices of 
whole wheat bread, 20 g butter and 250 mL semi-skimmed milk (420 kCal, 22.4 g fat, 38.6 
g carbohydrates and 14.6 g protein). Moreover, 1.5 grams of liquid acetaminophen (62.5 
mL Daro Paracetamol, Remark Groep, Rogat, The Netherlands) was given. Before the meal, 
and every 30 min for 3 h after the meal, a blood sample was drawn for determination of 
acetaminophen levels. Serum was analyzed for acetaminophen levels, using an enzymatic 
immunoassay on an Architect 4000 (Abbott Laboratories, Abbott Park, IL, USA). The absolute 
area under the curve (AUC) was calculated, and the maximal acetaminophen concentration 
(Cmax) and the time to reach Cmax (Tmax) were noted.

Parameter Day-to-day variation Intra-observer variation
CV (%) ICC CV (%) ICC

Pancreatic volume 3.7% 0.956 1.8% 0.950
Total pancreatic fluid secretion 9.2% 0.770 2.3% 0.978
Maximal secretion speed 15.5% 0.476 5.1% 0.888
Baseline PD diameter 10.5% 0.389 4.2% 0.918
Maximal PD diameter 7.5% 0.858 2.2% 0.965
Increase in PD diameter 10.4% 0.363 3.9% 0.928
Pancreatic fat content 17.7% 0.893 9.0% 0.978

Supplemental table 1: MRI variation. Variation is calculated as coefficient-of-variation (CV, expressed in percent-
age) and intra-class correlation (ICC, two-way mixed).
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Abstract

Aims
Treatment with glucagon-like peptide (GLP)-1 receptor agonists or dipeptidyl peptidase 
(DPP)-4 inhibitors might increase gallstone formation; however, the mechanisms involved 
are unknown. We aimed to assess the effects of these drugs on gallbladder volume and bile 
acid profile.

Materials and Methods
A total of 57 type 2 diabetes patients (mean ± SD age, 62.8 ± 6.9 years; BMI, 31.8 ± 4.1 
kg/m2; HbA1c, 7.3% ± 0.6%), treated with metformin and/or sulphonylureas, were included 
in this 12-week randomized, placebo-controlled, double-blind, single centre trial between 
July 2013 and August 2015 at the VU University Medical Center, the Netherlands. Patients 
received the GLP-1 receptor agonist liraglutide, the DPP-4 inhibitor sitagliptin or matching 
placebo for 12 weeks. Gallbladder fasting volume and ejection fraction were measured 
using ultrasonography after a high-fat meal. Serum bile acids were measured in the fasting 
and postprandial state and in faecal samples. The trial was registered at ClinicalTrials.gov 
(NCT01744236).

Results
Neither liraglutide nor sitagliptin had an effect on gallbladder fasting volume and ejection 
fraction (p>0.05). Liraglutide increased serum levels of deoxycholic acid in the fasting state 
(0.20 μmol/L [95%-CI 0.027 – 0.376], p=0.024) and postprandial state (AUC 40.71 [13.22 – 
68.21], p=0.005) and in faeces (ratio 1.5 [1.03 – 2.19]; p=0.035). Sitagliptin had no effect 
on serum bile acids, but increased faecal levels of chenodeoxycholic acid (ratio 3.42 [1.33 
– 8.79], p=0.012), cholic acid (ratio 3.32 [1.26 – 8.87], p=0.017) and ursodeoxycholic acid 
(ratio 3.81 [1.44 – 10.14], p=0.008).

Conclusions
Neither liraglutide nor sitagliptin has an effect on gallbladder volume. Observed changes in 
bile acids with liraglutide suggest alterations in the intestinal microbiome, while sitagliptin 
appears to increase hepatic bile acid production.
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Introduction
Since 2005 glucagon-like peptide (GLP)-1 based therapies, i.e. GLP-1 receptor agonists 
and dipeptidyl peptidase (DPP)-4 inhibitors, have been established treatment options in 
the management of type 2 diabetes (T2DM). These drug classes exploit the insulinotropic 
and glucagonostatic effects of GLP-1, thereby effectively lowering blood glucose [61]. In 
addition, GLP-1 (receptor agonists) inhibits gastric emptying, gastric acid secretion and 
other aspects of proximal gastrointestinal physiology [61]. Interestingly, recent studies also 
suggest a role of GLP-1-based therapies in biliary physiology. Acute administration of the 
GLP-1 receptor agonist exenatide markedly reduced cholecystokinin-stimulated gallbladder 
emptying by ~40% in healthy volunteers [38]. Moreover, serum bile acid levels are reduced 
in DPP-4 deficient mice, compared to wild type mice, which is explained by a reduction 
in bile acid production and enhanced bile acid excretion [189]. Finally, in rat hepatocyte 
cultures, both GLP-1 peptide and exenatide reduce CYP7A1, the hepatic cytochrome which 
converts cholesterol to bile acids [189].
The effects of GLP-1 based therapies on gallbladder emptying and bile acid production 
could explain several observations. First, these actions may accelerate gallstone-formation 
and explain reports of cholelithiasis and cholecystitis with the use of these agents 
[112,361,377,378]. In two recent large randomized clinical trials, liraglutide increased the 
risk of cholelithiasis by >50% [112,361]. Moreover, reduced bile acid concentration in the 
small intestine decreases lipid digestion and absorption, which could contribute to the 
beneficial effects of GLP-1-based therapies on postprandial lipid profiles. Since bile acids are 
also important regulators of glucose homeostasis [379], a reduction in bile acid secretion 
could also have negative glycaemic effects. 
The effects of GLP-1-based therapies on gallbladder motility and bile acid physiology have 
not been studied during prolonged treatment or in patients with T2DM. Therefore, we 
examined our hypothesis that the GLP-1 receptor agonist liraglutide and the DPP-4 inhibitor 
sitagliptin inhibit gallbladder emptying and reduce bile acid production in patients with 
T2DM.

Materials and Methods
This was a randomized, placebo-controlled, double-blind, parallel-group study in which 
patients received 12-week treatment with liraglutide (Novo Nordisk A/S, Bagsvaerd, 
Denmark), sitagliptin (Merck & Co, Kenilworth, NJ, USA) or matching placebos. The 
full protocol has been published previously [341]. The study was performed at the VU 
University Medical Center (VUmc), the Netherlands between July 2013 and August 2015 
and was approved by the ethics review board of the VUmc. It is registered at clinicaltrials.
gov (NCT01744236) and was conducted in accordance with the Declaration of Helsinki and 
the International Conference on Harmonisation of Good Clinical Practice. All participants 
provided written informed consent before participation.

Participants
We recruited 60 Caucasian patients with T2DM using newspaper advertisements. Patients 
were males or postmenopausal females (35-75 years of age; BMI, 25-40 kg/m2) and had an 
HbA1c of 6.5%-9.0% (48-75 mmol/mol). They were treated with a stable dose of metformin 
and/or sulphonylurea derivatives for at least 3 months. Relevant exclusion criteria were: 
current treatment with insulin or GLP-1-based therapy; cholecystectomy; history of hepatic, 
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pancreatic, cardiovascular or renal disease; an estimated glomerular filtration rate <60 mL/
min/1.73 m2; allergy to any of the test substances; alcohol intake >3 units/day..

Treatment and Randomization
Eligible patients were randomly assigned to receive liraglutide 1.8 mg, sitagliptin 100 mg or 
placebo (1:1:1 allocation ratio; block size of six). Randomization was performed by the trial 
pharmacist using computer-generated numbers, allowing patients and trial physicians to 
remain blinded to study-group assignments. Because of the different administration routes of 
liraglutide (subcutaneous) and sitagliptin (oral), all subjects received pens for subcutaneous 
injections and oral capsules, filled with active drug or placebo. Prefilled pens with either 
liraglutide or placebo were provided by Novo Nordisk, while sitagliptin and placebo were 
encapsulated by ACE Pharmaceuticals (Zeewolde, the Netherlands). Study drugs were taken 
once daily, at the same time of day in the evening. Subcutaneous injections were started at 
a dose of 0.6 mg for the first week, 1.2 mg for the second week and 1.8 mg for the remaining 
10 weeks. Based on tolerance to the study drug, the time between dose increments could 
be extended and the dose could be reduced.

Study End Points and Procedures
Endpoint measurements were performed at baseline (after a run-in period of 4 weeks to 
ensure stable conditions) and after 12-week treatment. As previously described [341], all 
biliary measurements were secondary endpoints. Gallbladder emptying was measured 
using meal-stimulated ultrasonography. Bile acid physiology was assessed by fasting and 
by postprandial serum bile acids and faecal bile acids. Additionally, gastric emptying was 
measured using the acetaminophen absorption test [380], to allow correction for the 
possible influence of gastric emptying on biliary physiology. 
Gallbladder ultrasonography, the acetaminophen absorption test and measurement of 
the serum bile acid profile were performed during a single visit before and after 12-week 
treatment. Moreover, patients were asked to bring a stool sample, as described below. 
Before each visit, patients were instructed to refrain from using alcohol or nicotine for at 
least 12 hours. Patients were instructed to arrive at the clinical research unit of the Diabetes 
Center VUmc in the fasting state, delaying all morning medication apart from metformin. 
An intravenous catheter was placed in an antecubital vein on the left arm, after which 
participants assumed a supine position during the entire visit. Gallbladder volume was 
measured and blood samples were taken. Then, a high-fat mixed meal was given, which 
consisted of two slices of whole-wheat bread with 20 g of butter and 250 mL of semi-
skimmed milk (total of 22.4 g fat), after which the tests were repeated.

Gallbladder Ultrasonography 
Gallbladder volume was measured at 15-minute intervals, starting before the meal and 
continuing 180 minutes after the meal. Sonographic gallbladder images were obtained 
using a 3.5 MHz Siemens 4C1 curved abdominal transducer on a Sequoia Acuson ultrasound 
device (Siemens Healthcare GmbH, Erlangen, Germany). The maximal length, width and 
height of the gallbladder were obtained and recorded from longitudinal and axial cross-
sectional images. Per time moment, measurements were performed in triplicate, and the 
largest diameters were used for calculations. Gallbladder volume was calculated using the 
volume of an ellipsoid: 0.52 × length (cm) × width (cm) × height (cm) [381]. The smallest 
postprandial gallbladder volume was termed the residual volume (RV). The ejection fraction 
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(EF) was calculated for each postprandial time point using the formula: (fasting volume – 
volume at corresponding time point)/fasting volume × 100. The maximum EF was calculated 
as: (fasting volume – RV)/fasting volume × 100 [382,383]. Finally, the area under the curve 
(AUC) of gallbladder volume was calculated.

Serum Bile Acids
Levels of unconjugated and tauro- and glycine-conjungated bile acids – chenodeoxycholic 
acid (CDCA), tauro-CDCA (TCDCA), glycine-CDCA (GCDCA), cholic acid (CA), tauro-GCA (TCA), 
glycine-CA (GCA), deoxycholic acid (DCA), tauro-DCA (TDCA), glycine-DCA (GDCA), litocholic 
acid (LCA), tauro-LCA (TLCA), glycine-LCA (GLCA), ursodeoxcycholic acid (UDCA), tauro-
UDCA (TUDCA) and glycine-UDCA (GUDCA) – were measured in serum samples drawn from 
intravenous catheters before meal ingestion, and 30, 60 and 120 minutes thereafter. The 
bile acid profile was assessed as described previously [384]. In short, serum samples were 
purified by centrifugation, evaporation and filtration. Then, quantitative determination of 
bile acids was performed using a Nexera X2 Ultra High Performance Liquid Chromatography 
system (Shimadzu, Kyoto, Japan), coupled to a Sciex QTRAP 4500 MD triple quadrupole mass 
spectrometer (Sciex, Framingham, MA, USA) (UHPLC-MS/MS). Bile acids were separated 
with an Acquity UPLC BEH C18 Column equipped with an Acquity UPLC BEH C18 VanGuard 
Pre-Column (Waters, Milford, MA, USA). The peak area was calculated for each serum 
sample and related to the peak area of an internal standard (D4-labeled bile acids). Bile 
acid levels below the detection limit of 0.05 μM were classified as 0.025 μM. For statistical 
analyses, the AUC and incremental AUC (iAUC) were calculated using the trapezoid rule. 
Moreover, the sum of primary (CA and CDCA) and secondary (DCA, LCA, UDCA) bile acids 
and the sum of conjugated and unconjugated bile acids were calculated.

Faecal Bile Acids and Neutral Sterols
Levels of unconjugated bile acids (CDCA, CA, DCA, LCA and iso-LCA) and neutral sterols 
(cholesterol, dihydrocholesterol and coprostanol) were measured in stool samples, using 
sample tubes with a scoop in the screw-top. Patients were carefully instructed on collection 

Table 1: Subjects baseline characteristics. Data are presented as means±SD for continuous data, and number 
(percent of total) for count data. No statistical significant between-group differences were observed using ANOVA 
and Chi-square tests. Abbreviations: BMI, body mass index; BP, blood pressure; FPG, fasting plasma glucose; T2DM, 
type 2 diabetes mellitus.

Parameter Sitagliptin (n=19) Liraglutide (n=19) Placebo (n=17)
Age (years) 61.7±6.8 60.5±7.2 65.8±5.8
Male sex (n (%)) 16 (84.2%) 14 (73.7%) 13 (76.5%)
Weight (kg) 99.4±17.6 105.9±17.2 95.8±9.8
BMI (kg/m2) 31.5±4.3 33.3±4.5 30.6±2.9
FPG (mmol/L) 8.0±0.9 8.3±1.4 8.9±2.0
HbA1c (%) 7.1±0.5 7.4±0.7 7.5±0.7
HbA1c (mmol/mol) 53.8±5.6 57.1±7.3 58.2±7.9
Duration of T2DM (years) 8.1±5.8 7.7±4.5 8.2±4.8
Metformin use (n (%)) 18 (94.7%) 19 (100%) 15 (88.2%)
Sulphonylurea use (n (%)) 9 (47.4%) 7 (36.8%) 8 (47.1%)
Systolic BP (mmHg) 132.5±12.4 136.6±17.0 137.6±14.9
Diastolic BP (mmHg) 75.2±7.4 76.9±5.4 76.4±6.8
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techniques (to avoid contamination), storage in a dark and cool place and transport to the 
clinical research unit. Within two days of collection, samples were frozen at −80 °C. Bile 
acids and neutral sterols were analysed as described previously [385]. After lyophilization 
and homogenization of faeces, bile acids and neutral sterols were determined by capillary 
gas chromatography on an Agilent gas chromatograph (HP 6890), equipped with a 25 m × 
0.25 mm (0.2 μm stationary phase) CP-Sil-19-fused silica column (Varian, Middelburg, the 
Netherlands) and a flame ionisation detector. Bile acid levels below the detection limit of 2 
nmol were classified as 1 nmol.

Gastric Emptying
To measure gastric emptying, 1.5 g liquid acetaminophen (62.5 mL Daro Paracetamol, 
Remark Groep, Rogat, the Netherlands) was added to the mixed meal. Prior to the meal, 
and every 30 minutes following the meal up to 180 minutes, serum was collected. After 
centrifugation, serum was stored at −80 °C until analysis. Serum acetaminophen levels were 
determined using an enzymatic immunoassay on an Architect 4000 (Abbott Laboratories, 
Abbott Park, IL, USA). The absolute area under the curve (AUC) was calculated, and the 
maximal acetaminophen concentration (Cmax) and the time to reach Cmax (Tmax) were noted.

Figure 1: Gallbladder emptying. Gallbladder volume as measured using ultrasonography: A, before intervention 
and B, after 12-week treatment with placebo, sitagliptin or liraglutide. Measurements were performed in the fast-
ing state and after a high-fat mixed meal; C, maximal ejection fraction (EF) at baseline and after 12-week treat-
ment; D, area under the curve of the gallbladder volume at baseline and after 12-week treatment. No significant 
effects were observed.
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Figure 2: Bile acids in serum. Area under the curve (AUC) and incremen-
tal-AUC (iAUC) for the postprandial serum bile acids before and after 
12-week treatment with placebo (PCB), sitagliptin (SITA) or liraglutide 
(LIRA). Data are presented as μmol/L/2 h. A, cholic acid (CA); B, tauro-
cholic acid (TCA); C, glycocholic acid (GCA); D, chenodeoxycholic acid 
(CDCA); E, tauro chenodeoxycholic acid (TCDCA); F, glycochenodeoxy-
cholic acid (GCDCA); G, deoxycholic acid (DCA); H, taurodeoxycholic acid 
(TDCA); I, glycodeoxycholic acid (GDCA); J, ursodeoxycholic acid (UDCA); 
K, glycoursodeoxycholic acid (GUDCA); L, litocholic acid (LCA); and M, gly-
cinelitocholic acid (GLCA). Tauro-ursodeoxycholic acid (TUDCA) and tau-
rolithocholic acid (TLCA) are not depicted, as most values were below the 
detection limit. All data are presented as mean with standard error of the 
mean. Asterisks (*) indicate statistically significant differences (p<0.05) 
between treatment and placebo, corrected for baseline differences.
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Laboratory Measurements
Venous blood glucose was measured in all blood samples using an YSI-2300 STAT Glucose 
analyzer (YSI Life Sciences, Yellow Springs, OH, USA). HbA1c, triglycerides, cholesterol, high-
density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were 
assayed by conventional methods at the Department of Clinical Chemistry in our hospital.

Sample Size, Data Management and Statistical Analysis
As current data are part of a larger study [341], of which the biliary effects were included as 
secondary endpoints, no a-priori power calculation was performed. However, when using 
numbers from the study in healthy subjects [38], where acute exenatide administration 
reduced ejection fraction (36.5%, SD ~15%), we calculated that 14 participants per group 
would be sufficient (parallel-group design, α 0.05, power (1 − β) 80%).
All data were double-entered into an electronic data management system (OpenClinica LLC, 
version 3.3, Waltham, MA, USA) and exported to the study database. To test treatment 
effects versus placebo, multivariable regression models were used on the per-protocol 
population. Treatment with liraglutide or sitagliptin was added as a dummy-variable, 
while baseline variables of the tested endpoint were included as covariate to correct for 
baseline differences between the treatment arms. Results of these tests are presented 
as treatment-induced effect with 95% CI, corrected for baseline values. Because faecal 
bile acids demonstrated a non-Gaussian distribution, log-transformation was applied 
before analysis, and the anti-log back transformation of the results is shown. Correlations 
between treatment-induced changes in bile acids, weight and metabolic parameters were 
measured using the Pearson correlation technique. Because metformin is known to alter 
bile acid metabolism [386], additional sub-analyses were performed, where a daily dose 
of metformin was added to the regression models as covariate. No corrections for multiple 
testing were performed to decrease the risk of false-negative findings in this hypothesis-
generating study. All analyses were performed using SPSS 22.0 (IBM SPSS Inc., Chicago, IL, 
USA), and a two-sided p-value <0.05 was considered statistically significant.

Results
Study Population
After inclusion but before randomization, two patients withdrew informed consent and two 
patients were excluded because of incidental findings (malignancy). Thus, 56 patients were 
randomized to liraglutide (n = 19), sitagliptin (n = 20) or placebo (n = 17) (Supplemental 
figure 1). Treatment was well tolerated, with adverse effects in equal numbers among 
treatment groups, apart from gastrointestinal disturbances (nausea, diarrhoea; present in 
12 liraglutide-treated patients, in two sitagliptin-treated patients and in none of the placebo-
treated patients). In the sitagliptin-group, one patient withdrew from the trial because of 
dizziness and pollakisuria. Per-protocol baseline characteristics were similar among the 
three groups (Table 1).

Gallbladder Emptying
Neither treatment influenced fasting volume, RV, maximal EF or the AUC of gallbladder 
volume, compared with placebo (p>0.05) (Figure 1).

Serum Bile Acids
Liraglutide increased fasting serum levels of DCA compared with placebo (0.20 μmol/L [95%-
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CI 0.027 – 0.376], p=0.024) (Figure 2). Moreover, the postprandial AUC of DCA increased 
with liraglutide (40.71 μmol/L/2 h [13.22 – 68.21], p=0.005). Other serum individual bile 
acids, total bile acids, total conjugated and unconjugated bile acids and total tauro- and 
glycine-conjugated bile acids were not different between treatment groups (p>0.05). 

Faecal Bile Acids
Compared with placebo, both liraglutide (ratio 1.36 [95%-CI 0.97 – 1.91], p=0.071) and 
sitagliptin (ratio 1.36 [0.97 – 1.91], p=0.077) tended to increase faecal total bile acids. 
Liraglutide increased DCA (ratio 1.5 [1.03 – 2.19], p=0.035), without affecting other bile 
acids (Figure 3). Sitagliptin increased CDCA (ratio 3.42 [1.33 – 8.79], p=0.012) and CA (ratio 
3.32 [1.26 – 8.87], p=0.017). Moreover, sitagliptin increased UDCA levels (ratio 3.81 [1.44 
– 10.14], p=0.008). Neither therapy affected the amount of faecal neutral sterols or total 
sterols (p>0.05).

Additional Effects
Liraglutide or sitagliptin did not change acetaminophen Cmax, Tmax or AUC, compared to 
placebo (Supplemental figure 2). No effects of liraglutide or sitagliptin were observed on 

Figure 3: Bile acids in faeces. Faecal bile acids and neutral sterols after 12-weeks of treatment with placebo (PCB), 
sitagliptin (SITA) or liraglutide (LIRA). A, cholic acid (CA); B, chenodeoxycholic acid (CDCA); C, deoxycholic acid 
(DCA); D, ursodeoxycholic acid (UDCA); E, lithocholic acid (LCA); F, iso-lithocholic acid (iso-LCA); G, coprostanol; H, 
cholesterol; and I, dihydrocholesterol. All data are presented as median with interquartile range (box) and total 
range (whiskers). A logarithmic scale was chosen for the y-axis because of the wide range of values. Asterisks (*) 
indicate statistical significant differences (p<0.05) between treatment and placebo, corrected for baseline differ-
ences.
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fasting triglycerides, total cholesterol, HDL-C and LDL-C levels. Liraglutide tended to reduce 
weight by 1.7 kg (95%-CI -3.6 – 0.3; p=0.09), while body weight was stable with sitagliptin 
(-0.8 kg [-2.7 – 1.0], p=0.374]. Liraglutide decreased HbA1c by 1.3% (-1.7 – -0.9; p<0.001) or 
14.1 mmol/mol (-18.7 – -9.4), while sitagliptin lowered HbA1c by 0.8% (-1.4 – -0.4; p=0.001) 
or 8.6 mmol/mol (-13.4 – -3.8). Both liraglutide and sitagliptin reduced fasting glucose (1.5 
mmol/L [-2.3 – -0.8], p<0.001; and 0.9 mmol/L [-1.7 – -0.2], p=0.015; respectively) and 
postprandial glucose AUC (390.9 [-569.6 – -212.4], p<0.001; and 230.2 [-416.7 – -43.8], 
p=0.017; respectively) of glucose, compared with placebo. After exclusion of two outliers 
(placebo n = 1, sitagliptin n = 1), the change in the AUC of DCA and glucose was significantly 
correlated (R -0.353, p=0.011; Supplemental figure 3). No other statistically significant 
correlations between changes in faecal CA, CDCA, DCA and UDCA, serum DCA, and weight, 
HbA1c, and fasting and postprandial glucose were observed. Finally, correction for the use of 
metformin did not yield different results (data not shown).

Discussion
In the current study we observed no effects of 12-week treatment with liraglutide or 
sitagliptin on gallbladder emptying. Liraglutide increased both plasma and faecal levels of 
the secondary bile acid DCA. Sitagliptin increased faecal excretion of the primary bile acids 
CA and CDCA, and the secondary bile acid UDCA, without affecting fasting or postprandial 
serum bile acid levels.
We observed no effect on gallbladder emptying with a GLP-1 receptor agonist or DPP-
4 inhibitor. This finding contrasts with a previous study by Keller et al, where acute 
administration of exenatide strongly reduced gallbladder emptying in healthy volunteers 
[38]. This discrepancy can be explained by several factors. First, gallbladder emptying was 
triggered directly by CCK-infusion in that study, while we used high-fat meal stimulation. 
Consequently, other (intestinal) factors activated by meal-ingestion could have influenced 
the effect of GLP-1 based therapies in the current real-life situation. Second, patients with 
T2DM frequently have reduced gallbladder emptying compared with healthy volunteers 
(~50% vs. ~75%, respectively) [387]. Potentially, a lower baseline emptying rate prevents a 
significant effect of an intervention. Finally, as is clearly established for the effects of GLP-
1 receptor agonists on gastric emptying rate, tachyphylaxis may occur with long-acting 
(e.g. liraglutide), but not with short-acting (e.g. exenatide) agents [61]. The lack of effect of 
liraglutide on gastric emptying in the current study underlines this hypothesis. The DPP-4 
inhibitor sitagliptin had no effect on gallbladder emptying, which is in line with the current 
paradigm that these agents have little to no effect on proximal gastro-intestinal motility 
[344].
The effects of liraglutide and sitagliptin on bile acids differed. Physiologically, the liver 
produces the primary bile acids CDCA and CA, while the intestinal microbiome converts 
these into the secondary bile acids DCA, UDCA and LCA. Liraglutide increased the secondary 
bile acid DCA in serum and faeces. Because DCA originates by microbial 7-dehydroxylation 
of the primary bile acid CA, in the absence of other changes in bile acid profile, the most 
probable explanation of this liraglutide-induced increase in DCA levels is an alteration in 
intestinal microbiota. The excess of DCA is both excreted in faeces and absorbed as part of 
the enterohepatic circulation. While these data suggest changes in microbiota, effects of 
GLP-1-based therapies on the intestinal microbiome remain unstudied. 
Sitagliptin significantly increased faecal levels of CA, CDCA and UDCA, and a similar pattern 
was seen with DCA and (iso-)LCA. Interestingly, serum levels of these bile acids also 
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increased, although this did not reach statistical significance. In the steady state, faecal 
bile acid secretion is a direct measure of body bile acid synthesis. Because bile acids are 
produced only in the liver, the increase in faecal bile acids indicates augmentation of hepatic 
bile acid production. In a recent study by Nunez et al, sitagliptin had no effect on serum bile 
acid levels and C4-levels as proxy for bile acid synthesis in 13 patients with T2DM [388]. 
Faecal bile acid excretion was not reported by Nunez et al, precluding a direct comparison 
of their data with those of the present study.
Several reports have suggested that both GLP-1 receptor agonists and DPP-4 inhibitors may 
increase the development of cholelithiasis [112,361,377,378]. In general, any factor that 
contributes to impaired gallbladder function, bile cholesterol supersaturation or precipitation 
might cause gallstone formation. Our data suggest that changes in gallbladder emptying are 
not involved in the pathophysiology of cholelithiasis with GLP-1-based therapies. However, 
although we did not measure biliary bile acid levels, the liraglutide-induced increase in serum 
and faecal DCA levels leads to the speculation of increased biliary levels, which is a known 
inducer of cholesterol hypersecretion and gall stone formation [389]. Since DCA did not 
increase during sitagliptin-treatment, other (indirect) factors may be involved. Weight loss 
and dietary alterations are well-recognized risk factors for gallstone development. However, 
while these occur during GLP-1 receptor agonist treatment, they are not present during 
DPP-4 inhibitor treatment, and as such, are probably not involved. Finally, a direct drug-
induced increase in biliary cholesterol excretion could be involved, similar to drug-classes 
like fibrates [390]. While in hepatocytes of DPP-4 deficient mice an increase in mRNA of the 
cholesterol-transporter (ABCG8) is found [189], suggestive of increased biliary cholesterol 
excretion, we found no differences in faecal cholesterol or neutral sterol levels between 
treatment groups.
From a metabolic perspective, increased levels of bile acids could be relevant. Accumulating 
data suggest that bile acids improve metabolism through activation of the farnesoid X 
receptor (FXR) and G protein-coupled bile acid receptor 1 (or TGR5) [391]. FXR stimulation 
reduces hepatic gluconeogenesis and improves insulin sensitivity, while TGR5 activation 
increases energy expenditure and insulin sensitivity. However, most of these data stem 
from animal studies, and the only clinical study with a TGR5 agonist found no consistent 
effect on metabolic parameters [392]. Nevertheless, since liraglutide treatment reduces 
hepatic gluconeogenesis and improves insulin sensitivity and energy expenditure [393,394], 
it would be of interest to study whether bile acids may have mediated some of these effects. 
Although our study was not designed to specifically test this hypothesis, we did observe an 
inverse correlation between the postprandial DCA-curve and postprandial glucose-curve.
An increase in bile acids could induce adverse effects. For example, an excess of faecal bile 
acids could induce bile acid diarrhoea. Diarrhoea occurs frequently with liraglutide, yet is 
not a common side effect of sitagliptin [395]. Mechanisms underlying the drug-associated 
diarrhoea have not been studied, although some suggest that an osmotic factor is involved 
[151]. However, since DCA has the highest potency to cause bile acid diarrhea [396], this 
could explain the discrepancy between liraglutide and sitagliptin. Increased faecal bile acid 
concentration could also increase the risk of colon carcinoma, as especially DCA has been 
implicated in tumorigenesis [397]. However, no signal for colon carcinoma has arisen from 
large clinical trials to date. 
Metformin reduces serum bile acids and increases the intestinal bile acid pool, probably by 
reduction of ileal bile acid reuptake [398]. Although metformin use was stable in the current 
study, evenly distributed across the groups, and did not affect the effects of the GLP-1-based 



105

GLP-1 and biliary function

7

therapies on bile acid composition, an interaction between the various drugs cannot be 
excluded. Unfortunately, we were not able to test this hypothesis, since only three patients 
were not using metformin, which fits daily clinical practice.
This study has some limitations that need to be recognized. First, for practical reasons, we 
did not use gold standard tests for gallbladder and gastric emptying (scintigraphy) or bile acid 
physiology (isotope-measured kinetics). Second, since no active comparator was used, the 
effects of liraglutide and sitagliptin through glucose lowering cannot be excluded. However, 
the current trial aimed to assess real-life effects of GLP-1-based therapies, disregarding 
whether these effects are caused by or beyond glucose lowering. Third, we did not measure 
the pharmacokinetics of liraglutide or (over-encapsulated) sitagliptin in this study. For the 
latter, capsules were used which fully degrade within 10 minutes of ingestion, without 
affecting the pharmacokinetics of the included tablets itself. Fourth, although none of the 
collected faecal samples were watery diarrhoea, we did not collect data on precise stool 
consistency and stool frequency, which could theoretically have influenced the results of the 
faecal tests. Finally, although the study was adequately powered to assess the hypothesis, 
the groups were not fit for specific subgroup analyses. 

To conclude, while liraglutide and sitagliptin have no effect on gallbladder emptying, both 
agents increase levels of bile acids, although differentially. The increase in faecal and serum 
bile acids during liraglutide treatment suggests alteration of intestinal microbiome, while 
sitagliptin appears to increase hepatic bile acid production.
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Supplemental Data

Supplemental figure 1: Patient flowchart

Supplemental figure 2: Gastric emptying. Effects 
of placebo, sitagliptin or liraglutide on gastric emp-
tying. A) acetaminophen levels prior to and after 
a high-fat mixed meal (means ± SEM); B) Maximal 
acetaminophen plasma concentrations (Cmax) pri-
or to and after 12-week intervention; and C) AUC 
of acetaminophen plasma concentrations prior to 
and after 12-week intervention.



107

GLP-1 and biliary function

7

Supplemental figure 3: Correlations between treatment-induced changes in deoxycholic acid (DCA) and 
postprandial glucose. Correlation between treatment-induced changes in the area under the curve (AUC) of de-
oxycholic acid (DCA) and postprandial glucose. The stars represent outliers whom have been excluded from the 
analysis.
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Abstract

Aims
Glucagon-like peptide (GLP)-1 based therapies have been suggested to improve hepatic 
steatosis. We assessed the effects of the GLP-1 receptor agonist liraglutide and the dipeptidyl 
peptidase (DPP)-4 inhibitor sitagliptin on hepatic steatosis and fibrosis in type 2 diabetes 
patients.

Materials and Methods
In this 12-week, randomized, double-blind, placebo-controlled trial, 51 overweight type 2 
diabetes patients (mean ± SD age 62.7 ± 6.9 years, HbA1c 7.3 ± 0.7%) received liraglutide 
1.8 mg (N=17), sitagliptin 100 mg (N=17) or matching placebos (N=17) once daily. Hepatic 
fat content was measured using proton magnetic resonance spectroscopy (1H-MRS). 
Hepatic fibrosis was estimated using three validated formulas. This trial was registered at 
ClinicalTrials.gov (NCT01744236).

Results
At week 12, no between-group differences in hepatic steatosis were found. Liraglutide 
reduced steatosis by 10% (20.9 ± 3.4 to 18.8 ± 3.3%), sitagliptin by 12.1% (23.9 ± 3.0 to 
21.0 ± 2.7%) and placebo by 9.5% (18.7 ± 2.7 to 16.9 ± 2.7%). Neither drug affected hepatic 
fibrosis scores compared with placebo. 

Conclusions
Twelve-week liraglutide or sitagliptin treatment does not reduce hepatic steatosis or fibrosis 
in type 2 diabetes. 
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver condition in the 
developed world, affecting over 30% of the population [399]. Its prevalence is particularly 
high (>70%) among patients with type 2 diabetes mellitus (T2DM), probably because of 
insulin resistance as a common denominator. NAFLD may progress to non-alcoholic 
steatohepatitis (NASH), cirrhosis and hepatocellular carcinoma and is an independent risk 
factor for cardiovascular disease [399]. As such, it is associated with increased liver-related 
and all-cause mortality. Lifestyle modifications, including dietary changes and weight loss, 
are the mainstay of NAFLD management, yet most patients with T2DM do not achieve 
or maintain their goals [399]. Moreover, although several pharmacological substances 
have been explored with promising results, including pioglitazone (reductions of up to 
approximately 50%), vitamin E and obeticholic acid [399], no drug is currently licensed for 
NAFLD. With an expected increase in prevalence of T2DM, NAFLD and consequent health 
risks, the search for effective and safe therapeutic strategies is ongoing. 
Glucagon-like peptide (GLP)-1 receptor agonists and dipeptidyl peptidase (DPP)-4 inhibitors 
have been postulated as treatment option for NAFLD because of their positive effects on 
glycaemic control, body weight, insulin resistance, lipid metabolism and inflammation 
[344]. Encouraged by several experimental and open-label uncontrolled clinical studies 
[344], the current placebo-controlled randomized trial assessed the effects of the GLP-1 
receptor agonist liraglutide and the DPP-4 inhibitor sitagliptin on spectroscopy-measured 
hepatic steatosis in patients with T2DM.

Materials and Methods
Patients were evaluated in a 12-week, single-centre, randomized, placebo-controlled, 
double-blind, double-dummy, three-armed, parallel-group intervention trial. The study was 
approved by the local ethics review board, registered at ClinicalTrials.gov (NCT01744236) and 
conducted in accordance with the Declaration of Helsinki and the International Conference 
on Harmonization of Good Clinical Practice. All participants provided written informed 
consent before participation. This study was part of a larger trial performed between July 
2013 and August 2015 at the VU University Medical Center, of which study objectives and 
the protocol were published previously [341]. Here, the effects of GLP-1 based therapies 
on the secondary endpoints hepatic steatosis (proton-magnetic resonance spectroscopy; 
1H-MRS), hepatic fibrosis (fibrosis formulas) and hepatic function (serum albumin and 
bilirubin) are reported.

Study Population
Patients with type 2 diabetes were eligible if they were: aged between 35-75 years (females 
postmenopausal), had a HbA1c of 6.5-9.0% (48-75 mmol/mol), were treated with a stable 
dose of metformin and/or sulphonylurea derivatives for ≥3 months, and had a BMI of 25-40 
kg/m2. Relevant exclusion criteria were: use of GLP-1 based therapies or insulin, a history 
of hepatic or pancreatic disease, inability to undergo magnetic resonance imaging (MRI) 
scanning, and alcohol intake >3 units/day [341]. 

Intervention
After inclusion, a 4-week run-in period and baseline testing, patients were randomized by 
the trial pharmacist using computer-generated numbers (allocation 1:1:1, block-size of six), 
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to the GLP-1 receptor agonist liraglutide 1.8 mg (Novo Nordisk A/S, Bagsvaerd, Denmark), 
the DPP-4 inhibitor sitagliptin 100 mg (Merck & Co, Kenilworth, NJ, USA) or matching 
placebos, taken once daily in the evening. Endpoint measurements were repeated after 12 
weeks of treatment.

Endpoint Measurements
Hepatic fat content was measured using proton 1H-MRS on a 1.5T whole-body MRI scanner 
(Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany), with patients in the 
supine position and the body-array coil positioned at the upper abdominal region. Coronal 
and transversal structural T2-weighted images were used to localise a volume of interest 
(VOI). An 8 cm3 VOI (2x2x2 cm3) was selected at up to three locations in the liver (right 
superior, right inferior and left anterior), avoiding major blood vessels and bile ducts, and 
with sufficient distance from the liver edges. Using point resolved spectroscopy sequences 
(PRESS, TE 30 ms, TR 2000 ms, during free breathing, no gating), single voxel spectra 
were recorded. Per VOI, eight acquisitions were obtained and stored separately. User-
independent spectral quantification was performed with LCModel (version 6.1). Fat content 
was expressed as the percentage of the area under the methyl (0.9 ppm) and methylene (1.3 
ppm) peaks, relative to the area under the water (4.65 ppm) peak. For each VOI, individual 
acquisitions were reviewed in order to discard occasional poor-quality spectra (e.g. due to 
motion artefacts). Individual spectra were combined to obtain the fat percentage for each 
VOI. The mean fat content of the available VOIs was used. Variation was assessed in eleven 
patients who underwent an additional baseline 1H-MRS session within 3 weeks, as part of a 
different study [341]. The within-VOI variation was 6.7%, the between-VOI variation 12.2% 
and the variation in liver fat (combination of three VOI; day-to-day variance) 11.7%. 
Hepatic fibrosis was estimated using validated formulas: the NAFLD Fibrosis Score (NFS), 
Fibrosis-4 (FIB-4) score and Aspartate Aminotransferase to Platelet Ratio Index (APRI)[400]. 
Fasting blood samples were drawn for measurement of glucose (gluco quant-hexokinase 
method), HbA1c (high-performance liquid chromatography), insulin (immunometric method), 
(cholestatic) liver enzymes (enzymatic assessment), albumin, total and conjugated bilirubin 
(colorimetric measurement), thrombocyte count (laser light scattering) and Liver Fatty Acid 
Binding Protein (L-FABP; using sandwich ELISA), at baseline and 12 weeks.

Sample Size, Data Management and Statistical Analysis
Sample size calculations were published previously [341]. With an expected reduction in 
steatosis percentage of ~50% [195], a total of 13 patients per treatment-arm was needed 
(parallel-group design, α of 0.05, power (1-β) of 80%). To test treatment effects versus 
placebo, multivariable regression analyses were performed on the per-protocol population, 
using SPSS 22 (IBM SPSS Inc., Chicago, IL, USA). Treatment with liraglutide or sitagliptin were 
added as dummy-variables. To correct for baseline differences, pre-treatment values were 
included in the model. Moreover, proportions of patients with any improvement in steatosis 
in each treatment group were compared using the χ2 test. Analyses were repeated in the 
subgroup with NAFLD (>5.56% steatosis) at baseline. A two-sided p≤0.05 was considered to 
be statistically significant. 

Results
Of the fifty-two patients that were randomized, one patient in the sitagliptin-group withdrew 
from the study because of adverse-effects (dizziness and pollakisuria). Fifty-one patients 
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completed the 12-week study (17 per treatment-arm) (Supplemental figure 1). Baseline 
characteristics were similar between groups (Table 1). Liraglutide and sitagliptin reduced 
fasting glucose (-1.6 ± 0.5 mmol/L and -1.8 ± 0.5 mmol/L, respectively; both p<0.001) and 
HbA1c (-1.3 ± 0.2% and -0.9 ± 0.2%, respectively; both p<0.001), compared with placebo. 
Liraglutide tended to reduce weight (-1.9 ± 1.0 kg; p=0.06), while sitagliptin was weight 
neutral (-0.6 ± 1.0 kg; p=0.56).
Twelve-week treatment with liraglutide or sitagliptin did not affect hepatic steatosis (-10% 
and -12.1% from baseline, respectively), different from placebo (-9.5%; p=0.98 for both) 
(Table 1, Figure 1). Also, the proportion of patients with any reduction in hepatic fat content 
was similar in the three groups; liraglutide 60.0%, sitagliptin 62.5%, and placebo 68.8%.
Neither liraglutide nor sitagliptin affected NFS, FIB-4 or APRI, compared with placebo (all 

Figure 1: Effects of treatment on 1H-MRS-measured hepatic fat content and calculated fibrosis. Effects of liragluti-
de, sitagliptin or placebo on hepatic endpoints. Measurements at baseline are represented by open bars, measure-
ments at 12 weeks by grey bars. Hepatic fat content, as measured using 1H-MRS is shown in figure 1a (mean ± SEM) 
and figure 1b (individual effects). Markers of hepatic fibrosis are shown in figure 1c (NAFLD Fibrosis Score; NFS), 
figure 1d (Fibrosis-4 score; FIB-4), and figure 1e (Aspartate Aminotransferase to Platelet Ratio Index; APRI); all data 
are shown as mean ± SEM. None of the effects were statistically significant (p<0.05).
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p>0.05) (Table 1). No treatment-induced differences in plasma AST, ALT, yGT, ALP or L-FABP 
occurred (Table 1). Compared with placebo, liraglutide and sitagliptin reduced plasma 
albumin levels (-1.4 ± 0.6 g/L, p=0.03 and -1.7 ± 0.6 g/L, p=0.01, respectively), without 
affecting total or conjugated bilirubin (p>0.05 for both). 
As shown in figure 1A, baseline hepatic fat content did not determine treatment effects 
(Figure 1). Moreover, sub analysis of patients with NAFLD at baseline (liraglutide n=15; 
sitagliptin n=16; and placebo n=15) did not yield different results (data not shown).

Discussion
In the current study, we did not observe a beneficial effect of 12 week liraglutide or 
sitagliptin treatment on hepatic steatosis or fibrosis. Although high-quality human studies 
were lacking when the present study was designed, several randomized controlled trials 
have in the meantime been performed and published. In line with our findings, Tang et al 
demonstrated no effect of 12 week treatment with liraglutide on MRI-measured liver fat 
[197]. Moreover, 24 week treatment with sitagliptin did not affect liver fat in patients with 
NAFLD when compared with placebo [401]. In contrast, a 48 week double-blind, placebo-
controlled trial with liraglutide demonstrated an improvement in steatosis and a histological 
resolution of NASH in patients with and without T2DM [199]. Also, 26 week treatment with 
exenatide reduced hepatic fat by 24% [402]. A 6 month, double-blind, placebo-controlled, 
randomized controlled trial reported a 27% reduction in hepatic fat with vildagliptin that was 
unrelated to changes in body weight [403]. Finally, an open-label trial comparing sitagliptin 
with glimepiride found no change in intrahepatic fat content after a 12 week treatment, but 
reported a 15% decrease after 24 weeks [198]. These contradictory outcomes may result 
from differences in treatment duration, study population and the method used to assess 
hepatic fat. 
Albeit only as statistical trend, liraglutide decreased body weight within the expected range 
[404]. In recent studies with liraglutide [199,361], weight loss reached a nadir after 24 
weeks, indicating that further weight loss could have been observed with a longer duration 
of the current trial. Since weight loss per se reduces hepatic steatosis [405], a longer trial 
might have yielded different results. 
Unexpectedly, we observed a modest decrease in plasma albumin levels in the liraglutide- 
and sitagliptin-groups for which we cannot provide an explanation. Inhibition of hepatic 
synthetic function seems unlikely, as bilirubin levels remained unchanged and an increased 
bleeding risk due to GLP-1 based therapies has never been reported. In addition, other 
potential causes, such as inflammation or renal loss of albumin, were not observed. 
The limitations of the current study were untriggered magnetic resonance spectroscopy-
measurements and manual VOI positioning. To diminish the effects of small variations 
before and after intervention, we averaged over three positions in the liver. Proton-density 
fat fraction MRI is an alternative and widely-available option [406]. Although the sample 
size was small, it is unlikely that a larger trial would have yielded different results given the 
minimal between-group differences.

In conclusion, 12 week treatment with liraglutide or sitagliptin did not improve hepatic 
steatosis or fibrosis in overweight patients with T2DM. Further, longer term studies are 
needed to assess the potential of these agents as treatment strategy for NAFLD. 
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Supplemental Data

Supplemental figure 1: Patient flowchart
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Abstract

Aim
Clinical use of glucagon-like peptide-1 receptor agonists is consistently associated with heart 
rate (HR) acceleration in type 2 diabetes patients. We explored the mechanisms underlying 
this potential safety concern. 

Materials and Methods
Ten healthy overweight males (aged 20−27 years) were examined in an open-label, 
cross-over study. Automated oscillometric blood pressure measurements and finger 
photoplethysmography were performed throughout intravenous administration of placebo 
(saline 0.9%), exenatide (targeting therapeutic concentrations) and a combination of 
exenatide and the nitric oxide synthase inhibitor L-N

G-monomethyl arginine (L-NMMA). 
Sympathetic nervous system (SNS) activity was measured by heart rate variability and rate-
pressure product. 

Results
Exenatide increased HR by a mean maximum of 6.8 (95%-CI 1.7 – 11.9) beats/minute 
(p<0.05), systolic blood pressure (SBP) by 9.8 (3.5 – 16.1) mmHg (p<0.01) and markers of 
SNS activity (p<0.05). No changes in total peripheral resistance were observed. Increases 
in HR, SBP and sympathetic activity were preserved during concomitant L-NMMA-infusion. 

Conclusions
Our data argue against exenatide-induced reflex tachycardia as response to vasodilation, 
and rather suggests the involvement of SNS activation in humans.
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Introduction
Over the last decade, glucagon-like peptide-1 receptor agonists emerged as a therapeutic 
option for type 2 diabetes (T2DM) management. These insulinotropic agents improve 
glycaemic control, with the added clinical benefit of reducing bodyweight and blood pressure 
after long term treatment [24]. However, in both acute and long term human studies, a 
persistent GLP-1 receptor agonist-induced increase in heart rate (HR) of approximately 2 
beats/minute was reported in a meta-analysis that included available data from randomized 
controlled trials [24]. Since elevated HR is independently associated with cardiovascular 
morbidity and mortality in the general population [42], the long term safety of these 
antihyperglycaemic drugs in patients with T2DM remains to be established. However, 
understanding the underlying mechanisms may already lead to more insight in its clinical 
significance.
Suggested mechanisms that underlie GLP-1 receptor agonist-associated HR-acceleration 
in humans remain speculative. First, GLP-1 may directly augment sympathetic or reduce 
parasympathetic nervous system activity [407]. Alternatively, GLP-1-induced vasodilation 
may initially reduce total peripheral resistance (TPR), leading to reflex tachycardia [408]. 
In the current study, we aimed to untangle these opposing theories in healthy overweight 
males. As the baroreceptor reflex augments HR after TPR lowering by modulating the cardiac 
autonomic nervous system (ANS), and GLP-1 receptor agonists potentially reduce TPR in a 
nitric oxide (NO)-dependent manner [409], we examined the effects of the GLP-1 receptor 
agonist exenatide on systemic haemodynamics and ANS, with and without concomitant 
blockage of NO synthase.

Materials and Methods
This was a single centre, open label, crossover study with intravenous administration of 
placebo (saline 0.9%), exenatide, NO synthase blocker L-N

G-monomethyl-arginine-citrate 
(L-NMMA) or a combination of exenatide/L-NMMA, as described previously [410].

Participants
Ten healthy, overweight (body mass index range: 26–31 kg/m2), Caucasian males, aged 20–
27 years, were recruited via poster advertisements. Subjects with a recent history of any type 
of medication or substance abuse (alcohol >3 units/day), nightshift work or abnormalities 
on physical examination, fasting blood and urine samples, were excluded. A 2 hour 75 mg 
oral glucose tolerance test was performed to ascertain normal glucose metabolism. The 
study was approved by the Ethics Review Board of the VU University Medical Center, and 
complied with the principles of the Declaration of Helsinki and International Conference on 
Harmonization on Good Clinical Practice. All subjects provided written informed consent 
before participation.

Study Protocol
Measurements were performed on two separate study visits at least one week apart. 
On day one, the effects of intravenous placebo (saline 0.9%) and subsequently exenatide 
(AstraZeneca, London, UK; loading dose of 50 ng/min for 30 minutes, followed by a 
continuous infusion of 25 ng/min) were assessed. On day two, the effects of L-NMMA 
(Bachem GmbH, Weil am Rhein, Germany; loading dose of 5 mg/kg, administered over five 
minutes, followed by continuous infusion of 50 µg/kg/min) and a combination of L-NMMA 
and exenatide were assessed [410].
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Before testing, subjects adhered to an average salt and protein diet for two days, and 
abstained from heavy physical exercise, alcohol and caffeine. Prior to each measurement, 
subjects were acclimatized for more than 5 min. All measurements were performed in 
the fasting state, with the non-dominant arm comfortably placed at heart level, in a semi-
recumbent position in a temperature-controlled room (23.0 ± 1.0 °C). Appropriate cuff 
sizes were used where applicable. Measurements were performed at repeated intervals 
(Supplemental Figure 1). While systemic haemodynamic parameters were measured during 
all conditions, heart rate variability (HRV) could only be assessed during exenatide infusion 
(and the combination of exenatide/L-NMMA), for logistic reasons.
Systolic and diastolic blood pressure (SBP and DBP, respectively), mean arterial pressure 
(MAP) and HR were measured using an automatic oscillometric device (Dinamap©, GE 
Healthcare, Little Chalfont, UK). Measurements were performed in triplicate at 1-2 min 
intervals, the mean of the last two measurements was taken as final value for each time 
point. Stroke volume (SV), cardiac output (CO) and TPR were assessed using a beat-to-beat 
finger blood pressure device (Nexfin©, BMEYE, Amsterdam, The Netherlands). A 30-second 
average was derived using dedicated software (Nexfin@PC version 2, BMEYE, Amsterdam, 
The Netherlands). The rate-pressure product (RPP), a marker reflecting sympathetic nervous 
system (SNS) activity, was calculated as HR × SBP [411].
Cardiac ANS balance was assessed by resting HRV. Measurements were performed with 
an ECG-equipped Nexfin© device for a 5 min period during which participants breathed 
spontaneously (range 10-18 breaths/minute), and refrained from speaking or sleeping. ECG 
strips were visually inspected and artefacts were manually corrected (linear interpolation). 
Fast Fourier spectral analyses were performed using Kubios HRV Analysis Software 2.1 
(University of Eastern Finland, Kuopio, Finland) after further automated artefact correction 
and removal of trend components. The derived spectrum comprises Very Low Frequency 
(VLF, 0.01 to 0.04 Hz), Low Frequency (LF, 0.04 to 0.15 Hz) and High Frequency (HF, 0.15 
to 0.5 Hz), where VLF, LF and HF were expressed in ms2. The LF/HF-ratio, a regularly used 
marker for ANS-balance, was calculated as LF (ms2) / HF (ms2) and used for the current 
analysis [412].

Parameter Value
Age (years) 22.7 ± 1.8
BMI (kg/m2) 29.4 ± 1.7
Waist circumference (cm) 101.5 ± 5.9
Systolic blood pressure (mmHg) 115.9 ± 10.7
Diastolic blood pressure (mmHg) 64.9 ± 4.9
Fasting plasma glucose (mmol/L) 4.9 ± 0.3
HOMA2-IR 1.0 ± 0.6
Triglycerides (mmol/L) 1.3 ± 0.7
Total cholesterol (mmol/L) 4.3 ± 0.9
HDL cholesterol (mmol/L) 1.2 ± 0.2
LDL cholesterol (mmol/L) 2.5 ± 0.8
eGFR (mL/min/1.73m2) >60 in all subjects

Table 1: Subject Characteristics. Data are presented as means ± SD. Abbreviations = BMI, body mass index; eGFR, 
estimated glomerular filtration rate; HDL, high-density lipoprotein; HOMA-2IR, homeostatic model assessment 
insulin resistance; LDL, low-density lipoprotein
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Blood samples were drawn repeatedly from an intravenously placed catheter. Venous 
plasma glucose was assessed with a YSI 2300 STAT Glucose analyzer (YSI Life Sciences, Yellow 
Springs, Ohio, USA). Insulin was determined from heparin plasma using an immunometric 
assay (Advia Centaur XP Immunoassay System, Siemens Healthcare, Erlangen, Germany). 
Homeostatic model assessment – insulin resistance 2 (HOMA2-IR) was calculated using the 
online available tool (www.dtu.ox.ac.uk). 

Statistics
No formal a priori power calculation was performed as this was a mechanistic pilot study 
designed to assess appreciable effects of exenatide, with or without concomitant NO 
blockade, on systemic haemodynamics and cardiac ANS balance in healthy overweight 
subjects.
Subject characteristics are presented as mean ± standard deviation (SD). The study endpoint 
measurements are presented as mean with 95% confidence interval. The effects of exenatide 

Figure 1: Exenatide-induced changes in systemic haemodynamics. Changes in systemic haemodynamic param-
eters after administration of placebo (grey solid lines, circles), exenatide (black dashed lines, squares), L-NMMA 
(grey stippled lines, triangle) or exenatide/L-NMMA (black dashed lines, downward triangles). Data points repre-
sent mean with 95%-CI. A: heart rate (HR); B: systolic blood pressure (SBP); C: diastolic blood pressure (DBP); D: 
mean arterial pressure (MAP); E: total peripheral resistance (TPR); F: stroke volume (SV); and G: cardiac output 
(CO).Statistically significant mean differences of exenatide compared to placebo are indicated as * (p < 0.05) or # 
(p < 0.01).
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are given as maximal change compared with placebo, while placebo values are given as 
time-averaged mean. Parameters demonstrating a non-normal distribution were log-
transformed before analysis, which was only needed for LF/HF-ratio and insulin, and median 
[interquartile range] are shown. Analyses were performed using linear mixed models (LMM) 
using SPSS version 20.0 for Windows (IBM SPSS Inc., Chicago, IL, USA), thereby accounting 
for paired and repeated data. Intervention and time were included in the model as fixed 
factors, with a random slope, and the interaction term (condition × time) was the parameter 
of interest. LMM tests were performed to assess differences in systemic haemodynamic 
variables between exenatide and placebo (day one), and between exenatide/L-NMMA and 
exenatide (day two). For HRV parameters, where placebo measurements were not available, 
within group changes were tested using LMM. Linear correlation analysis was performed 
between the area under the curve (AUC) for glucose, HR and RPP, using Pearson’s correlation 
coefficient. A two-sided p-value of <0.05 was considered statistically significant.

Results
Ten healthy overweight males were included in this analysis. Full baseline characteristics of 
the subjects can be found in Table 1.
Exenatide infusion acutely elevated HR, with a maximum mean increase of 6.8 (95%-CI 
1.7 – 11.9) beats/minute (p<0.05), compared with a time-averaged mean of 58.3 (55.4 – 
61.2) beats/minute during placebo (Figure 1 and Table 2). Exenatide increased SBP with a 
maximum of 9.8 (95%-CI 3.5 – 16.1) mmHg (p<0.01), compared with a time-averaged mean 
of 114.3 (95%-CI 109.4 – 119.2) mmHg during placebo. Additionally, exenatide increased CO 
with a maximum of 1.3 (0.2 – 2.5) L/min (p<0.05), compared with a time-averaged mean of 
6.9 (95%-CI 6.6 – 7.2) L/min during placebo. Exenatide administration had no statistically 
significant effect on DBP, MAP or SV, compared with placebo infusion. Moreover, exenatide 
had no effect on TPR (maximum decrease -50.1 (95%-CI -137.0 – 237.2) dyn.s/cm5) 
compared with placebo (time-averaged mean: 978.0 (896.4 – 1085.0) dyn.s/cm5) (p=0.692). 
Co-infusion of exenatide/L-NMMA showed no differences in HR, SBP, DBP, MAP compared 
with exenatide infusion alone, suggesting an NO independent effect. No differences in 
TPR were observed between exenatide/L-NMMA and exenatide-infusion alone, although 
TPR tended to decrease during combined-infusion after 90 minutes (-139 (95%-CI -45.8 – 
+294.9) dyns·s/cm5, p=0.079).
Exenatide increased RPP, with a maximum mean increase of 1214.4 (95%-CI 423.0 – 2205.9) 
(p<0.01) mmHg*BPM, compared with a time-averaged mean of 6709.9 (95%-CI 6173.3 – 
7246.8) mmHg*BPM during placebo (Figure 2 and Table 2) . Moreover, exenatide increased 
LF/HF-ratio by a median [IQR] of 0.6 [-0.3 – 3.2](p<0.05) compared with baseline values 
(Figure 2). Exenatide/L-NMMA showed no statistically different effect on RPP or LF/HF-ratio 
compared with exenatide alone.
Infusion of exenatide decreased glucose levels, with the nadir reaching 3.47 (95%-CI 3.21 – 
3.74) mmol/L after 60 min, from a time-averaged mean of 4.32 (95%-CI 4.26 – 4.38) mmol/L 
during placebo (p<0.001). Similar observations were made during concomitant L-NMMA 
infusion, during which the lowest plasma glucose concentration was 3.41 (3.26 – 3.57) 
mmol/L after 60 min of exenatide infusion. Exenatide had no significant effect on insulin 
levels (p=0.839) (Figure 3). No significant association between AUC glucose and AUC HR (R 
-0.040) or AUC RPP (R 0.118) was found during exenatide infusion (Supplemental Figure 2).
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Parameter Placebo Exenatide L-NMMA
Exenatide / 

L-NMMA

HR (BPM) 58.3 
(52.6-63.9)

63.6 
(57.5-69.6)

53.4
 (48.8-57.9)

59.6 
(52.9-66.6)

SBP (mmHg) 112.7 
(104.2-121.2)

118.7 
(112.7-124.7)

119.0 
(109.2-128.8)

125.2 
(119.0-131.4)

DBP (mmHg) 66.2 
(61.3-71.1)

63.6 
(59.9-67.3)

73.7 
(67.5-79.9)

73.9 
(69.6-78.1)

MAP (mmHg) 82.2 
(75.9-88.4)

83.8 
(80.0-87.6)

89.5 
(83.1-95.9)

92.1 
(88.7-95.4)

SV (mL) 114.2 
(103.4-125.0)

119.8 
(109.5-130.1)

115.7 
(110.4-120.9)

121.9
 (112.2-131.5)

CO (L/min) 6.8 
(6.4-7.3)

7.9 
(7.0-8.8)

6.5 
(5.7-7.3)

7.8 
(7.2-8.4)

TPR (dyns·s/cm5) 1001.5 
(847.4-1155.6)

971.8
 (817.4-1126.2)

1162.8 
(1035.6-1289.9)

983.2 
(898.4-1067.9)

RPP (mmHg*BPM) 6632.5 
(5611.9-7653.1)

7576.2 
(6638.7-8513.6)

6392.1 
(5515.6-7268.6)

7502.7 
(6500.3-8505.1)

LF/HF-ratio* N/A 1.86 
[0.65-4.79] N/A 1.56 

[0.85-3.21]

Glucose (mmol/L) 4.24 
(4.14-4.35)

3.68 
(3.54-3.82)

4.40 
(4.07-4.73)

3.80 
(3.69-3.92)

Insulin (pmol/L)* 28.8 
[21.8-52.8]

30.6 
[20.5-49.2]

24.5 
[17.6-34.2]

27.8 
[18.9-42.7]

Table 2: Effects of interventions after 90-minute infusion (mean (95%-CI) or median [IQR]). All values represent 
the variables after 90 minutes infusion of placebo, exenatide, L-NMMA and exenatide/L-NMMA. * non-Gaussian 
distribution, thus median [IQR] are shown. Abbreviations = CO, cardiac output; DBP, diastolic blood pressure; HR, 
heart rate; LF/HF-ratio, low-frequency to high-frequency ratio; L-NMMA, L-N

G-monomethyl-arginine-citrate; MAP, 
mean arterial pressure; N/A, not available; RPP, rate-pressure product; SBP, systolic blood pressure; SV, stroke vol-
ume; TPR, total peripheral resistance.

Figure 2: Exenatide-induced changes in autonomic nervous system. A: Changes in LF/HF-ratio, in median with IQR 
and range, after administration of exenatide (open boxes) or exenatide/L-NMMA (dashed boxes); and B: Changes in 
rate pressure product (RPP), in mean with 95%-CI, after administration of placebo (grey solid lines, circles), exenati-
de (black dashed lines, squares), L-NMMA (grey stippled lines, triangle) or exenatide/L-NMMA (black dashed lines, 
downward triangles); Statistically significant mean differences of exenatide compared to placebo are indicated as 
* (p < 0.05) or # (p < 0.01).. Please note: for LF/HF-ratio (panel A) no placebo-measurements are available, and 
statistics are performed compared to baseline values.
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Discussion
In the current mechanistic intervention study, we confirm that acute GLP-1 receptor agonist 
exenatide administration induces a modest but consistent heart rate acceleration [24], and 
increases SBP and markers of sympathetic activity in healthy overweight males. We observed 
no significant exenatide-induced changes in TPR, DBP or SV compared with placebo. 
The observed HR acceleration of 4.3 beats/minute is consistent with previous acute GLP-
1 (receptor agonist)-infusion studies, with effects ranging from no effect [407,413], to 
increases of up to 8.2 beats/minute [408,414]. With long-term treatment, a mean HR 
acceleration of 2 beats/minute is commonly observed in patients with T2DM, but can be 
as high as ~10 beats/minute [24,239]. Importantly, large-sized epidemiological studies 
have demonstrated a 17% increase in mortality risk with every 5 beats/min HR increase 
[415]. At this point it is unknown whether pharmacologically induced HR acceleration also 
increases mortality in humans. The recent cardiovascular safety trial ELIXA demonstrated 
no increased mortality with the use of GLP-1 receptor agonist lixisenatide in patients with 
T2DM with high cardiovascular risk [310]. However, since lixisenatide induces minor HR 
acceleration compared to other GLP-1 receptor agonists [16,239], results of more safety 
trials are eagerly awaited. Meanwhile, finding the mechanism underlying GLP-1-induced HR 
acceleration might help understand the clinical consequences. 
To date, several hypotheses have been raised to explain GLP-1 receptor agonist-induced 
HR acceleration: 1) modulation of cardiac ANS-balance, 2) reflex tachycardia in response 
to vasodilation, and 3) direct stimulation of the GLP-1 receptor on sino-atrial cells [19]. As 
exenatide increased HR and SBP without effects on TPR, our data suggest that exenatide 
acts on these variables through SNS activation. This premise was underlined by concomitant 
increases in RPP and LF/HF-ratio [411]. Furthermore, as exenatide left TPR and DBP 
unaltered in the present study, the reflex tachycardia hypothesis seems to be refutable, and 
moreover suggest that SNS activation does not result from baroreceptor reflex activity. A HR 
accelerating effect of GLP-1 receptor agonists through direct sino-atrial node stimulation also 
seems less likely, as we did not observe a reduction in diastolic filling time and subsequent 
SV.

Figure 3: Exenatide-induced changes in metabolic parameters. Changes in metabolic parameters after adminis-
tration of placebo (grey solid lines, circles), exenatide (black dashed lines, squares), L-NMMA (grey stippled lines, 
triangle) or exenatide/L-NMMA (black dashed lines, downward triangles). Data points represent mean with 95%-CI. 
A: glucose; and B: insulin; Statistically significant mean differences of exenatide compared to placebo are indicated 
as $ (p < 0.001).
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The observed increase in markers of SNS activity is consistent with previous human 
studies, in which muscle SNS activity and plasma epinephrine levels increased following 
GLP-1 peptide administration [407,414]. In animals, peripheral and central exenatide-
administration increased c-fos expression in sympathetic neurons and adrenal medulla in 
rodents, also suggesting increased SNS activity [416]. Whether exenatide directly stimulates 
SNS activity or through indirect mechanisms remains hitherto unknown. 
In order to prevent the suggested NO-dependent vasodilation and assess the effects 
of exenatide on cardiac ANS balance without intervenience of the baroreceptor reflex 
[408,409], we assessed exenatide-induced effects during co-infusion with L-NMMA. As 
expected, during L-NMMA infusion, systemic vasoconstriction led to increased blood 
pressure and reduced HR (figure 1). Interestingly, even in this challenged system, exenatide-
infusion increased HR, SBP, RPP and LF/HF-ratio. 
In a previously reported placebo-controlled trial in healthy males, a single subcutaneous 
injection of exenatide 10 μg reduced TPR and increased HR by 8.2 beats/minute within 2 
hours after dosing [408]. We were unable to reproduce the exenatide-induced effects on TPR, 
which may be explained by shorter measurement duration in the current study. Moreover, in 
the study by Mendis et al, HR increased even prior to TPR lowering, suggesting the presence 
of different HR accelerating mechanisms. Interestingly, we observed a non-significant 
decrease in TPR when exenatide was co-infused with L-NMMA. Although exenatide may 
induce NO-independent vasodilation [409,410], it is unclear why this only occurred during 
L-NMMA infusion in our study, and not also during exenatide infusion alone. Potentially, 
the vasodilator effects of exenatide can only be seen during a state of vasoconstriction in 
healthy subjects, as achieved by L-NMMA infusion. Since vascular resistance in patients with 
T2DM is generally higher compared with healthy controls [417], the effects of exenatide 
on TPR could be different in this patient group. Alternatively, we could speculate that the 
effects of L-NMMA on TPR were transient, and consequently the reduction in TPR during 
co-infusion of exenatide/L-NMMA was merely based on a less vasoconstrictive effect of 
L-NMMA, or compensating vasodilative factors. However, L-NMMA infusion up till 5 hours 
had a continuous effect on TPR [418,419], making this hypothesis less likely. 
There was an expected modest reduction in glucose after exenatide infusion in our healthy 
subjects, during both placebo or L-NMMA co-infusion, reaching levels of 3.47 mmol/L, 
though no subjects experienced symptoms of hypoglycaemia. This exenatide-induced 
glucose lowering could theoretically contribute to the activation of the SNS, thereby leading 
to increased HR. However, we did not observe a significant correlation between exenatide-
induced changes in glucose and HR, or glucose and RPP. Notably, in other studies using 
exogenous GLP-1 peptide versus placebo, HR increased during clamped hyperglycaemia (10 
mmol/L) [413]. Moreover, after meal ingestion, HR increased with GLP-1 infusion despite 
increases in blood glucose [86]. Thus, while exenatide reduced glucose levels, it appears that 
GLP-1 (receptor agonist) administration are capable to induce HR acceleration independent 
of glycaemia. 
Notably, while we confirm that GLP-1 receptor agonist administration increases SBP in the 
acute setting [414], long term treatment is known to reduce SBP by ~2 mmHg in patients 
with T2DM [24]. An explanation for this differential effect is currently lacking. However, GLP-
1 receptor agonist therapy not only affects cardiac ANS balance, it also affects other factors 
that control blood pressure in T2DM. As such, GLP-1 receptor agonists are believed to 
improve endothelial function, increase natriuresis/diuresis, reduce bodyweight, and inhibit 
renin-angiotensin-aldosteron system activity [420–422]. It could be hypothesized that GLP-1 
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affects these factors differently during acute and prolonged intervention. We hypothesize 
that acute administration acutely increases CO and subsequent SBP, while long term effects 
on bodyweight and natriuresis collectively reduce SBP over time. More studies are needed 
to understand these functional differences. 
Limitations of the current study include its open label design. However, the haemodynamic 
and ANS analyses were performed using automated and standardized software techniques, 
thereby minimising the risk of investigator-induced bias. Furthermore and unfortunately, 
we were unable to assess HRV during the placebo phase. Our systemic haemodynamic 
measurements are modelled from pulse pressure waveforms, and are validated and 
accurate techniques [423,424]. Moreover, this was an intervention study in healthy 
overweight males. Thus our data cannot be directly extrapolated to effects in patients 
with T2DM. This study population was chosen since GLP-1 receptor agonists are mainly 
prescribed to overweight subjects. Thus, a study in normal weight individuals would not 
yield informative data. No patients with T2DM were included because of the rather high-
dose of L-NMMA infusion, which could induce adverse effects in patients with an increased 
risk of cardiovascular disease. However, as GLP-1 receptor agonist treatment (liraglutide 3.0 
mg) has now been approved for weight management in obese healthy subjects [112], our 
results may have clinical relevance for this indication. Lastly, we used intravenous exenatide 
administration, compared with the clinically used subcutaneous route. However, differences 
in administration route has no effect on time to reach therapeutic plasma exenatide levels 
[234,425].

In conclusion, as TPR did not change following acute GLP-1 receptor agonist administration 
in healthy overweight males, exenatide-induced HR acceleration may not be a compensatory 
mechanism for systemic vasodilation. Our data rather suggest involvement of increased SNS 
activity as an underlying mechanism for this potential safety issue.
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Supplemental Data

Supplemental Figure 1: Study Layout and testing day schedule. Tests were performed during 2 study days. On the 
first day placebo and exenatide were administered, on the second day L-NMMA and a combination of exenatide 
and L-NMMA.

Supplemental Figure 2: Correlations between glucose, heart rate and rate pressure product. Correlation between 
the time-averaged area under the curve (AUC) for glucose and heart rate (HR) and rate pressure product (RPP). A 
correlelation line with Pearson correlation-coefficient is given.
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Abstract

Aim
To examine mechanisms underlying resting heart rate (RHR) increments of GLP-1 receptor 
agonists in type 2 diabetes patients. 

Materials and Methods
This was an acute and 12-week randomized, placebo-controlled, double-blind, single-
centre, parallel-group trial. 57 type 2 diabetes patients (mean±SD age 62.8 ± 6.9 years; BMI 
31.8 ± 4.1 kg/m2; HbA1c 7.3 ± 0.6%), treated with metformin and/or sulphonylureas, were 
included between July 2013 and August 2015. In the acute study, the GLP-1 receptor agonist 
exenatide (n=29) or placebo (saline 0.9%; n=28) was infused intravenously. Subsequently, 
patients were again randomized to receive the GLP-1 receptor agonist liraglutide (n=19) 
or matching placebo (n=17) for 12 weeks. RHR and blood pressure (BP) were measured 
by oscillometric technique, systemic haemodynamics by finger photoplethysmography, 
sympathetic nervous system (SNS)-activity by heart rate variability, and arterial stiffness by 
applanation-tonometry. This trial was registered at ClinicalTrials.gov (NCT01744236).

Results
Exenatide-infusion increased RHR (mean ± SEM +7.5 ± 0.9 BPM, p<0.001), and systolic 
and diastolic BP (both p<0.05), compared with placebo. Vascular resistance increased 
during exenatide infusion, while stroke volume and arterial stiffness decreased (p<0.05). 
SNS-activity and cardiac output were unaffected. Twelve-week treatment with liraglutide 
increased RHR (+6.6 ± 2.1 BPM), while reducing systolic BP (-12.6 ± 4.7 mmHg) and stroke 
volume (all p<0.01). Cardiac output, vascular resistance, arterial stiffness, and SNS-activity 
remained unchanged (all p>0.05). 

Conclusions
RHR acceleration with acute and 12-week GLP-1 receptor agonist treatment in type 2 
diabetes patients is not explained by changes in SNS-activity, and our data argue against 
vasodilation. In line with pre-clinical data, direct sino-atrial stimulation may be involved. 



132

Chapter 10

Introduction
Glucagon-like peptide (GLP)-1 receptor agonists are frequently used for management of 
hyperglycaemia in type 2 diabetes (T2DM) patients. These antihyperglycaemic agents 
improve pancreatic islet-cell function, but also display various extra-pancreatic effects, 
which include actions on the cardiovascular system [426].
While physiological levels of GLP-1 do not affect resting heart rate (RHR) [427], infusion 
of GLP-1 peptide to supraphysiological levels and GLP-1 receptor agonist treatment 
increases RHR [426]. This effect occurs within hours [428], and sustains during prolonged 
administration in T2DM patients [429]. An acceleration of ~2 beats/minute is regularly 
observed, yet some studies report increases of over ~10 beats/minute [429,430]. GLP-1 
receptor agonists with a long half-life (‘long-acting’ agents) demonstrate a sustained RHR 
throughout the day, while with short-acting agents, this increase is transient [239,430]. 
Nevertheless, with 24-h measurements, an overall slight increase in RHR is also observed 
with short-acting agents [239,430]. 
Elevated RHR has been associated with all-cause mortality in large epidemiological trials 
[431]. While some suggest that RHR simply reflects general fitness, and may by itself not 
be a risk factor for mortality, others suggest that RHR elevation independently causes 
or aggravates atherosclerosis and increases myocardial ischaemia [432]. As such, RHR 
accelerating effects of GLP-1 receptor agonists could potentially lead to untoward effects. 
Long-term cardiovascular safety trials that study this antihyperglycaemic drug-class are 
currently ongoing, however it can be debated whether the average follow-up time of these 
trials if sufficient to assess adverse consequences of RHR acceleration, which will likely take 
years to develop [432,433].
The mechanisms underlying the RHR acceleration are not fully understood. Based on 
experiments in animal models of T2DM and small-sized studies in healthy volunteers 
[407,408,428], several hypotheses have been proposed and tested. First, GLP-1 receptor 
agonists may directly stimulate the sympathetic nervous system (SNS) [407]. Second, the 
RHR increment may be caused by baroreflex activation, secondary to vasodilatation of 
arterial (resistance) vessels and subsequent reduction in systemic vascular resistance (SVR) 
[408]. Finally, direct effects on sino-atrial cells have been suggested [430]. Unfortunately, 
the results of these studies are conflicting and the exact mechanism(s) remain unclear. 
Moreover, current evidence is incomplete, since studies have only been performed in either 
an acute or prolonged intervention setting, while the effects of GLP-1 receptor agonists 
may differ over time, as has been demonstrated for their effects on blood pressure (BP) and 
gastric emptying [344,428,429]. Also, hitherto, no studies have integrally assessed these 
potential mechanisms in T2DM patients. Therefore, the primary aim of the current study was 
to assess the mechanisms underlying the RHR acceleration with the use of GLP-1 receptor 
agonists in T2DM patients, both in the acute setting and after 12-weeks of treatment. 

Materials and Methods
In the current study, patients with T2DM underwent two randomized, placebo-controlled, 
double-blind trials, at the VU University Medical Center, as described elsewhere [341]. In 
short, after inclusion and a run-in period of 4 weeks, baseline measurements for both the 
acute and 12-week intervention study were obtained (Supplemental Figure 1). Then, the 
acute effects of the GLP-1 receptor agonist exenatide (AstraZeneca, London, UK) versus 
placebo (saline 0.9%) were assessed. Subsequently, the placebo-controlled effects of 12-
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week treatment with the GLP-1 receptor agonist liraglutide (Novo Nordisk A/S, Bagsvaerd, 
Denmark) or DPP-4 inhibitor sitagliptin (Merck & Co, Kenilworth, NJ, USA) were studied. 
Importantly, since DPP-4 inhibitors have no documented effect on RHR in previous studies, 
the results of this treatment arm are only provided in the supplementary figures. The 
study was approved by the ethics review board of the VU University Medical Center, was 
registered at ClinicalTrials.gov (ID: NCT01744236), and was conducted in accordance with 
the Declaration of Helsinki and the International Conference on Harmonization of Good 
Clinical Practice. All patients provided written informed consent before participation.

Participants
We recruited 60 Caucasian male and (post-menopausal) female patients with T2DM. 
Inclusion criteria were ages between 35 and 75 years, BMI of 25-40 kg/m2, HbA1c of 6.5-9.0% 
(48-75 mmol/mol), and treatment with a stable dose of metformin and/or sulphonylurea 
derivative for at least 3 months. Exclusion criteria were active or history of pancreatic disease 
or malignancy, active hepatic disease or renal impairment (estimated glomerular filtration 
rate <60 mL/min/1.73m2) and autonomic neuropathy assessed by Ewing-tests [434]). 
Moreover, patients with a recent (<6 months) history of cardiovascular disease, including 
acute coronary syndrome, cerebrovascular disorders, heart failure or atrial fibrillation, 
were excluded. Patients were not treated with insulin or GLP-1 based therapy at the time 
of inclusion. Apart from use of diuretics, use of antihypertensive medication was not an 
exclusion criterion [341].

Randomization and Treatment
Randomization was performed by the trial pharmacist using computer-generated numbers. 
Stratification for the acute intervention study (block-size of 6; allocation ratio of 1:1) was 
applied to have equal numbers among the groups for the 12-week study (block-size of 6; 
allocation ratio of 1:1:1). 
For the acute study, exenatide or placebo was administered intravenously, allowing us 
to perform a blinded study in the absence of exenatide placebo-pens for subcutaneous 
administration. A loading dose of 50 ng/min for 30 min, followed by a continuous infusion 
of 25 ng/min, rapidly yields stable plasma levels within the therapeutic range and harbours 
a good tolerability profile [234]. Importantly, similar to subcutaneous use, intravenous 
exenatide increases RHR as demonstrated previously in healthy volunteers [408,428].
For the 12-week study, liraglutide was chosen as (1) the once-daily administration may 
promote therapy adherence and (2) visually identical pre-filled pens with liraglutide or 
placebo were provided by Novo Nordisk A/S, allowing a double-blinded study. All patients 
received pre-filled pens for subcutaneous injections (containing liraglutide or placebo) and 
oral capsules (containing sitagliptin 100 mg or placebo). ACE Pharmaceuticals (Zeewolde, 
the Netherlands) encapsulated sitagliptin or placebo. Study drugs were administered once-
daily in the evening. For the subcutaneous injections, a dose-increment schedule was used 
(week 1: 0.6 mg daily; week 2: 1.2 mg daily; week 3 and remaining weeks: 1.8 mg daily). 
Based on tolerance to the study drug, time between dose increments could be extended, 
and drug dose could be reduced, based on investigators’ discretion.

Endpoint Measurements
Prior to the test visits, patients adhered to an average sodium chloride (9–12 g/day) and 
protein (1.5–2.0 g/kg/day) diet for two days. Moreover, as of 24h before the visit, patients 
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Figure 1: Study Flowchart. 

abstained from heavy physical exercise, alcohol and caffeine. After an overnight fast, 
patients refrained from taking their morning medication, apart from metformin. Prior to 
each measurement, patients were acclimatized for at least 10 min. All measurements were 
performed in the fasting state, at the non-dominant arm comfortably placed at heart level, 
in a semi-recumbent position in a temperature-controlled room (23.0 ± 1.0 °C). Appropriate 
cuff sizes were used were applicable. 

Haemodynamic Assessments
An automatic oscillometric device (Dinamap©, GE Healthcare, Little Chalfont, UK) was 
used to measure systolic blood pressure (SBP) and diastolic blood pressure (DBP), mean 
arterial pressure (MAP) and HR. Measurements were performed in triplicate at 1- to 2-min 
intervals, the mean of the last two measurements was used for each time point. A non-
invasive beat-to-beat finger arterial blood pressure monitoring device (Nexfin©, BM Eye, 
Amsterdam, The Netherlands) was used to calculate stroke volume (SV), cardiac output (CO) 
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3 (10.7%
)

8 (27.6%
)

3 (17.6%
)

5 (26.3%
)

Endpoints
RHR (BPM

)
66.5±1.9

63.2±1.2
+ 7.5±0.9***

64.5±2.2
66.7±2.1

+ 6.6±2.1**
SBP (m

m
Hg)

13.1±3.0
135.5±2.6

+ 6.7±3.2*
137.6±3.6

136.6±3.9
- 10.9±4.7*

DBP (m
m

Hg)
76.2±1.2

76.3±1.3
+ 4.8±1.4***

76.4±1.6
76.9±1.2

- 0.3±2.2
M

AP (m
m

Hg)
97.4±1.9

97.5±1.7
+ 7.7±1.9***

99.1±2.5
97.1±2.1

- 4.5±3.2
SVI (m

L/1.73m
2)

47.6±1.4
48.2±0.9

- 2.9±1.0**
47.4±1.8

49.7±1.7
- 4.9±1.3**

CI (L/m
in/1.73m

2)
3.1±0.1

2.9±0.1
+ 0.25±0.08

2.9±0.1
3.3±0.1

+ 0.04±0.10
SVRI (dyn*s/cm

5/1.73m
2)

2516.5± 103.2
2615.7± 92.1

+ 238.6± 97.2*
2664.0± 130.1

2375.9± 118.9
- 143.7± 107.4

AIX@
HR75 (%

)
23.1±1.6

22.1±1.4
- 2.8±1.3

23.3±1.8
20.5±1.9

-1.2±2.1
SEVR (%

)
145.0±4.9

146.5±3.5
+ 15.4± 3.2***

146.1±5.1
138.4±4.7

-1.8±4.2
LF/HF-ratio

3.3±1.1
1.9±0.3

- 0.4±1.1
1.9±0.5

3.4±1.5
-0.2±0.8

SDN
N

22.9±2.8
22.4±1.5

+ 4.6±2.1*
22.2±4.5

23.0±1.9
-2.1±2.4

RM
SSD

22.2±3.9
21.6±1.8

+4.9±2.4*
22.5±6.1

21.4±2.2
-3.1±2.2
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Table 1: Baseline characteristics and drug-induced effects. Baseline values and placebo-corrected drug-induced 
changes for the acute and 12-week intervention study, all mean ± SEM. Baseline values were statistically not differ-
ent between the treatment groups. For the acute study, the maximum exenatide-induced change is noted; for the 
long-term study, the change after 12-weeks of treatment is noted. Changes compared to placebo are provided. The 
absolute changes are shown in figure 1 for the acute study and in figure 2 for the 12-week study. Statistical values 
for treatment-induced changes are indicated as: * p<0.05; ** p <0.01; *** p<0.001. Abbreviations: ACE, angiotensin 
converting enzyme; AIX@HR75, augmentation index normalized to heart rate 75 beats per minute; anti-RR, anti-
hypertensive agent; ARB, angiotensin receptor blocker; BPM, beats per minute; Ca-antagonist, calcium-antagonist; 
CI, cardiac index; DBP, diastolic blood pressure; MAP, mean arterial pressure; NA, not applicable; RHR, resting heart 
rate; RMSSD, the root mean squares of the successive differences between adjacent heart beats; SDNN, standard 
deviation of the successive heart beats; SBP, systolic blood pressure; SEVR, subendocardial viability ratio; SVI, stroke 
volume index; SVRI, systemic vascular resistance index.

and systemic vascular resistance (SVR) from the obtained pulse waveform. SV, CO and SVR 
were normalized for body surface area, to obtain SV index (SVI), cardiac index (CI) and SVR 
index (SVRI), respectively. Finger plethysmographic measurements were performed over a 
period of 30 s, and an average was derived using dedicated software (Nexfin@PC version 2, 
BM Eye, Amsterdam, The Netherlands). The within-day and between-day variability of these 
measurements are ≤9.1%, based on data from a previous study in healthy volunteers [428].

Heart Rate Variability (HRV) Assessments
Using an ECG-equipped Nexfin© device, 5-min recordings were made in the resting state, 
during which participants were instructed to breath spontaneously (range 10-18 breaths/
minute), and refrain from speaking or sleeping. ECG-measurements were visually inspected 
and artefacts were manually corrected, using linear interpolation when necessary. ECG strips 
were entered into Kubios HRV Analysis Software 2.1 (University of Eastern Finland, Kuopio, 
Finland). After further automated artefact correction and removal of trend components, 
Fast Fourier spectral analyses were performed to measure cardiac autonomic nervous 
system (ANS) balance. The derived spectrum included the Low Frequency (LF; 0.04 to 0.15 
Hz) and High Frequency (HF; 0.15 to 0.5 Hz) bands, from which the LF/HF-ratio, a validated 
marker for sympathovagal ANS-balance, was calculated and used for the current analysis 
[412]. Additionally, corrected ECG R-R signals were analysed to measure the standard 
deviation of the successive heart beats (SDNN) and the root mean squares of the successive 
differences between adjacent heart beats (RMSSD), which are predictors of cardiovascular 
mortality [412].

Pulse Wave Analysis
Pulse wave analysis (PWA) was performed with a SphygmoCor© applanation tonometry 
system (AtCor Medical Systems Inc., West Ryde, Sydney, Australia), to assess arterial stiffness 
at the level of the radial artery. We used the average of two recordings (of ≥12 seconds), 
which were performed at the radial artery and were required to have adequate pulse wave 
profiles and good quality control (defined as a quality index of >80%). The augmentation 
index (an estimate of vascular compliance) was calculated as the difference between 
the second systolic peak and inflection point, expressed as a percentage of the central 
pulse pressure corrected for an average HR of 75 beats/minute (AIX@HR75). Moreover, 
the subendocardial viability ratio (SEVR), an index of myocardial perfusion relative to left 
ventricular workload, was determined.
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Body Impedance Analysis
Body water percentage was assessed using the single-frequency bioelectrical impedance 
analyser (BIA) Maltron BF-906 (Maltron International Ltd, Essex, UK). Measurements were 
performed directly after bladder emptying: at baseline, two hours after start of the acute 
intervention, and after the 12-week intervention.

Laboratory Measurements
Blood samples were drawn from an intravenous catheter placed in an antecubital vein of 
the non-dominant forearm. Venous plasma glucose was assessed with a YSI 2300 STAT 
Glucose analyser (YSI Life Sciences, Yellow Springs, OH, USA). Haematocrit was measured 
using the automated Cell-Dyn Sapphire (Abbott Diagnostics, Abbott Park, IL, USA). Insulin 
was determined from serum using an immunometric assay (Advia Centaur XP Immunoassay 
System, Siemens Healthcare, Erlangen, Germany).

Study End Points
The primary end point of this study was liraglutide-induced change in LF/HF-ratio from 
baseline tot 12 weeks of treatment, compared with placebo [341]. This primary endpoint 
was chosen because an increase in SNS-activity was deemed the most probable explanation 
based on animal data and small clinical studies [341]. All other parameters, as measured at 
baseline, and after acute intervention or 12-week treatment, were considered as secondary 
end points. Effects on RHR and BP were additionally measured after 2 and 6 weeks of 
treatment, to assess potential time-dependent effects. 

Statistics
The sample size justification for this study has been described previously [341]. In short, 20 
patients were needed to be included per treatment arm (i.e. acute exenatide or placebo; 
or 12-week liraglutide, sitagliptin or placebo), taking into account a drop-out rate of 15%. 
All data were double-entered into an electronic data management system (OpenClinica LLC, 
version 3.3, Waltham, MA, USA) and exported to the study database. Data are presented 
as means ± standard error of the mean (SEM) or, in case of a non-Gaussian distribution, 
as median [interquartile range]. Treatment-induced effects are displayed as the maximal 
effect at any time during the treatment period, corrected for placebo-effects, unless stated 
otherwise. 
To test treatment effects vs placebo, multivariable regression models (for single measured 
continuous endpoints) and linear mixed models (LMM, for repeatedly measured continuous 
endpoints) were used in the per-protocol population. The endpoint of interest was added 
as dependent variable, and treatment allocation as independent variable; for the 12-week 
study, treatment with liraglutide or sitagliptin were included as dummy-variables. For the 
multivariable regression models, we additionally included the corresponding baseline-value 
as independent variable, to correct for potential between-group baseline differences. In 
linear mixed model analyses, time was added as fixed factor, and the intervention-by-time 
interaction was the parameter of interest. All analyses were performed using SPSS 22.0 
(IBM SPSS Inc., Chicago, IL, USA), an a two-sided p-value <0.05 was considered as statistical 
significant. Finally, we did not perform corrections for multiple testing, because we felt that 
false-negative findings would be more troublesome for this mechanistic study compared 
with false-positive findings.
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Results
We included 60 T2DM patients between July 2013 to March 2015. Because three patients 
withdrew consent before baseline measurements (Figure 1), 57 patients were enrolled 
and analysed for the acute study (exenatide n=29, placebo n=28). Prior to randomization 
for the 12-week intervention study, we excluded one patient because of an incidental 
finding. One patient in the sitagliptin-group discontinued treatment due to adverse effects 
(pollakiuria/dizziness). Thus, 55 patients were analysed for the 12-week study (liraglutide 
n=19, sitagliptin n=19, and placebo n=17). In the liraglutide-group, one patient completed 
the study using liraglutide 0.6 mg once-daily, as the patient did not tolerate higher doses. 
Baseline characteristics were generally well balanced between treatment-groups (Table 1).

Acute Intervention Trial
Systemic Haemodynamics
Exenatide increased RHR by 7.5 ± 0.9 beats per minute (BPM) (p<0.001), compared with 
placebo (Figure 2 for baseline-subtracted values). In two patients, a RHR acceleration larger 
than 15 BPM was observed. Exenatide increased SBP by 6.7 ± 3.2 mmHg (p<0.05), DBP by 
4.8 ± 1.4 mmHg (p<0.001) and MAP by 7.7 ± 1.9 mmHg (p<0.001). SVI decreased in the 
first 80 minutes after exenatide-infusion (max 2.9 ± 0.9 mL/1.73m2; p<0.01), although no 
between-group differences were seen after this time-point. CI was initially not affected by 
exenatide, yet increased after 155 minutes (p<0.01). Exenatide increased SVRI by 238.6 ± 

Figure 2: Effects in acute study. Effects of exenatide (circles, solid line) and placebo (squares, dashed line) on A) 
resting heart rate (RHR); B) systolic blood pressure (SBP); C) diastolic blood pressure (DBP); D) mean arterial pres-
sure (MAP); E) stroke volume index (SVI); F) cardiac index (CI); G) systemic vascular resistance index (SVRI); H) ratio 
of low-frequency to high frequency (LF/HF-ratio); and I) augmentation index normalized to heart rate 75 beats/
minute (AIX@HR75). All values are expressed as mean ± SEM. Statistical values for treatment-induced changes are 
indicated as: * p<0.05; ** p <0.01; *** p<0.001.
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97.2 dyn*s/cm5/1.73m2 (p<0.05). Augmentation index reduced by -2.8 ± 1.3% (p<0.05) after 
exenatide-infusion, and SEVR by -15.4 ± 3.2 % (p<0.001).

ANS / HRV
Exenatide-infusion did not affect the LF/HF-ratio (p>0.05), although it increased SDNN (4.6 
± 2.1; p<0.05) and RMSSD (4.9 ± 2.4; p<0.05).

Laboratory Measurements and Anthropometrics
Exenatide-infusion decreased blood glucose levels by 1.6 ± 0.1 mmol/L (p<0.005; 
Supplemental Figure 2) and increased insulin levels by 54.9 ± 9.6 pmol/L (p<0.001). 
Exenatide-infusion marginally increased haematocrit by 0.01 ± 0.004 L/L (p<0.05), while no 
effect on BIA-assessed total water content was observed (p>0.05).

Adverse Effects
In the exenatide-group, four patients experienced nausea without vomiting, while mild 
headache and diarrhoea occurred in one patient. No adverse events occurred in the 
placebo-group.

Figure 3: Effects in 12-week study. Effects of liraglutide (triangles, solid line) and placebo (circle, stippled line) on A) 
resting heart rate (RHR); B) systolic blood pressure (SBP); C) diastolic blood pressure (DBP); D) mean arterial pres-
sure (MAP); E) stroke volume index (SVI); F) cardiac index (CI); G) systemic vascular resistance index (SVRI); H) ratio 
of low-frequency to high frequency (LF/HF-ratio); and I) augmentation index normalized to heart rate 75 beats/
minute (AIX@HR75). All values are expressed as mean ± SEM. Statistical values for treatment-induced changes are 
indicated as: * p<0.05; ** p <0.01; *** p<0.001.
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12-Week Intervention Trial
Systemic Haemodynamics
RHR increased with 6.6 ± 2.1 BPM (p<0.01) at 12 weeks with liraglutide-treatment, compared 
with placebo (Figure 3 for baseline-subtracted values). Liraglutide-treatment reduced SBP 
by 12.6 ± 4.7 mmHg (p<0.01) at 12 weeks, and SVI by 4.5 ± 1.3 (p=0.001). No effects of 
liraglutide were seen on DBP, MAP, CI or SVRI (p>0.05). Moreover, liraglutide had no effect 
on augmentation index or SEVR (p>0.05).

ANS / HRV
Liraglutide had no effect on LF/HF-ratio, SDNN or RMSSD (all p>0.05).

Laboratory Measurements and Anthropometrics
Liraglutide decreased HbA1c by 1.7 ± 0.9% (14.1 ± 2.3 mmol/mol) (p<0.001) and fasting 
glucose by 1.7 ± 0.5 mmol/L (p=0.001; Supplemental Figure 2), compared with placebo, 
while increasing fasting insulin by 52 ± 11.0 pmol/L (p<0.001). Liraglutide reduced body 
weight (1.9 ± 0.7 kg; p=0.005), but had no effect on haematocrit or BIA-assessed total water 
content (p>0.05).

Adverse Effects
Gastrointestinal complaints (nausea and diarrhoea) were present in 12 patients treated with 
liraglutide and in no patients receiving placebo. Other adverse effects were experienced in 
equal numbers among all treatment groups. 

Sitagliptin-treated Arm 
Sitagliptin had no effect on any of the tested haemodynamic or autonomic nervous system 
parameters; results are shown in Supplemental Figure 3. 

Discussion
This is the first combined acute and prolonged intervention study that assesses the 
mechanisms underlying GLP-1 receptor agonists-associated RHR acceleration in T2DM 
patients. Our findings suggest that increases in RHR by GLP-1 receptor agonist treatment are 
not caused by changes in systemic haemodynamics, vascular resistance/stiffness, or SNS-
activity, making a direct GLP-1 receptor agonist-mediated stimulation of the sino-atrial cells 
the most likely explanation. 
RHR increased after acute exenatide and 12-week liraglutide administration in T2DM 
patients, confirming previous clinical studies using GLP-1 receptor agonists [426]. Although 
the divergent pharmacological composition and route of administration of intravenous 
exenatide and subcutaneous liraglutide hamper a direct comparison of these drugs [127], 
their effects on RHR were similar, and hint towards a comparable underlying mechanism. Our 
prime hypothesis was that an increase in sympathetic drive or decrease in parasympathetic 
activity augmented RHR. Previous trials studying GLP-1 receptor agonists in the acute setting 
in healthy volunteers suggested a direct stimulation of SNS-activity [407,428], as measured 
by LF/HF-ratio, rate pressure product or muscle nerve activity. Similarly, after 5-week 
treatment in patients with T2DM [430], LF/HF-ratio increased. However, in the current trials, 
neither acute exenatide nor long-term liraglutide affected LF/HF-ratio. Moreover, SV and CI, 
which normally increase substantially during SNS activation, were not or only marginally 
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raised [435]. Although not currently tested given the small sample size, a previous study 
observed RHR acceleration in patients using beta-blocking agents [436], further arguing 
against SNS-involvement. 
A second hypothesis of RHR acceleration is based on reduced vascular resistance, which 
activates homeostatic baroreflex mechanisms, leading to RHR acceleration to maintain stable 
tissue perfusion (termed ‘reflex tachycardia’) [408]. Notably, the sensitivity of baroreflex 
mechanisms is closely and inversely linked to arterial stiffness. As such, in subjects with 
increased arterial stiffness, the HR response to altered BP is lowered [437]. Although acute 
exenatide-infusion increased RHR and decreased arterial stiffness (AIX@HR75), this was 
accompanied by increases in SBP, DBP and SVRI, ruling out increased baroreflex activity as 
cause of the increase in heart rate. Although BP reduced with 12-week liraglutide treatment, 
we observed no changes in SVRI or vascular stiffness, suggesting that in this condition, 
the baroreceptor reflex does not contribute significantly to the effects of GLP-1 receptor 
agonists on RHR either.
As our data argue against SNS activity or vasodilation as cause of the GLP-1 receptor agonists 
induced RHR acceleration, one hypothesis by exclusion is now more likely: direct stimulation 
of the sino-atrial node. GLP-1 receptors are localized on sino-atrial node cells in monkey 
and human tissue [19], suggesting that these receptors may directly affect RHR. Although 
dedicated experimental data are currently lacking, GLP-1 receptor stimulation in cardiac 
myocytes tissue increases cyclic-AMP signalling [426], a pathway known to stimulate sino-
atrial-mediated RHR acceleration [438]. Moreover, direct RHR stimulation is accompanied 
by decreased diastolic filling time and reduced SVI, thereby keeping CI unaffected [439]. 
This line of reasoning matches our observations in both the acute and 12-week intervention 
trials. 
During acute exenatide-infusion, an increase in SBP and DBP was observed, whereas 12-
week liraglutide-treatment reduced SBP. This discrepancy between acute and prolonged 
GLP-1 receptor agonist intervention is known from previous clinical studies in T2DM 
[414,428,429,440]. Mechanisms underlying these effects remain incompletely understood. 
Although our study was not dedicated to assess such mechanisms, our data suggest that the 
acute BP-rising effect might be caused by vasoconstriction (indicated by the increase in SVRI). 
For the 12-week study, the current study indicates that the GLP-1 induced BP-reduction 
may not be caused by reduced vascular resistance or SNS-activity. Dedicated studies are 
necessary to understand the GLP-1 receptor agonist-induced BP reduction.
RHR acceleration is associated with all-cause mortality in large epidemiological trials [431]. 
It has been suggested that RHR simply reflects general fitness, and as such, is linked with 
mortality [432]. However, others suggest that RHR elevation is an independent risk factor 
for atherosclerosis and chronic myocardial ischemia [432]. Thus, RHR accelerating effects 
of GLP-1 receptor agonists could potentially lead to untoward effects. In the current trials, 
despite an increase in RHR which lowers myocardial perfusion time, we observed no changes 
in SEVR, which estimates myocardial work-load and oxygenation [441]. HRV, which predicts 
cardiovascular mortality when reduced [412], increased during exenatide administration 
and was not affected by liraglutide treatment. However, with only 12 weeks of follow-up, 
development of atherosclerosis and heart failure could not be determined. 
The clinical relevance of potential harmful changes in RHR by GLP-1 receptor agonists 
are yet unknown. Although meta-analyses of phase-II and phase-III trials studying GLP-1 
receptor agonists observe no increase in cardiovascular risk [442], the safety of these agents 
is currently evaluated in large-sized placebo-controlled cardiovascular outcome trials in 
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patients with T2DM at high cardiovascular risk. To date, only the results of the ELIXA [184] 
and LEADER trials [361] have been reported. ELIXA reported neutral effect on cardiovascular 
events and mortality after 25-month treatment with the GLP-1 receptor agonist lixisenatide 
[184]. However, whether the results of this GLP-1 receptor agonist with a very short half-life, 
and consequently little effect on RHR, may be extrapolated to all GLP-1 receptor agonists is 
not clear. Recently, 3.8-year liraglutide treatment in 9340 patients in LEADER was reported 
to result in a significant reduction in cardiovascular events and mortality, despite an RHR 
increase of 3 BPM. Notably, all patients in this trial had poorly controlled diabetes and high 
cardiovascular risk, which precludes generalization to populations such as those of the 
current study. Moreover, one could question whether these and upcoming cardiovascular 
safety trials are of sufficient duration to truly assess the long-term effects of a modest 
chronic RHR acceleration, as most studies have a follow up of only several years.
The current study has some limitations. First, we used non-invasive pulse pressure 
measurement devices to calculate systemic haemodynamic parameters. However, these 
are well validated against intra-arterial measurements [423]. Second, for the acute 
intervention study, we administered exenatide intravenously, whereas the subcutaneous 
route is used in clinical practice. Differences in administration route has no effect on time to 
reach therapeutic plasma exenatide levels, while it allowed us to perform a blinded study 
with steady state exenatide levels [234]. However, whether intravenous administration 
yields similar haemodynamic effects compared with subcutaneous administration remains 
unstudied, although RHR acceleration is seen with both routes of administration [408,428]. 
Third, for the prolonged intervention study, we performed single measurements for SNS 
activity, while it was recently demonstrated that effects of liraglutide may vary throughout 
the day [430]. Fourth, augmentation index is an indirect marker of arterial stiffness. Fifth, 
although our study was adequately powered to assess the primary endpoint, it may not 
have been sufficient for secondary endpoints. Finally, effects on glucose and insulin may 
have contributed to the effects of the GLP-1 receptor agonists [443,444]. However, RHR 
acceleration with GLP-1 peptide occurs independent of glucose reductions, for example 
when glucose and insulin were stabilized during clamped hyperglycaemia [413], or when 
glucose-levels increased during intraduodenal glucose infusion [86]. 

To conclude, the RHR acceleration that is seen with acute and prolonged GLP-1 receptor 
agonists administration in overweight T2DM patients are not explained by changes in SNS 
activity. Moreover, although with limited statistical power, our data argue against reflex 
tachycardia caused by vasodilation. In line with animal studies, our results suggest direct 
sino-atrial stimulation as probable cause. Whether RHR acceleration during prolonged GLP-
1 receptor agonist treatment is truly caused by sino-atrial stimulation, and whether it is 
associated with adverse events needs further study. 
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Supplemental Data

Supplemental Figure 1: Overview of study design

Supplemental Figure 2: Glucose levels in the acute and 12-week study. A) effects of exenatide (circle) and placebo 
(dashed line, square); B) effects of liraglutide (triangle), sitagliptin (stippled line, square) and placebo (dashed line, 
circle). All values are expressed as mean±SEM. Significant differences between intervention and placebo are denot-
ed as: * p<0.05, ** p<0.01, and *** p<0.001
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Supplemental Figure 3: Effects of 12-week treatment with liraglutide, sitagliptin or placebo on haemodynamic 
and ANS-parameters (mean ± SEM). Effects of liraglutide (triangle), sitagliptin (stippled line, square) and placebo 
(dashed line, circle) on A) resting heart rate (RHR); B) systolic blood pressure (SBP); C) diastolic blood pressure 
(DBP); D) mean arterial pressure (MAP); E) stroke volume index (SVI); F) cardiac index (CI); G) systemic vascular 
resistance index (SVRI); H) ratio of low-frequency to high frequency (LF/HF-ratio); and I) augmentation index nor-
malized to heart rate 75 beats/minute (AIX@HR75). All values are expressed as mean ± SEM. Significant differences 
between liraglutide and placebo are denoted as: * p<0.05, and ** p<0.01
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Abstract

Aims
To assess the effects of glucagon-like peptide (GLP)-1 receptor agonists and dipeptidyl 
peptidase (DPP)-4 inhibitors on postprandial haemodynamics.

Materials and Methods
57 patients with type 2 diabetes (mean ± SD age 62.8 ± 6.9 years; BMI 31.8 ± 4.1 kg/m2; 
HbA1c 7.3 ± 0.6%) were included in an acute (exenatide- or placebo-infusion) and 12-week 
(liraglutide, sitagliptin or placebo) randomized, placebo-controlled, double-blind trial. 
Systemic haemodynamics (oscillometric technique and finger photoplethysmography), 
vascular stiffness (tonometry), and sympathetic nervous system (SNS)-activity (heart rate 
variability) were determined in the fasting state and following a standardized mixed meal. 

Results
In both studies, postprandial blood pressure (BP) decreased during placebo-intervention. 
Compared with placebo, acute exenatide-infusion increased postprandial diastolic BP (6.7 
[95%-confidence interval 3.6 to 9.9 mmHg, p<0.001) and vascular resistance (683.6 [438.5 
to 928.8 dyn*s/cm5/1.73m2, p<0.001), while cardiac index decreased (0.6 [0.4 to 0.8] L/
min/1.73m2; p<0.001). Systolic BP, augmentation index and SNS-activity were unaffected. 
Twelve-week liraglutide-treatment did not affect postprandial haemodynamics, while 
sitagliptin decreased diastolic BP (3.5 0.0 to 6.9] mmHg; p=0.050), vascular resistance (309.9 
[66.6 to 553.1] dyn*s/cm5/1.73m2; p=0.013) and cardiac index (0.3 [0.0 to 0.6] L/min/1.73m2; 
p=0.040), compared with placebo. Neither liraglutide nor sitagliptin affected SNS-activity or 
augmentation index. All treatments significantly lowered postprandial glucose levels.

Conclusions
Acute exenatide-infusion prevented the meal-induced decline in diastolic BP, although 
prolonged liraglutide intervention did not affect postprandial haemodynamics. The meal-
induced drop in BP was augmented during sitagliptin-treatment.
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Introduction
Approximately 40% of patients with type 2 diabetes experience meal-induced declines 
in blood pressure (BP), which is termed postprandial hypotension (PPH) when systolic 
blood pressure (SBP) declines ≥20 mmHg within two hours of a meal [445]. While often 
not recognized, a large postprandial BP drop is associated with dizziness, light-headedness, 
syncope, angina, and in severe cases, myocardial infarction and stroke [445]. In elderly, PPH 
has also been associated with increased mortality [446]. The precise pathophysiological 
mechanism(s) explaining PPH remains unknown. In healthy subjects, the meal-induced 
splanchnic vasodilation and consequent reduction in total vascular resistance and BP is 
compensated by an increase in cardiac output (CO), which is at least partly explained by 
an insulin-mediated activation of the sympathetic nervous system (SNS) [447]. In diabetes, 
the resistance to insulin likely contributes to the inadequacy of this response. Additionally, 
autonomic neuropathy may further prevent adequate haemodynamic compensation in 
later stages of diabetes disease [445,447]. Despite its high prevalence and adverse impact 
on quality of life and outcome, no adequate management strategies for PPH are available 
[446]. 
The gut-derived incretin hormone glucagon-like peptide (GLP)-1 improves postprandial 
glucose levels by stimulating insulin and suppressing glucagon secretion in a glucose-
dependent manner [8], thereby reducing glucose levels. Medication based on GLP-1, i.e. 
GLP-1 receptor agonists and inhibitors of the GLP-1 degrading enzyme dipeptidyl peptidase 
(DPP)-4, are now widely used for the treatment of type 2 diabetes mellitus. Accumulating 
evidence indicates that GLP-1-based therapies have several actions beyond glucose lowering, 
including beneficial effects on body weight, lipid profile and BP [448]. Interestingly, a recent 
study demonstrated that infusion of GLP-1 peptide attenuated the hypotensive response 
to oral glucose intake [449]. It was suggested that the inhibition of gastric emptying rate 
with GLP-1 was accountable for this effect, similar to how PPH improves after ingestion 
of guar gum [450], a food-thickening polysaccharide. However, during intraduodenal 
glucose infusion, when the stomach is bypassed, GLP-1 still attenuated the “meal-induced” 
decrease in SBP [86]. In a single case report, administration of a DPP-4 inhibitor ameliorated 
the postprandial drop in SBP and significantly improved PPH symptoms in a patient without 
diabetes [451]. Combined, these data suggest that medication based on GLP-1 may influence 
postprandial haemodynamics, and may thus have potential for treatment of PPH.
In the current study, we assessed the effects of 12-week treatment with the GLP-1 receptor 
agonist liraglutide or the DPP-4 inhibitor sitagliptin on postprandial haemodynamics 
in patients with type 2 diabetes. Moreover, since GLP-1 receptor agonists, but not DPP-
4 inhibitors, also have acute effects on heart rate (HR) and BP [408,428], we additionally 
assessed the acute effects the GLP-1 receptor agonist exenatide on meal-induced changes 
in haemodynamic and autonomic nervous system parameters.

Materials and Methods
The current study consisted of two randomized, placebo-controlled, double-blind trials, 
as described previously [341], and was performed at the VU University Medical Center 
between July 2013 and August 2015. The current analysis is part of a larger study, with 
an overarching aim to assess the effects of GLP-1 based therapies on the cardiovascular, 
gastrointestinal and renal systems in patients likely to receive such agents in clinical practice 
[341]. After a run-in period of four weeks, measurements were performed during acute 
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infusion of the GLP-1 receptor agonist exenatide or placebo. Subsequently, subjects were 
treated for 12 weeks with the GLP-1 receptor agonist liraglutide, the DPP-4 inhibitor 
sitagliptin, or matching placebos, after which measurements were repeated. The study 
was approved by the ethics review board of the VU University Medical Center, registered 
at clinicaltrials.gov (NCT01744236), and conducted in accordance with the Declaration of 
Helsinki and the International Conference on Harmonization of Good Clinical Practice. All 
participants provided written informed consent before participation.

Participants
Sixty Caucasian males and postmenopausal females with type 2 diabetes were recruited 
using advertisements [341]. Key inclusion criteria were age 35 to 75 years, an HbA1c of 6.5-
9.0% (48-75 mmol/mol), treatment with a stable dose of metformin and/or sulphonylurea 
derivative for at least 3 months, and body mass index of 25-40 kg/m2. Key exclusion criteria 
included active or history of pancreatic or hepatic disease, renal impairment (MDRD-
estimated glomerular filtration rate <60 mL/min/1.73m2), malignancy, and allergy to any of 
the test substances. Moreover, patients with a recent (<6 months) history of cardiovascular 
disease (acute coronary syndrome, cerebrovascular disorders, heart failure or atrial 
fibrillation) were excluded. Patients were not treated with insulin or GLP-1 based therapy 
at time of inclusion. Finally, we excluded patients with autonomic neuropathy, as assessed 
using Ewing-tests (deep breathing, Valsalva manoeuvre, orthostatic test) during a screening 
visit, and patients with a history of diabetic gastroparesis. 

Randomization and Treatment
Randomization for the acute study (block-size of six; allocation ratio of 1:1) and 12-week 
study (block-size of six; allocation ratio of 1:1:1) was performed by the trial pharmacist 
using computer-generated numbers. Stratification for the acute study was applied to have 
equal numbers among the groups for the 12-week study. During both the acute and 12-
week study, patients, intervention providers and outcome assessors remained blinded to 
treatment status.
For the acute intervention, exenatide (AstraZeneca, London, UK) or placebo (saline 0.9%) 
was administered intravenously. As validated previously [234], a 30 minute loading dose 
of 50 ng/min, followed by a continuous infusion of 25 ng/min, yields stable plasma levels 
within the therapeutic range and harbours a good tolerability profile. Since exenatide-
placebo pens were not available, we used intravenous drug administration, which allowed 
us to perform a double-blind study. For the 12-week study, visually identical pre-filled pens 
for subcutaneous injection with either liraglutide (Novo Nordisk A/S, Bagsværd, Denmark) or 
placebo were provided by Novo Nordisk A/S, while sitagliptin (Merck & Co, Kenilworth, NJ, 
USA) and placebo were encapsulated by ACE Pharmaceuticals (Zeewolde, the Netherlands). 
Subjects received both pens and capsules, and took these study drugs once-daily, at the 
same time of day in the evening. A dose-increment schedule was used for the subcutaneous 
injections (week 1: 0.6 mg daily; week 2: 1.2 mg daily; remaining weeks: 1.8 mg daily); yet 
based on tolerance to the study drug and the discretion of the investigator, time between 
dose increments could be extended, and drug dose could be reduced.

Endpoint Measurements
Prior to each study visit, subjects adhered to an average salt (9–12 g/day) and protein (1.5–
2.0 g/kg/day) diet for two days, and abstained from heavy physical exercise, alcohol and 
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caffeine. After an overnight fast, subjects refrained from taking their morning medication, 
apart from metformin. All measurements were performed at the non-dominant arm 
comfortably placed at heart level, in a semi-recumbent position in a temperature-controlled 
room (23.0 ± 1.0 °C), after an acclimatization period of at least 10 minutes. Appropriate cuff 
sizes were used were applicable. 
For the acute study, measurements were performed just prior to, and repeated after a high-
carbohydrate, high-fat, mixed meal (905.7 kCal; 50 g fat, 75 g carbohydrates and 36.8 g 
protein), which was given 155 minutes after the start of exenatide-infusion (Supplemental 
figure 1) [234]. Additionally, fasting and postprandial measurements (using a similar meal) 
were performed after 12-week intervention with liraglutide, sitagliptin or placebo. 

Haemodynamic assessments
An automatic oscillometric device (Dinamap©, GE Healthcare, Little Chalfont, UK) was used 
to measure systolic blood pressure (SBP) and diastolic blood pressure (DBP), mean arterial 
pressure (MAP) and HR. Measurements were performed in triplicate at 1-2 min intervals 
and the mean of the last two measurements was used for each time point. A non-invasive 
beat-to-beat finger arterial blood pressure monitoring device (Nexfin©, BM Eye, Amsterdam, 
The Netherlands) was used to assess stroke volume (SV), cardiac output (CO) and systemic 
vascular resistance (SVR). SV, CO and SVR were normalized to body surface area, to obtain 
SV index (SVI), cardiac index (CI) and SVR index (SVRI), respectively. Measurements were 
performed over a 30-second period, and an average was derived using dedicated software 
(Nexfin@PCversion 2, BM Eye, Amsterdam, the Netherlands). 

Parameter Acute Intervention Study 12-week intervention study
Placebo Exenatide Placebo Sitagliptin Liraglutide

N= 28 29 17 19 19
Age (years) 64.3±6.2 61.4±7.4 65.8±5.8 61.7±6.8 60.5±7.2
Male sex (n(%)) 23 (82.1%) 21 (72.4%) 13 (76.5%) 16 (84.2%) 14 (73.7%)
Duration of T2D (yrs) 8.6±5.4 7.3±4.5 8.2±4.8 8.1±5.8 7.7±4.5
Weight (kg) 98.8±11.6 101.3±19.1 95.8±9.8 99.3±17.2 105.9±17.2
BMI (kg/m2) 31.2±3.5 32.1±4.6 30.6±2.9 31.5±4.3 33.3±4.5
Waist circ. (cm2) 111.7±8.1 111.7±13.7 171.8±7.2 111.7±13.1 114.9±11.7
HbA1c (%) 7.3±0.7 7.3±0.6 7.5±0.7 7.1±0.5 7.4±0.7
HR (BPM) 66.5±9.9 63.2±6.5 64.5±9.0 63.0±7.9 66.7±8.9
SBP (mmHg) 136.1±16.1 135.5±14.0 137.6±14.9 132.5±12.4 136.6±17.0
DBP (mmHg) 76.2±6.2 76.3±6.9 76.4±6.8 75.2±7.4 76.9±5.4
Hypertension* (n(%)) 22 (78.6%) 23 (79.3%) 16 (94.1%) 11 (57.9%) 16 (84.2%)
Use of
- metformin (n(%)) 26 (92.9%) 28 (96.6%) 15 (88.2%) 18 (94.7%) 19 (100%)
- SU-derivates (n(%)) 13 (46.4) 12 (41.4%) 8 (47.1%) 9 (47.4%) 7 (36.8%)
- beta blockers (n(%)) 5 (17.9%) 5 (17.2%) 4 (23.5%) 3 (15.8%) 3 (15.8%)
- ARB (n(%)) 16 (57.1%) 20 (69.0%) 11 (64.7%) 9 (47.4%) 15 (78.9%)
- ca-antagonists (n(%)) 3 (10.7%) 8 (27.6%) 3 (17.6%) 3 (15.8%) 5 (26.3%)

Table 1: Baseline Characteristics. Baseline values for the acute and 12-week intervention study, all mean±SD. 
Baseline values were statistically not different between the treatment groups. * defined as blood pressure >140/90 
mmHg or use of antihypertensive agents. Abbreviations: BMI, body mass index; BPM, beats per minute; DBP, 
diastolic blood pressure; HR, heart rate; SBP, systolic blood pressure; T2D, type 2 diabetes.
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Pulse wave analysis
Pulse wave analysis (PWA) was performed with a SphygmoCor© applanation tonometry 
system (Atcor Medical, West Ryde, Australia) to assess vascular stiffness. We used the 
average of two recordings (of ≥12 seconds), which were performed at the radial artery 
and needed to have adequate pulse wave profiles and good quality control (defined as a 
quality index of >80%). The augmentation index (indicator of vascular compliance) was 
standardized for a heart rate of 75 beats/minute (AIX@HR75). Although not specified in the 
original protocol [341], we additionally assessed the subendocardial viability ratio (SEVR), 
an index of myocardial perfusion relative to left ventricular workload.

Heart rate variability (HRV) assessments
Using an ECG-equipped Nexfin© device, 5-minute recordings were made in the resting state, 
during which participants were instructed to breath spontaneously (range 10-18 breaths/
min), and refrain from speaking or sleeping. ECG-measurements were visually inspected and 
artefacts were manually corrected, using linear interpolation when necessary. ECG-strips 
were entered into Kubios HRV Analysis Software 2.1 (University of Eastern Finland, Kuopio, 
Finland). After further automated artefact correction and removal of trend components, Fast 
Fourier spectral analyses were performed to measure cardiac autonomic nervous system 
(ANS) balance. The derived spectrum comprises Very Low Frequency (0.01 to 0.04 Hz), Low 
Frequency (LF; 0.04 to 0.15 Hz) and High Frequency (HF; 0.15 to 0.5 Hz). The LF/HF-ratio, a 
validated marker for ANS-balance, was calculated and used for the current analysis [412].

Laboratory measurements
Blood samples were drawn from an intravenously placed catheter. Venous plasma glucose 
was assessed with a YSI 2300 STAT Glucose analyser (YSI Life Sciences, Yellow Springs, 
Ohio, USA). Postprandial glucose excursions are given as area under the curve (AUC) and 
incremental AUC (iAUC), which were calculated using the trapezoidal rule. 

Statistics
As current data are part of a larger study [341], of which the mechanistic effects on 
postprandial haemodynamics were added as a secondary endpoint, no a-priori power 
calculation was performed for this study. Nevertheless, when using data from recent 
studies with GLP-1 and acarbose, 10 to 30 participants per treatment arm would be needed 
[86,449,452]. All data were double-entered into an electronic data management system 
(OpenClinica LLC, version 3.3, Waltham, MA, USA) and then exported to the study database. 
Data analyses were performed non-blinded after database lock, according to a pre-specified 
analysis plan.
Baseline characteristics are presented as means ± standard deviation (SD). Endpoint 
measurements are presented as means [95% confidence interval] or, in case of a non-
Gaussian distribution, as median [interquartile range; IQR]. For both the acute and 12-week 
study, treatment-induced effects are displayed as the maximal change at any time during 
the meal compared with pre-prandial values, corrected for placebo-effects, unless stated 
otherwise. 
First, linear mixed models (LMM) were used to assess effects of meal-ingestion on 
haemodynamics per se in the placebo group of the acute intervention trial, for which the 
parameter of interest was included as dependent variable and time as fixed variable. To test 
treatment effects versus placebo in the acute and 12-week study, LMM were used in the per 
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protocol population and the treatment group was included as independent variable; for the 
12-week study, liraglutide or sitagliptin treatment were included as dummy-variable (thus 
only testing liraglutide versus placebo and sitagliptin versus placebo). Time was added as 
fixed factor, and the intervention-by-time interaction was the parameter of interest. With 
these analyses, any difference in baseline values is taken into account, and moreover, it 
corrects for repeated measurements. Finally, the presence of PPH among the treatment 
groups was assessed using the Chi-square test. All analyses were performed using SPSS 22.0 
(IBM SPSS Inc., Chicago, IL, USA), and a two-sided p-value <0.05 was considered statistically 
significant.

Figure 1: Effects in Acute Study. Effects of exenatide (circles, solid line) and placebo (triangles, dashed line) on 
postprandial haemodynamics; the mixed meal was administered at the dashed line: A) heart rate (HR); B) systolic 
blood pressure; C) diastolic blood pressure; D) mean arterial pressure (MAP); E) stroke volume index (SVI); F) 
cardiac index (CI); G) systemic vascular resistance index (SVRI); H) ratio of low-frequency to high frequency (LF/
HF-ratio); I) augmentation index normalized to heart rate 75 beats/minute (AIX@HR75); and J) subendocardial 
viability ratio (SEVR). The t= -155 minutes value represents the value before start of the intervention. All values are 
expressed as mean  ±  SEM. Significant differences between exenatide and placebo are denoted as: * p<0.05, ** 
p<0.01, and *** p<0.001.
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Results
We included 60 patients with type 2 diabetes (flowchart in Supplemental figure 2). Prior 
to the baseline measurements, three patients withdrew consent. Thus, 57 patients were 
analysed for the acute study (exenatide n=29, placebo n=28). Prior to randomization for 
the long-term study, one patient was excluded because of incidental findings, and one 
patient in the sitagliptin-group discontinued treatment due to pollakisuria and dizziness. In 
total, 55 patients were analysed for the 12-week study (liraglutide n=19, sitagliptin n=19, 
and placebo n=17). One patient in the 12-week trial did not tolerate the 1.8 mg dose, and 
finished the study at 0.6 mg. Sensitivity analyses with and without this patient yielded similar 
results. Baseline characteristics were well matched between treatment-groups (Table 1 

Figure 2: Effects in 12-week Study. Effects of liraglutide (circles, solid line), sitagliptin (squares, dashed line) and 
placebo (triangles, stippled line) on postprandial haemodynamics; the mixed meal was administered at time point 
zero: A) heart rate (HR); B) systolic blood pressure; C) diastolic blood pressure; D) mean arterial pressure (MAP); 
E) stroke volume index (SVI); F) cardiac index (CI); G) systemic vascular resistance index (SVRI); H) ratio of low-
frequency to high frequency (LF/HF-ratio); I) augmentation index normalized to heart rate 75 beats/minute (AIX@
HR75); and J) subendocardial viability ratio (SEVR). All values are expressed as mean ± SEM. Significant differences 
between liraglutide and placebo are denoted as: * ( p<0.05), differences between sitagliptin and placebo as # 
(p<0.05).
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Figure 3: Changes in glucose levels. Glucose levels during the A) acute intervention study with placebo and 
exenatide; and B) 12-week intervention study with effects of placebo, sitagliptin, and liraglutide. All values are 
expressed as mean ± SEM. The asterisk (*) indicates a statistical significant difference (p<0.05) between exenatide 
and placebo, the hash-tag (#) indicates a statistical significant difference between liraglutide and placebo, and 
sitagliptin and placebo. 

and Supplemental table 1). The presence of hypertension and the use of antihypertensive 
agents were quite similar. Apart from three participants, all used metformin. Sulphonylurea-
derivates (tolbutamide, glimepiride and gliclazide) were used by 25 patients. 

Acute Intervention Trial
Placebo-infusion
In the placebo-treated group, mean SBP decreased by 10.8 [95%-CI: 5.5 to 16.2] mmHg 
(p<0.001) and DBP by 9.7 [7.2 to 12.1] mmHg (p<0.001), compared with pre-prandial values 
(Figure 1B/C). Eight patients (28.6%) demonstrated a postprandial SBP-drop >20 mmHg. 
SVRI reduced (755.6 [564.5 to 946.6] dyn*s/cm5/1.73m2; p<0.001; Figure 1G), while HR (10.4 
[8.3 to 12.5] BPM; p<0.001; Figure 1A), SVI (2.7 [1.0 to 4.4] mL/1.73m2; p=0.002; Figure 1E) 
and CI (0.7 [0.6 to 0.9] L/min/1.73m2; p<0.001; Figure 1F) increased. Augmentation index 
reduced by 4.1 [1.0 to 7.2] % (p=0.01; Figure 1I) and SEVR by 17.3 [12.1 to 22.6] % (p<0.001; 
Figure 1J). The LF/HF-ratio increased with 1.9 [0.1 to 3.8] (p=0.04; Figure 1H).

Exenatide versus placebo-infusion
During exenatide-infusion, seven patients (24.1%) experienced PPH, which was not 
statistically different compared with placebo (p=0.70). DBP was significantly higher during 
exenatide compared with placebo (max. difference 6.7 [95%-CI 3.6 to 9.9] mmHg, p<0.001). 
SVRI was 683.6 [438.5 to 928.8] dyn*s/cm5/1.73m2 (p<0.001) higher with exenatide. HR 
(5.5 [2.8 to 8.2] BPM, p<0.001), SVI (3.4 [1.1 to 5.6] mL/1.73m2; p=0.003) and CI (0.6 [0.4 to 
0.8] L/1.73m2; p<0.001) were lower with exenatide, compared with placebo. There were no 
differences in SBP, augmentation index and LF/HF-ratio. SEVR was up to 11.9 [3.4 o 18.7] % 
(p=0.001) higher during exenatide treatment.

Twelve-week Intervention Trial 
After 12-week intervention, PPH occurred in one patient with placebo (5.9%), two patients 
with liraglutide (10.0%, p=0.345 vs placebo), and three patients with sitagliptin (15.8%; 
p=0.647 vs placebo). 
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Liraglutide versus placebo 
Liraglutide had no effect on SBP, DBP, SVRI, HR, SVI or CI, when compared with placebo 
(Figure 2). Similarly, no effect on LF/HF-ratio and augmentation index were observed. SEVR 
increased 9.9 [0.9 to 18.9] % (p=0.03) with liraglutide.

Sitagliptin versus placebo 
Sitagliptin had no effect on SBP and HR (p>0.05), yet decreased DBP by 3.5 [95%-CI 0.0 to 
6.9] mmHg (p=0.050) after 120 minutes compared with placebo (Figure 2A-2C). Moreover, 
SVRI reduced by 309.9 [66.6 to 553.1] dyn*s/cm5/1.73m2 (p=0.013) during sitagliptin (Figure 
2G). Sitagliptin increased SVI by 3.5 [0.4 to 6.5] mL/1.73m2 (p=0.026; Figure 2E). CI was 
initially similar to placebo, yet it decreased after 120 minutes (0.3 [0.0 to 0.6] L/min/1.73m2; 
p=0.040; Figure 2F). LF/HF-ratio and augmentation index were not different between 
sitagliptin- and placebo-treatment (Figure 2H-2I). SEVR tended to decrease by 8.9 [-0.2 to 
17.9] (p=0.056; Figure 2J).

Postprandial Glucose
Both postprandial AUC (381.9 [336.9 to 426.9]; p<0.001) and iAUC (181.9 [145.2 to 218.5]; 
p<0.001) glucose levels were significantly lower with exenatide, compared with placebo-
infusion (Figure 3A). Liraglutide and sitagliptin reduced postprandial AUC (185.8 [82.7 to 
288.9], p=0.001 and 168.4 [65.3 to 271.5], p=0.002) of glucose, compared with placebo, yet 
had no effect on iAUC (1.6 [-48.5 to 51.8], p=0.95 and -18.8 [-68.9 to 31.4], p=0.46) (Figure 
3B).

Discussion
This study assessed the effects of GLP-1 based therapies on postprandial haemodynamics 
and autonomic nervous system activity in patients with type 2 diabetes. While we found 
no effect of acute exenatide-infusion on SBP, it reduced the meal-induced decrease in DBP, 
likely through prevention of a decrease in vascular resistance and cardiac output. Twelve-
week liraglutide treatment did not alter postprandial haemodynamics in our hands, while 
sitagliptin tended to enhance the postprandial drop in DBP, presumably due to a more 
pronounced decrease in vascular resistance and reduced compensation of cardiac output. 
Moreover, sitagliptin-treatment tended to reduce subendocardial viability ratio. None of the 
interventions reduced PPH prevalence.
PPH is classically defined as a postprandial decrement in SBP >20 mmHg, which is an 
empirical definition based on orthostatic hypotension literature [445]. Using this definition, 
the prevalence of PPH in the current study ranged between 5.9% (placebo-group 12-week 
trial) and 28.6% (placebo-group acute intervention trial). This disparity could be explained 
by intraday variations [445], since the meal in the acute study was administered in the 
afternoon (around 3:30 PM), while this was around noon in the 12-week study. However, 
in this and other studies [447], postprandial haemodynamics in type 2 diabetes are mainly 
characterized by a reduction in DBP. Although there is no official definition for PPH based 
on DBP, when using the definition of orthostatic hypotension, a cut-off point of >10 mmHg 
would apply. In this case, we observed a PPH-prevalence of 23.5% in the 12-week trial, and 
42.9% in the acute study (data not shown). Notably, as a drop in DBP is known to impair 
coronary perfusion [453], which we observed as a reduction in SEVR, DBP-defined PPH may 
especially be relevant in type 2 diabetes patients [441,454]. 
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During placebo-infusion, a pronounced decrease in vascular resistance and increase in 
CO was observed. These meal-induced changes were less pronounced during infusion of 
exenatide. Nevertheless, we found no effect on SBP or presence of PPH. However, exenatide 
did reduce the postprandial drop in DBP, which likely explains its beneficial effect on SEVR, 
indicating improved myocardial perfusion. As such, although exenatide has no acute effect 
on PPH, and might not reduce symptoms as dizziness and syncope, the improvement 
in postprandial DBP could hypothetically be beneficial in patients with (a high risk of) 
postprandial myocardial ischemia. Since postprandial myocardial ischemia is a frequently 
occurring and asymptomatic risk factor for cardiac events [455], more studies are needed to 
fully comprehend the effects of exenatide on postprandial myocardial perfusion. 
While exenatide-infusion did induce alterations in postprandial haemodynamics, no effects 
were observed with 12-week treatment with liraglutide. This discrepancy may be explained 
by several factors. First, GLP-1 receptor agonists acutely increase HR and BP, while after 
prolonged intervention, an increase in HR and decrease in BP is seen [426]. While the 
mechanism(s) behind this differential response remain unclear, an increase in BP in the 
acute setting might counteract a meal-induced decrease. However, the antihypertensive 
effect after prolonged intervention could have been beneficial, since higher pre-prandial BP 
is associated with a more pronounced meal-induced drop in BP [445]. Second, differences 
between exenatide and liraglutide might be involved. While both are GLP-1 receptor 
agonists, exenatide shares 53% homology with GLP-1 peptide, whereas this is 97% for 
liraglutide [456]. Also, exenatide is a short-acting agent (half-life 2.4 h), while liraglutide 
is a long-acting drug (half-life 13 h) [344]. Gastric emptying rate is inhibited with acute or 
intermittent GLP-1 receptor stimulation, yet this effect wanes during prolonged intervention 
with long-acting agents, likely due to receptor tachyphylaxis [61]. This could be important, 
since decreasing the rate of nutrient delivery to the duodenum is likely a mechanism by 
which PPH can be prevented [445]. However, in a recent study, GLP-1 peptide improved 
postprandial blood pressure during intraduodenal glucose infusion, when the stomach was 
bypassed [86]. Unfortunately, we did not measure gastric emptying in the current study, 
and thus it remains unclear whether the effect on gastric emptying explains the differences 
between exenatide and liraglutide. Finally, the metabolic effects of exenatide and liraglutide 
are different, mainly due to their different half-life and effects on gastric emptying [61]. 
Exenatide reduces intestinal glucose absorption and plasma glucose excursion, thereby 
decreasing the relative need for insulin secretion. In contrast, liraglutide has no effect on 
glucose absorption, yet stimulates insulin secretion. While insulin was not measured in the 
current study, the postprandial glucose-reduction was stronger with exenatide compared 
with liraglutide. These differences could be important, since both plasma glucose and insulin 
have been implicated in the pathophysiology of PPH [445]. While these differences between 
exenatide and liraglutide might be a limitation of the current study, the reason for choosing 
these different drugs was based on practical matters, as exenatide has been validated for 
intravenous infusion, allowing a blinded study as placebo-pens were not available, while 
prolonged intervention with liraglutide was chosen because of its once daily administration 
and the availability of liraglutide placebo pens.
In a recent large trial in T2DM patients with a high cardiovascular risk (LEADER), liraglutide 
improved cardiovascular outcomes compared with placebo [361]. The glycaemic difference 
was only 0.4%, allowing speculation that effects beyond glucose lowering might have been 
involved, such as a reduction in blood pressure and improvement in lipid profile. Since 
humans are in the postprandial state most of the day-time in our current food habits, our 
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results could be of interest. We observed no meal-induced differences in blood pressure 
between liraglutide and placebo, suggesting that the protective effects of liraglutide might 
work through pre-prandial blood pressure lowering [361]. In contrast, we observed that 
the increase in heart rate due to meal ingestion is superimposed on the known heart rate 
accelerating effect of liraglutide in the fasting state [24]. This latter is thought to be due to 
direct stimulation of the sino-atrial node [430]. However, despite the many observations 
that increased heart rate is associated with cardiovascular mortality [431], the nett effect 
of liraglutide is beneficial, suggesting that effects on glucose, blood pressure and lipids 
outweigh the negative effect on heart rate. Finally, in the current study, liraglutide improved 
postprandial myocardial perfusion compared with placebo, which could potentially lead to 
cardiovascular benefit after prolonged intervention. 
For sitagliptin, we observed a postprandial decrease in vascular resistance, which was 
not fully compensated by an increase in cardiac output, thus reducing diastolic BP. Since 
myocardial perfusion occurs during diastole, the reduction in diastolic BP could explain the 
trend towards a decrease in myocardial perfusion during sitagliptin. Theoretically, if such 
a postprandial decrease in myocardial perfusion also occurs with saxagliptin, this could 
have contributed to the increase in heart failure prevalence seen with in the cardiovascular 
outcome trial SAVOR-TIMI 53. [47]. However, at this time, there is no evidence to suggest 
an increase in heart failure risk with sitagliptin, as the TECOS-trial did not show an increase 
in cardiovascular risk or heart failure incidence compared with placebo [183], indicating 
that the augmented postprandial drop in diastolic BP is likely not harmful after prolonged 
intervention. While not investigated in the current study, the more pronounced reduction in 
DBP could be caused by reduced degradation of DPP-4-dependent peptides other than GLP-
1. Indeed, DPP-4 normally degrades GLP-2, calcitonin-gene related peptide, neurotensin, 
vasoactive intestinal peptide, bradykinin and substance P, which have all been implicated 
in blood pressure regulation [445,457]. Thus, DPP-4 inhibition may induce vasodilation 
through modulation of various vaso-active hormones, although this was not investigated 
in our study. 
The current study has several limitations, some of which are due to the fact that the current 
study was a sub-study [341]. In addition, since not all patients had PPH at baseline, studies 
in patients with PPH should be done in the future to assess the effects of incretin-based 
therapies on this condition. Inherent to the study design, no baseline measurements 
were available for all participants of the 12-week study, which precludes us to determine 
whether GLP-1 based therapies improve PPH symptoms. Moreover, no a-priori sample size 
calculation was performed for this analysis, and especially for the 12-week study, statistical 
power might have been limited, which indicates caution when interpreting the study data. 
Non-invasive pulse pressure measurement devices were used for assessment of systemic 
haemodynamics. However, these are well validated against intra-arterial measurements 
[423]. While all medication was halted on the morning of the testing days, differences in use 
of antihypertensive agents could have influenced the results. However, this study aimed to 
assess the real-life effects of GLP-1 based therapies, which are frequently on top of other 
used medication. Also, all patients were on a stable dose of their medication. Finally, for the 
acute intervention study, we administered exenatide intravenously, while the subcutaneous 
route is used in clinical practice. However, differences in administration route has no effect 
on time to reach therapeutic plasma exenatide levels, and it allowed us to perform a blinded 
study with steady state exenatide levels [234].
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To conclude, acute exenatide-infusion prevented the meal-induced decline in diastolic BP, 
while no effects of prolonged liraglutide intervention on postprandial haemodynamics were 
observed in patients with type 2 diabetes. The meal-induced drop in BP was augmented 
during sitagliptin-treatment. Our data suggest that short-acting GLP-1 receptor agonists, 
but not long-acting agents or DPP-4 inhibitors, might be beneficial for patients with PPH. 
Long-term intervention studies with short-acting GLP-1 receptor agonists are needed, as the 
effects may differ from the long-acting GLP-1 receptor agonists.
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Supplemental Data

Supplemental figure 1: Overview of Study Design and Interventions. Study design of the acute intervention study 
and 12-week intervention study. The asterisks (*) indicate the time points where measurements were performed.
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Supplemental figure 2: Study Participants Flow-Chart. Abbreviations: AE, adverse event
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Parameter Acute Intervention Study 12-week intervention study
Placebo Exenatide Placebo Sitagliptin Liraglutide

SBP 136.1±16.1 135.5±14.0 137.6±14.9 132.5±12.4 136.6±17.0
DBP 76.2±6.2 76.3±6.9 76.4±6.7 75.2±7.4 76.9±5.4
MAP 97.4±9.9 97.5±9.5 99.1±0.3 95.9±9.1 97.1±9.3
HR 66.5±9.9 63.2±6.5 64.5±8.9 63.0±7.9 66.7±8.6
SVI 47.6±7.6 48.2±5.2 47.4±7.4 46.9±4.6 49.7±7.3
CI 3.1±0.5 2.9±0.4 3.0±0.3 2.9±0.4 3.3±0.5
SVRI 2516.5±546.2 2615.8±487.3 2664.0±536.4 2691.1±468.6 2375.9±518.2
LF/HF-ratio 3.3±5.6 2.0±1.6 1.9±1.9 2.6±2.9 3.4±6.3
AIX@HR75 23.1±8.4 22.1±7.4 23.3±7.3 23.8±7.9 20.5±8.6
SEVR 145.0±26.0 146.5±18.4 146.1±20.9 154.0±24.1 138.4±20.5

Supplemental table 1: Baseline characteristics. Abbreviations = AIX@HR75, augmentation index normalized to 
heart rate 75 beats/minute; CI, cardiac index; DBP, diastolic blood pressure; HR, heart rate; LF/HF-ratio, ratio be-
tween low frequency and high frequency; MAP, mean arterial pressure; SBP, systolic blood pressure; SEVR; suben-
docardial viability ratio; SVI, stroke volume index; SVRI, systemic vascular resistance index;
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Abstract

Aim
The insulinotropic gut–derived hormone glucagon-like peptide-1 (GLP-1) increases capillary 
perfusion via a nitric oxide–dependent mechanism in rodents. This improves skeletal muscle 
glucose use and cardiac function. In humans, the effect of clinically used GLP-1 receptor 
agonists on capillary density is unknown. We aimed to assess the effects of the GLP-1 
receptor agonist exenatide on capillary density as well as the involvement of nitric oxide in 
humans. 

Approach and Results
We included 10 healthy overweight men (age, 20–27 years; body mass index, 26–31 kg/
m2). Measurements were performed during intravenous infusion of placebo (saline 
0.9%), exenatide, and a combination of exenatide and the nonselective nitric oxide–
synthase inhibitor L-N

G-monomethyl arginine. Capillary videomicroscopy was performed, 
and baseline and post-occlusive (peak) capillary densities were counted. Compared with 
placebo, exenatide increased baseline and peak capillary density by 20.1% and 8.3%, 
respectively (both p=0.016). Concomitant L-N

G-monomethyl arginine infusion did not alter 
the effects of exenatide. Vasomotion was assessed using laser Doppler fluxmetry. Exenatide 
non-significantly reduced the neurogenic domain of vasomotion measurements (R=−5.6%; 
p=0.092), which was strongly and inversely associated with capillary perfusion (R=−0.928; 
p=0.036). Glucose levels were reduced during exenatide infusion, whereas levels of insulin 
were unchanged.

Conclusions
Acute exenatide infusion increases capillary perfusion via nitric oxide–independent 
pathways in healthy overweight men, suggesting direct actions of this GLP-1 receptor 
agonist on microvascular perfusion or interaction with vasoactive factors.
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Introduction
Glucagon-like peptide-1 (GLP-1) is a gut-derived hormone, secreted after food intake. GLP-1 
potently stimulates glucose-stimulated insulin secretion, while inhibiting glucagon secretion, 
thereby lowering blood glucose levels [8]. However, GLP-1 is rapidly inactivated by the 
enzyme dipeptidyl peptidase-4, resulting in a short half-life of ~2 minutes [8]. Degradation-
resistant antihyperglycaemic drugs that mimic the effects of native GLP-1, so-called GLP-1 
receptor agonists, have recently been developed and are now commonly prescribed in type 
2 diabetes mellitus (T2DM) treatment.
It has been demonstrated that native GLP-1 has various effects on vascular and endothelial 
function [325]. Interestingly, infusion of GLP-1 increases microvascular blood flow in rats 
and humans [252,254,458]. In animals, these microvascular effects of native GLP-1 increase 
insulin and glucose delivery to muscle interstitium, and enhance insulin-independent glucose 
uptake in muscle [252,254,459]. In addition, this increase in microvascular perfusion is a 
probable explanation of the improved myocardial function observed after GLP-1 infusion 
[458,460]. Vascular actions of GLP-1 seem to be effectuated through nitric oxide (NO)–
dependent mechanisms, as was shown in endothelial cells [461,462] and during coinfusion 
with a NO-synthase inhibitor in male rats [461]. 
Although microvascular effects of native GLP-1 are relevant from a physiological perspective, 
hitherto no studies with clinically used GLP-1 receptor agonists on human microcirculation 
have been performed. Exenatide, the first available and commonly used GLP-1 receptor 
agonists, mimics many, yet not all, effects of the GLP-1 peptide [463,464]. Thus, although 
GLP-1 improves microvascular perfusion, it is presently unclear whether this holds true for 
exenatide. Therefore, in the current clinical mechanistic study, we aimed to assess the effects 
of the GLP-1 receptor agonist exenatide on microvascular perfusion in healthy overweight 
volunteers. In addition, given the NO-dependency of GLP-1–induced microvascular effects 
in animals, we used the nonspecific NO-synthase inhibitor L-N

G-monomethyl-arginine 
(L-NMMA) to examine the potential role of NO as mediator of the vascular and metabolic 
actions of exenatide in humans.

Materials and Methods
In this mechanistic cross-over study, healthy overweight participants were subjected to 
continuous intravenous (IV) infusion of placebo (isotonic saline), GLP-1 receptor agonist 
exenatide, L-NMMA or a combination of L-NMMA and exenatide. During these conditions, 
microvascular perfusion was assessed using capillary videomicroscopy and laser Doppler 
fluxmetry. 

Participants
Ten healthy overweight (body mass index (BMI) >25 kg/m2) male subjects, aged 18-30 
years, were recruited by advertisements. Participants were not allowed to use any type 
of medication. During a screening visit, blood and urine samples were taken to ensure a 
healthy condition. In addition, a 2-hour 75 mg oral glucose tolerance test was performed 
to confirm normal glucose metabolism, defined as fasting glucose < 5.6 mmol/l, and < 7.8 
mmol/l 2 hours after the oral glucose load. Subjects with a history of working nightshifts, 
smoking or excessive alcohol use (>3 units/day) were excluded. The study was approved by 
the local ethics review board, and was conducted according to the Declaration of Helsinki 
and guideline for good clinical practice. All subjects provided written informed consent 
before participation.
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Study Design
This was a non-blinded, non-randomized, cross-over study performed over 2 separate 
testing-days, which were planned in no particular order. During one visit, the acute effects 
of IV placebo and subsequently exenatide were measured. During the other visit, the acute 
effects of IV L-NMMA and a combination of L-NMMA and exenatide were assessed. 
Two days prior to both study visits, subjects were instructed to adhere to a normal-salt (9-
12 grams per day) and normal-protein (1.5-2 mg/kg per day) diet. All participants abstained 
from heavy exercise (24 hours), alcohol (24 hours) and caffeine (12 hours) prior to the study 
visit. After an overnight fast, subjects arrived at the clinical research unit at 07.30 AM. IV 
catheters were placed in both forearms, and subjects were instructed to assume a semi-
recumbent position throughout the testing-day. After 30 minutes of acclimatization, the 
study tests were started. All measurements were performed in a temperature-controlled 
room (23.0 ± 1.0 °C). Skin temperature was registered continuously and was above 28 °C at 
the start of all microvascular measurements. 
Prior to the start of any intervention, baseline blood pressure measurements were performed 
using an automated oscillometric device (Dinamap©, GE Healthcare, Little Chalfont, United 
Kingdom; UK). Microvascular perfusion was assessed by capillary videomicroscopy and laser 
Doppler fluxmetry in the skin (see below). Then, either placebo or L-NMMA was started, and 
after 60 minutes blood was drawn for metabolic parameters and cardiovascular tests (blood 
pressure, capillary videomicroscopy and laser Doppler fluxmetry) were repeated. After 
the cardiovascular test, another blood sample was drawn. On both study days, exenatide 
was subsequently infused, with cardiovascular measurements repeated after 120 minutes, 
approximately 60 minutes after reaching an assumed equilibrium [465]. During the testing 
day, subjects received a constant oral water load of 200 mL/hour. An overview of the testing 
day is visualized in Supplemental figure 1. 

Study Drugs
The GLP-1 receptor agonist exenatide (AstraZeneca, London, UK) was administered 
intravenously to assess acute effects during a steady state concentration. As validated 
previously by our group and others [234,465,466], a loading dose of 50 ng/min for 30 min, 
followed by a continuous infusion of 25 ng/min, yields plasma levels within the therapeutic 
range and harbours a good tolerability profile. L-NMMA acetate (Bachem GmbH, Weil am 
Rhein, Germany) was administered intravenously to assess the NO-dependency of the 
effects of exenatide. After a loading dose of 5 mg/kg for 5 min, a continuous infusion of 50 
µg/kg/min was given. This dose is known to have vasopressor activity [467]. 

Capillary Videomicroscopy
Nailfold capillary videomicroscopy was performed using the VCS Video Capillaroscopy 
System (KK Technology, Honiton, UK). This system includes a high-quality monochrome CCD 
camera, resolution 752 x 582 pixels, which uses cold light epi-illumination for high-contrast 
images. The microscope was coupled to a laptop running CapiScope software version 3.90 
(KK Technology, Honiton, UK) for image recording and analysis. The nailfold of the third 
digit of the non-dominant hand was placed under the microscope at the subjects’ heart 
level, who remained in a semi-recumbent position. Two separate visual fields of 1 mm2 were 
recorded before and after 4 minutes of arterial occlusion (established by inflating a cuff 
placed around the base of the finger to 300 mmHg). The same two fields were identified 
for every measurement. Baseline recordings were analysed for capillary density, which 
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is the number of capillaries per mm2 of nail fold skin that are continuously perfused for 
15 seconds [468]. The maximum number of capillaries counted directly after release of 
arterial occlusion defined peak capillary density. While baseline capillary density represents 
functional capillary perfusion in the resting state, peak capillary density is a measure of 
capillary reserve capacity [469]. The investigator counting the capillaries (MMS) was blinded 
to the status of the recordings. Second time blinded counting established an intra-observer 
coefficient of variation of 3.9%.

Laser Doppler fluxmetry
A laser Doppler fluxmetry system (Periflux 4000; Perimed, Stockholm, Sweden) was used to 
measure skin blood flow. Using this technique, perfusion of the microcirculation is expressed 
in arbitrary perfusion units (PU). Measurements were performed with one thermostatic 
laser Doppler probe (PF 481; Perimed, Stockholm, Sweden) placed at the dorsal side of the 
middle phalanx of the middle finger of the dominant hand. Additionally, wavelet analysis 
of the laser Doppler flux signals (signal = velocity X number of particles) over 30 min was 
conducted to assess the frequency spectrum between 0.01 and 1.6 Hz. Using Matlab (Version 
7.8.0.347; The Mathworks, Inc., Natick, MA, USA), the laser Doppler flux recording spectrum 
was divided into five frequency intervals as described by Stefanovska et al [470]: 0.01–0.02 
Hz (endothelial activity); 0.02–0.06 Hz (neurogenic activity); 0.06–0.15 Hz (smooth muscle 
response in the vessel wall); 0.15–0.4 Hz (respiratory function); and 0.4–1.6 Hz (heart beat 
frequency). Since laser Doppler flux signal strength varies between subjects and between 
measurements, normalized amplitudes were calculated for each of the five frequency bands 
by dividing the average amplitude within a band by the average amplitude of the entire 
spectrum [471]. Thus, using laser Doppler fluxmetry, both skin perfusion and vasomotion 
can be measured.

Laboratory Measurements
Blood was drawn from the IV catheter using syringes, and immediately transferred to 
designated BD Vacutainer® tubes (Franklin Lakes, NJ, USA). Throughout the testing day, 
venous plasma glucose was measured using a YSI 2300 STAT Glucose analyser (YSI Life 
Sciences, Yellow Springs, Ohio, USA). Fasting plasma glucose and 2-hour post-OGTT 

All subjects (n=10)
Age (years) 22 [22 – 23.3]
BMI (kg/m2) 29.3 [28.1 – 30.9]
Waist circumference (cm) 103 [97.5 – 105.2]
Systolic blood pressure (mmHg) 112.8 [110.6 – 127.6]
Diastolic blood pressure (mmHg) 65 [62.8 – 69.1]
Heart rate (BPM) 59 [54.4 – 66.1]
Fasting plasma glucose (mmol/L) 5.0 [4.7 – 5.1]
HOMA-IR 0.7 [0.6 – 1.8]
Triglycerides (mmol/L) 1.3 [0.6 – 1.9]
Total cholesterol (mmol/L) 4.5 [3.7 – 5.0]
HDL cholesterol (mmol/L) 1.2 [1.1 – 1.3]
LDL cholesterol (mmol/L) 2.7 [2.0 – 3.2]

Table 1: Subject Characteristics in Median [Interquartile Range]. Abbreviations = BMI: body mass index; BPM: 
beats per minute; HDL: high-density lipoproteins; HOMA-IR: homeostatic model assessment – insulin resistance; 
LDL: low-density lipoproteins
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Figure 1: Capillary density during infusion with pla-
cebo, exenatide, and L-N

G-monomethyl arginine 
(L-NMMA). Capillary density count, as assessed using 
skin capillary videomicroscopy. Exenatide significantly 
increased baseline and postocclusion capillary densi-
ty compared with placebo (both p=0.016). There was 
no statistical difference between exenatide and the 
combination of exenatide/L-NMMA. L-NMMA alone 
had no significant effect on baseline capillary density 
compared with placebo, but nonsignificantly reduced 
postocclusion capillary density (p=0.056). *p=0.016 
compared with baseline capillary density placebo. # 
p=0.016 compared with postocclusion capillary densi-
ty placebo. IQR indicates interquartile range.

glucose were measured from heparin plasma using the Gluco Quant-hexokinase method 
on a Modular P (Roche Diagnostics, Basel, Switzerland) within an hour of drawing blood. 
Triglycerides and total cholesterol were determined using an enzymatic colorimetric method, 
and high-density lipoprotein (HDL)-cholesterol was assessed using the 3rd generation HDL-C 
plus method. Low-density lipoprotein (LDL) cholesterol was calculated by Friedewald 
formula [472]. Insulin was determined from heparin plasma using an immunometric assay 
(Advia Centaur XP Immunoassay System, Siemens Healthcare, Erlangen, Germany). During 
the testing day, blood samples for glucose and insulin were drawn prior to and after the 
cardiovascular measurements. A mean of the two values was used for statistical analyses.

Statistics
A sample size calculation was performed prior the start of this study. Based on previous 
clinical data [254], we expected an increase of at least 30% in microvascular perfusion as 
assessed using capillary videomicroscopy (standard deviation 30%). Considering an α of 5% 
and power of 80%, we calculated that 8 subjects would ensure sufficient power. Keeping in 
mind the potential of drop-outs and failed experiments, we decided to include 10 subjects. 
All data are presented as median (interquartile range). Statistical analyses were performed 
using non-parametric tests, given the number of subjects and non-Gaussian distribution 
of the variables, even after log transformation. Wilcoxon signed rank test was used for 
paired analyses, to identify single effects of exenatide versus placebo, and the combination 
of exenatide/L-NMMA versus exenatide. Correlation analyses were performed using 
Spearman’s rank correlation coefficient. Correction for multiple testing was performed after 
all tests using the Bonferroni-method. Given that the primary interests were the comparisons 
of the effects of (1) exenatide vs placebo, and (2) exenatide vs the combination of L-NMMA/
exenatide, all statistical results were corrected for multiple testing by multiplying the 
p-value by 2. For the correlation analyses, the p-value was multiplied by 4, which equals 
the amount of performed statistical correlation tests. The analyses with L-NMMA only were 
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considered exploratory, and therefore additional correction for multiple testing was not 
performed. Sensitivity analyses were performed to assess day-to-day variation by correcting 
for unstimulated measurements. A relative variable was calculated by subtracting the 
unstimulated measurement by the stimulated measurements (placebo, exenatide, L-NMMA 
and L-LNMMA/exenatide). These relative measurements were then used instead of the 
original variables for the sensitivity analyses. A p-value <0.05 was considered statistically 
significant. All tests were performed using SPSS version 20.0 for Windows (IBM SPSS Inc., 
Chicago, IL, USA).

Results
Patient Characteristics
Ten healthy overweight males were included in this analysis. Full characteristics of the 
subjects can be found in Table 1.

Capillary Videomicroscopy
Compared with placebo, exenatide increased baseline capillary density with 8.0 (5.3–10.5) 
cap/mm2 (p=0.016) and peak post-arterial occlusion capillary density with 6.5 (4.8–7.8) cap/
mm2 (p=0.016). This corresponds with an increase of 20.1% and 8.3%, respectively. When 
exenatide was coinfused with L-NMMA, no significant differences compared with exenatide 
infused alone were observed (Figure 1).
Tests were performed during two study days. Day-to-day variation for baseline capillary 
density and postocclusive peak density were 4.7% and 1.7%, respectively. We conducted 
sensitivity analyses to assess potential interference of day-to-day variation by including 
unstimulated measurements (before any intervention) in the statistical model. These 
sensitivity analyses showed no different results compared with the original analyses.

Figure 2: Fluxmetry during placebo, exenatide, and L-N
G-monomethyl arginine (L-NMMA). Fluxmetry as assessed 

using laser Doppler. Exenatide had no significant effect on total power or any of the domains. (*a trend toward an 
exenatide-induced decrease in neurogenic domain was observed, p=0.096).
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Laser Doppler Fluxmetry
During placebo infusion, microvascular perfusion was predominantly determined by power 
in the lower spectra (0.01–0.15 Hz; Figure 2). Data on exenatide was only available for 6 
subjects, showing no effect on skin blood flow or any of the specific vasomotion frequency 
bands. However, a nonsignificant trend toward an exenatide-induced decrease in the 
neurogenic domain was observed (−5.6%; p=0.092).

Blood Pressure
During placebo infusion, systolic blood pressure was 113.8 (106.0–122.0) mmHg, diastolic 
blood pressure was 67.8 (60.1–72.3) mmHg, and heart rate (HR) was 59.0 (52.5–64.6) beats/
minute. Exenatide showed no effect on systolic blood pressure or diastolic blood pressure, 
but significantly increased HR with 5.0 (0.3–12.0) beats/minute (p=0.038). The combination 
of exenatide/L-NMMA led to higher systolic blood pressure (p=0.024) and HR (p=0.01) 
compared with exenatide alone.

Metabolic Parameters
Exenatide lowered glucose from 4.3 (4.3–4.4) mmol/L during placebo to 3.8 (3.7–3.9) 
mmol/L (p=0.024; Figure 3). No significant difference was seen between exenatide and 
the combination of exenatide/L-NMMA. Insulin levels were not altered by exenatide (29.8 
[22.9–45.0] pmol/L) versus placebo (27.7 [21.4–51.6] pmol/L).

Correlations
Because exenatide-induced changes in capillary density can be explained by changes 
in HR, glucose, or fluxmetry, we performed univariable analyses to identify potential 
correlations. Exenatide-induced changes in the neurogenic domain of vasomotion were 
inversely associated with exenatide-induced change in peak postocclusive capillary density 
(R=−0.928; p=0.032; Figure 4). No correlations between changes in HR, glucose, or insulin 
and changes in microcirculatory measurements were found.

Figure 3: Glucose and insulin levels during infusion with placebo, exenatide, and L-N
G-monomethyl arginine 

(L-NMMA). Levels of glucose and insulin. Exenatide infusion significantly decreased glucose levels. This effect was 
not altered by coinfusion of L-NMMA. No effect of exenatide was seen on insulin levels. * p<0.05 compared with 
placebo.
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Single L-NMMA Infusion
Although not part of the original research question, we explored the effects of L-NMMA 
infusion alone. During capillary videomicroscopy, L-NMMA had no effect on baseline 
capillary density, whereas a trend toward a decrease in peak postocclusive density was seen 
(−5.5 [−9.8 to −1.8] cap/mm2 [p=0.056]). Laser Doppler signal was not affected by L-NMMA. 
L-NMMA did not alter systolic blood pressure, but increased diastolic blood pressure by 7.5 
(3.9–10.8) mmHg (p=0.016). HR decreased non-significantly with L-NMMA (−7.0 [−8.0 to 
−1.6] beats/minute; p=0.118). L-NMMA infusion did not change plasma glucose or insulin 
levels.

Discussion
In this mechanistic study, we demonstrate that the GLP-1 receptor agonist exenatide 
increases capillary density, that is, microvascular perfusion, in healthy overweight men. 
These findings are consistent with several recent studies using native GLP-1 infusion in 
animals [458,461,473,474] and humans [254,458], in which an increase in microvascular 
perfusion was demonstrated. We are the first to demonstrate that this vasoactive effect 
is also present with the use of a GLP-1 receptor agonist in humans. Moreover, in contrast 
to previous findings using native GLP-1, we demonstrate that the microvascular effects of 
exenatide are independent of NO and insulin concentrations. 
Capillary perfusion is regulated by precapillary arteriolar tone, which is modulated by 
several systemic and local factors. We demonstrate that exenatide increases perfusion, 
which can either be a direct or an indirect effect. A direct effect is conceivable, and can be 
explained by the observation that the GLP-1 receptor is present on smooth muscle cells 
of human arteries [19]. Alternatively, exenatide could interact with factors known to alter 
precapillary arteriolar tone, an indirect effect. NO and atrial natriuretic peptide lead to 
vasodilation, which increases microvascular perfusion [475]. In contrast, other factors (eg, 
endothelin-1, the sympathetic nervous system (SNS), and renin–angiotensin–aldosteron 
system) are known to cause vasoconstriction, thereby reducing microvascular perfusion 
[475]. The effects of exenatide persisted during blockage of the synthesis of NO, suggesting 
a NO-independent pathway. In a mouse model, GLP-1 receptor activation increased atrial 

Figure 4: Correlation between exenatide-induced changes in capillary density and other parameters. A, Corre-
lation between exenatide- induced changes in postocclusion capillary density and vasomotion in the neurogenic 
domain. Vasomotion data of 6 patients was available. Spearman R=−0.928 (p=0.032). B, Correlations between ex-
enatide-induced changes in capillary density, vasomotion, heart rate, and metabolic parameters. All p-values are 
corrected for multiple testing.
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natriuretic peptide secretion [476]. In patients with T2DM, the GLP-1 receptor agonist 
liraglutide also increased atrial natriuretic peptide levels after 12 weeks of treatment [477], 
although results in humans are inconsistent [478,479]. Liraglutide was furthermore shown 
to inhibit the effects of endothelin-1 in cultured endothelial cells [480]. Finally, exenatide 
reduced the effects of angiotensin-II in a hypertensive mouse model, suggestive of anti-
renin–angiotensin–aldosteron system effects [481], yet clinical studies using GLP-1 (receptor 
agonists) are inconclusive [479,482]. Thus, GLP-1 (receptor agonists) seem to have effects 
on many factors known to influence precapillary arteriolar tone, and as such, could alter 
capillary perfusion.
In this study, we have shown that exenatide-induced actions on skin microvascular 
perfusion are independent of NO-availability. This observation is in line with findings from 
isolated rat femoral arteries, in which GLP-1 dose-dependently induced vasodilation in 
the presence of a NO-synthase blocker and after removal of endothelium [474]. The latter 
suggests that the vasodilator effects of GLP-1 are independent of any endothelial-derived 
substance [474]. However, other preclinical studies contrast our findings in humans. As 
such, infusion of the native GLP-1 was shown to increase muscle microvascular perfusion 
in several animal studies, whereas effects were abolished when NO-synthase was inhibited 
[461,473]. The observed discrepancy in NO-dependency remains to be elucidated. Feasibly, 
NO-dependence may differ between different types of vasculature. However, both skin 
and muscle microcirculation are affected by blockage of NO synthase [461,483]. Another 
explanation could be that exenatide, which is based on a peptide derived from the venom 
of the gilamonster (Heloderma suspectum), only shares 53% of amino acid homology with 
GLP-1, potentially leading to activation of NO-independent pathways.
Microvascular blood flow is known to undergo rhythmical variations or vasomotion. 
Vasomotion activity in the microvascular bed can be explored by analysis of the component 
frequencies of the laser Doppler signal. Distinct periodic oscillations in the laser Doppler 
signal have been attributed to, consecutively, the heartbeat, respiration, myogenic activity 
in the vessel wall, neurogenic activity, and endothelial activity. Especially, the neurogenic 
domain of vasomotion is affected by insulin and closely relates to capillary perfusion in 
humans [484]. Exenatide also seemed to influence the neurogenic domain, although 
results did not reach statistical significance. Interestingly, changes in the neurogenic 
domain were strongly associated with an increase in capillary density. Because a decrease 
in the neurogenic domain is associated with a decrease in SNS activity [485], it could be 
speculated that exenatide decreases dermal vascular SNS activity, leading to a reduced 
precapillary arteriolar tone and increased microvascular perfusion. Because the SNS directly 
affects smooth muscle cells in the arterial wall, endothelial cells may not be required for 
this vasoactive effect. Also, as no effects on the endothelial domain were seen, exenatide-
induced effects may be independent of the vascular endothelium.
Exenatide infusion had no effect on insulin levels in this study. It is known that the 
actions of exenatide on insulin secretion are glucose-dependent, occurring only during 
hyperglycaemia. Because our subjects were normoglycaemic, this could reduce the effect 
on insulin secretion. In addition, single measurement of insulin levels was performed 
2 hours after the start of exenatide infusion. In previous studies, no effect of exenatide 
on fasting insulin levels were seen ≤105 min of infusion [486,487]. Because the effects of 
exenatide on microvascular perfusion occurred during a period where insulin levels were 
unchanged, we could argue that observed effects are insulin-independent. This hypothesis 
is in line with several previous studies. In a rat study, GLP-1 increased muscle blood flow 
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during a euglycaemic–hyperinsulinaemic clamp [252], whereas the peptide increased 
muscle microvascular perfusion during coinfusion with octreotide in healthy men [254]. 
Interestingly, the effect of exenatide on capillary density (≤20% increase) seems to be more 
pronounced than the effect obtained with systemic hyperinsulinaemia (≤9% increase)[488].
The exenatide-induced increase in microvascular perfusion can be clinically relevant because 
capillaries are located throughout all organ tissues. For instance, increased microvascular 
perfusion in muscle could lead to increased glucose uptake, a beneficial phenomenon 
which was shown in rodents and dogs [252,489]. In our study, we observed insulin-
independent reductions in glucose levels after exenatide infusion, which could be explained 
by increased muscle glucose disposal rate. However, in this study, we did not assess this by 
using label-tracer techniques. Clinically, improved microvascular perfusion may favourably 
affect myocardial function, as was recently demonstrated for exenatide in 8 insulin-naive 
T2DM patients [490]. However, in this study, a positron emission tomography assessment 
of myocardial perfusion was used, which is not able to differentiate between macro- and 
microcirculation. Future studies should assess whether beneficial effects of GLP-1 receptor 
agonists are effectuated through increased microvascular perfusion.
This study has some limitations. First, the study had a non-randomized and non-blinded design. 
However, the investigator was blinded for the status of the recordings, thereby eliminating the 
potential of bias when counting the number of capillaries. Second, the studied population is 
not the population treated with exenatide in clinical practice, indicating the need for further 
studies in patients with T2DM. However, the long-acting GLP-1 receptor agonist liraglutide 
is now registered as weight management agent in obese nondiabetic individuals. Thus, 
examining the microvascular effects in this population has clinical relevance. Finally, data 
of only six participants were available for the vasomotion analysis of exenatide, introducing 
the possibility of type II errors. For our primary analysis, exenatide-induced changes in 
capillary perfusion as assessed using capillary videomicroscopy, we had statistical power of 
1.000. Contrary to previous studies, we investigated the effects of GLP-1 receptor agonists 
on skin microcirculation. Given that muscle cells are involved in glucose uptake, the actions 
of exenatide on muscle microcirculation might metabolically be more relevant. However, in 
previous studies, we demonstrated that the cutaneous microcirculation is a representative 
vascular bed to examine insulin’s actions on the microcirculation [491]. Moreover, 
assessment of the effects of exenatide on skin microvasculature has 2 benefits. First, in 
contrast to measurements of muscle microcirculation, direct capillary videomicroscopy 
allowed us to assess the effects of exenatide not only on microvascular perfusion but also 
on functional capillary capacity [469]. Second, the skin enabled us to study vasomotion, 
the spontaneous rhythmic change of arteriolar diameter. Using vasomotion, it is possible 
to assess the amount of microvascular perfusion, as well as endothelial, neurogenic, and 
myogenic influences [470].

In conclusion, we demonstrated that the GLP-1 receptor agonist exenatide increases 
capillary perfusion in skin, independent of NO. In addition, our data suggest that the effects 
are independent of insulin, and could potentially be explained by a decrease in SNS activity.
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Abstract

Objective: to assess the effects of glucagon-like peptide (GLP)-1 based therapies (i.e. GLP-1 
receptor agonists and dipeptidyl peptidase [DPP]-4 inhibitors) on microvascular function in 
type 2 diabetes patients.

Approach and Results: we studied 57 type 2 diabetes patients (mean ± SD age 62.8 ± 
6.9 years; BMI 31.8 ± 4.1 kg/m2; HbA1c 7.3 ± 0.6%) in an acute and 12-week randomized, 
placebo-controlled, double-blind trial conducted at the Diabetes Center of the VU University 
Medical Center. In the acute study, the GLP-1 receptor agonist exenatide (therapeutic 
concentrations) or placebo (saline 0.9%) was administered intravenously. During the 12-
week study, patients received the GLP-1 receptor agonist liraglutide (1.8 mg daily), the DPP-
4 inhibitor sitagliptin (100 mg daily), or matching placebos. Capillary perfusion was assessed 
by nailfold skin capillary videomicroscopy, and vasomotion by laser Doppler fluxmetry, in 
the fasting state and after a high-fat mixed meal. In neither study, treatment affected fasting 
or postprandial capillary perfusion compared with placebo (p>0.05). In the fasting state, 
acute exenatide-infusion increased neurogenic vasomotion domain power, while reducing 
myogenic domain power (both p<0.05). After the meal, exenatide increased endothelial 
domain power (p<0.05). In the 12-week study, no effects on vasomotion were observed.

Conclusions: despite modest changes in vasomotion, suggestive of sympathetic nervous 
system activation and improved endothelial function, acute exenatide-infusion does not 
affect skin capillary perfusion in type 2 diabetes. Twelve-week treatment with liraglutide 
or sitagliptin has no effect on capillary perfusion or vasomotion in these patients. Our data 
suggest that the effects of GLP-1 based therapies on glucose are not mediated through 
microvascular responses.
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Introduction
Pharmacological agents that are based on the gut-derived hormone glucagon-like peptide 
(GLP)-1 are increasingly used for hyperglycaemia management in type 2 diabetes mellitus 
(T2DM). Both GLP-1 receptor agonists and inhibitors of the GLP-1–degrading enzyme 
dipeptidyl peptidase-4 (ie, DPP-4 inhibitors) increase insulin and reduce glucagon secretion, 
thereby lowering plasma glucose levels [8]. Moreover, GLP-1 receptor agonists reduce 
appetite, gastric emptying rate, and bodyweight, whereas both antihyperglycaemic drug 
classes improve blood pressure and (postprandial) lipid profiles in patients with T2DM.
The microcirculation encompasses all vessels of <150 μm, which includes arterioles, 
capillaries, and venules, and is involved in regulation of tissue perfusion to optimize nutrient 
delivery. An increase in microvascular perfusion improves glucose and insulin supply to 
the muscle interstitium, thereby enhancing peripheral glucose disposal. In addition, the 
microcirculation regulates peripheral vascular resistance, which in conjunction with cardiac 
output determines arterial blood pressure [492].
GLP-1 peptide has been shown to improve microvascular function [426]. As such, GLP-
1 infusion increased microvascular perfusion of skeletal muscle in rodents, leading to 
increased glucose disposal [252,254,459]. Infusion of GLP-1 peptide has also been shown 
to improve microvascular perfusion in healthy humans, although this was not associated 
with glucose disposal in one study [252,254,458,473]. Evidence about the effects of GLP-1 
receptor agonists or DPP-4 inhibitors on the microcirculation, however, is scarce. In Wistar 
rats, 4-week treatment with the GLP-1 receptor agonist liraglutide or the DPP-4 inhibitor 
sitagliptin blunted the inhibiting effects of a high-fat diet on microvascular perfusion [493]. 
Moreover, we recently demonstrated that acute administration of the GLP-1 receptor 
agonist exenatide increases microvascular blood flow, independent of nitric oxide (NO) 
availability, in healthy overweight men [341]. However, to date, it is unknown whether GLP-
1–based therapies affect microvascular perfusion in T2DM, a disease that is characterized by 
reduced microvascular function [494]. Therefore, we assessed the effects of acute exenatide 
administration and 12-week treatment with liraglutide or sitagliptin on microvascular 
function in patients with T2DM. Given the beneficial effects of GLP-1–based therapies on 
glucose levels and blood pressure in this population, we hypothesized that these agents 
increase microvascular perfusion that contributes to these beneficial effects.

Materials and Methods
In the current study, 60 patients with T2DM underwent two randomized, double-blind, 
placebo-controlled trials, as described previously [341]: an acute intervention study to 
assess the effects of intravenous exenatide administration; and a 12-week double-dummy 
intervention study to assess the effects of liraglutide 1.8 mg daily or sitagliptin 100 mg 
daily treatment. Tests were performed in the fasting and after a standardized mixed meal 
(Supplemental Figure 1). These postprandial measurements were deemed important since 
1) humans reside most of their time in the postprandial state; 2) GLP-1 receptor agonists 
stimulate glucose-stimulated insulin secretion and reduce gastric emptying, and as such, 
might have different effects after meal ingestion; and 3) DPP-4 inhibitors reduce the 
degradation of endogenously released GLP-1, these agents may be more active after meal 
ingestion with subsequent GLP-1 release. The study was approved by the ethics review board 
of the VU University Medical Center, was registered at ClinicalTrials.gov (ID: NCT01744236), 
and was conducted in accordance with the Declaration of Helsinki and the International 
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Conference on Harmonization of Good Clinical Practice. All participants provided written 
informed consent before participation.

Participants
We recruited Caucasian males and postmenopausal females with T2DM, aged 35 to 75 years 
old, with an HbA1c of 6.5 to 9.0% (48-75 mmol/mol) and BMI of 25 to 40 kg/m2. Patients 
were treated with a stable dose of metformin and/or sulphonylurea derivatives for at least 
3 months [341]. Major exclusion criteria included treatment with insulin or GLP-1 based 
therapy at time of inclusion, history of pancreatic, hepatic, cardiovascular, or renal disease, 
an estimated glomerular filtration rate <60 mL/min/1.73m2, and allergy to any of the test 
substances [341].

Acute Study 
First, pre-treatment endpoint measurements were performed for both the acute and 12-
week intervention study. Thereafter, participants were randomized by the trial pharmacist 
using computer-generated numbers (block-size of six; allocation ratio of 1:1), to receive 
intravenous exenatide (AstraZeneca, London, UK) or placebo (saline 0.9%). As validated 
previously by our research group and others [234,465,466], an exenatide loading dose of 
50 ng/min for 30 min, followed by a continuous infusion rate of 25 ng/min, yields stable 
plasma levels within the therapeutic range and harbours a good tolerability profile. The 
intravenous route was preferred over the subcutaneous route, since this allowed us to 
perform a blinded study in the absence of exenatide-placebo administration pens. Endpoint 
measurements were repeated 120 min after the start of the intervention. Subsequently, 
a high-carbohydrate, high-fat, mixed meal was administered (905.7 kCal; 50 g fat, 75 g 
carbohydrates and 36.8 g protein), and endpoint measurements were repeated after 90 min 
in the postprandial state. 

12-week study 
After the acute study, subjects were randomized by the trial pharmacist using computer-
generated numbers (block-size of six; allocation ratio of 1:1:1; stratified to either two 
interventions of the acute study) to receive liraglutide (Novo Nordisk A/S, Bagsværd, 
Denmark), sitagliptin (Merck & Co., Kenilworth, NJ, USA), or matching placebos (all subjects 
received pens for subcutaneous injections and oral capsules). Novo Nordisk A/S provided 
pre-filled pens with either liraglutide or placebo, while ACE Pharmaceuticals (Zeewolde, The 
Netherlands) encapsulated the sitagliptin or placebo tablets. Participants randomized to the 
liraglutide-arm received dummy capsules, participants randomized to the sitagliptin-arm 
received dummy pre-filled pens, while the placebo-arm received dummy capsules and pens 
(double-dummy design). Study drugs were taken once-daily, at the same time of day in the 
evening. For the subcutaneous injections, a dose-increment schedule was used (week 1: 0.6 
mg daily; week 2: 1.2 mg daily; remaining weeks: 1.8 mg daily). Based on tolerance to the 
subcutaneous study drug, time between dose increments could be extended, and maximal 
administration dose could be reduced, based on the discretion of the investigators. After 12 
weeks of intervention, the endpoint measurements were repeated. Moreover, an equivalent 
mixed meal as used for the acute study was administered, and endpoint microvascular 
measurements were repeated after 90 minutes in the postprandial state.
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Table 1: Acute effects of exenatide on parameters of nailfold skin capillary videomicroscopy, laser Doppler 
fluxmetry and systemic haemodynamics in type 2 diabetes. Nailfold skin capillary videomicroscopy and 
haemodynamic data are presented as crude mean ± SEM; Laser Doppler Fluxmetry data are presented as crude 
median [interquartile range]. * indicates a significant difference (p<0.05) of treatment compared with placebo, 
corrected for potential differences in pre-treatment values. Abbreviations = BPM, beats per minute; DBP, diastolic 
blood pressure; HR, heart rate; NU, normalized units; PP, postprandial; SBP, systolic blood pressure.

Parameter Placebo Exenatide
Pre-

treatment Acute Acute PP Pre-
treatment Acute Acute PP

Nailfold Skin Capillary Videomicroscopy
Baseline
(cap/mm2) 44.0 ± 1.7 49.4 ± 1.7 51.0 ± 1.5 40.9 ± 1.3 46.5 ± 1.5 48.2 ± 1.5

Post-Occlusion
(cap/mm2) 58.2 ± 1.9 62.1 ± 1.8 62.5 ± 1.6 54.8 ± 1.9 59.8 ± 2.3 60.6 ± 2.6

Hyperaemia
(%) 32.9 ± 1.6 26.8 ± 2.2 22.9 ± 1.4 34.3 ± 2.7 28.3 ± 2.4 25.1 ± 2.7

Laser Doppler Fluxmetry
Total power 
(ms2)

97.4
[57.7-184.1]

93.2 
[65.4-164.8]

113.4
[65.5-176.1]

68.7
[58.4-107.6]

97.3
[47.1-196.5]

136.4
[69.1-187.4]

Cardiac
(NU)

0.32
[0.22-0.44]

0.28 
[0.23-0.40]

0.25 
[0.17-0.33]

0.39 
[0.31-0.47]

0.24 
[0.19-0.31]

0.23 
[0.20-0.33]

Respiratory
(NU)

0.26 
[0.23-0.32]

0.30 
[0.24-0.40]

0.35 
[0.27-0.40]

0.30 
[0.25-0.35]

0.29 
[0.24-0.32]

0.31 
[0.27-0.33]

Myogenic
(NU)

0.74 
[0.62-0.81]

0.75 
[0.68-0.91]

0.79 
[0.70-0.94]

0.68 
[0.55-0.76]

0.67 
[0.60-0.78]*

0.74 
[0.63-0.79]

Neurogenic
(NU)

1.56 
[1.48-1.73]

1.56 
[1.46-1.61]

1.70 
[1.57-1.80]

1.54 
[1.43-1.63]

1.67 
[1.53-1.74]*

1.59 
[1.48-1.71]

Endothelial
(NU)

2.47 
[2.29-2.75]

2.44 
[2.28-2.73]

2.37 
[2.14-2.66]

2.45 
[2.32-2.79]

2.62 
[2.17-2.87]

2.68 
[2.43-2.87]*

Systemic Hemodynamics

SBP (mmHg) 136.1 ± 3.0 143.9 ± 3.8 137.0 ± 3.1 135.5 ± 2.6 151.3 ± 3.2* 148.8 ± 3.6*

DBP (mmHg) 76.2 ± 1.4 80.2 ± 1.4 77.3 ± 3.6 76.3 ± 1.3 83.4 ± 1.7 82.8 ± 1.6*

HR (BPM) 66.5 ± 1.9 65.9 ± 2.1 76.9 ± 2.2 63.2 ± 1.2 67.5 ± 1.5* 74.5 ± 1.8

Study End Points
Two days prior to the study visits, subjects were instructed to adhere to a normal-salt (9-12 
grams per day) and normal-protein (1.5-2 mg/kg per day) diet. In addition, prior to the study 
visit, all participants abstained from heavy exercise and alcohol for 24 hours and caffeine 
for 12 hours. Subjects arrived at the Diabetes Center of the VU University Medical Center at 
07.30 AM after an overnight fast. An intravenous catheter was placed in an antecubital vein, 
and subjects were instructed to assume a semi-recumbent position throughout the testing-
day. After 30 min of acclimatization in a temperature-controlled room (23.0 ± 1.0 °C), the 
study tests commenced. Skin temperature was registered continuously and was above 28 °C 
at the start of all microvascular measurements. 
Nailfold skin capillary videomicroscopy was performed using the VCS Video Capillaroscopy 
System (KK Technology, Honiton, UK). This system includes a high-quality monochrome CCD 
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Figure 1: Flowchart and baseline characteristics of the acute and 12-week studies. Abbreviations = AE, adverse 
event; BMI, body mass index; T2D, type 2 diabetes.

camera (resolution 752 x 582 pixels), and uses cold light epi-illumination for high-contrast 
images. The microscope was coupled to a laptop running CapiScope software version 3.90 
(KK Technology, Honiton, UK) for image recording and analysis. The nailfold of the third digit 
of the non-dominant hand was placed under the microscope at the subjects’ heart level. 
Two separate visual fields of 1 mm2 were recorded before (baseline recordings) and after 4 
min of arterial occlusion (established by inflating a cuff placed around the base of the finger 
to 300 mmHg). We aimed to identify and measure the same two fields for every assessment. 
Baseline recordings were analysed for capillary density, which is the number of capillaries 
per mm2 of nail fold skin that are continuously perfused for 15 s, representing functional 
capillary perfusion [468]. The maximum number of capillaries counted directly after 
release of arterial occlusion defined peak capillary density, representing capillary reserve 
capacity [469]. The investigator counting the capillaries (MMS) was blinded to the status of 
the recordings. Second time blinded counting established an intra-observer coefficient of 
variation of 3.9%.
A laser Doppler fluxmetry system (Periflux 4000; Perimed, Stockholm, Sweden) was used 
to measure vasomotion, which is a continuous oscillation of microvascular vessel diameter 
that contributes to tissue oxygenation, vascular resistance, and maintenance of capillary 
pressure [495]. Thirty-minute recordings were acquired using a thermostatic laser Doppler 
probe (PF 481; Perimed, Stockholm, Sweden) placed at the dorsal side of the middle 
phalanx of the middle finger of the dominant hand. Wavelet analysis was performed using 
Matlab (Version 7.8.0.347; The Mathworks, Inc., Natick, MA, USA) to assess the frequency 
spectrum between 0.01 and 1.6 Hz. This spectrum was then divided into five frequency 
intervals: 0.01–0.02 Hz (endothelial activity); 0.02–0.06 Hz (neurogenic activity); 0.06–0.15 
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Hz (smooth muscle response in the vessel wall); 0.15–0.4 Hz (respiratory function); and 
0.4–1.6 Hz (cardiac function)[470]. Since laser Doppler flux signal strength varies between 
subjects and between measurements, normalized amplitudes were calculated for each of 
the five frequency bands by dividing the average amplitude within a band by the average 
amplitude of the entire spectrum [471]. 
An automatic oscillometric device (Dinamap©, GE Healthcare, Little Chalfont, UK) was used 
to measure systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart rate (HR) 
at the non-dominant arm, using adequate cuff sizes. Measurements were performed before 
the microvascular measurements, in triplicate at 1-2 min intervals, and the mean of the last 
two measurements was used for each time point. 
Blood samples were drawn from the intravenous catheter. Venous plasma glucose was 
repeatedly assessed during measurements with a YSI 2300 STAT Glucose analyser (YSI Life 
Sciences, Yellow Springs, Ohio, USA). HbA1c was measured using high-performance liquid 
chromatography.

Statistics
As current data are part of a larger study [341], of which the mechanistic effects on 
microvascular function were added as a secondary endpoint, no a-priori power calculation 
was performed for nailfold skin capillary videomicroscopy. However, when using the results 
of our study in healthy overweight volunteers [410], where exenatide increased capillary 
density by 20%, a sample size (with α 0.05; power 0.80) of 15 participants per group was 
calculated. 
All data were double-entered into an electronic data management system (OpenClinica LLC, 
version 3.3, Waltham, MA, USA) and then exported to the study database. To test treatment 
effects versus placebo, regression models were used in the per-protocol population. For 
the acute intervention study, treatment with exenatide was added to the model. For the 
12-week study, treatment with liraglutide or sitagliptin were both included as dummy-
variable. Additionally, for both the acute and 12-week study, the pre-treatment value of 

Figure 2: Changes in capillary density during the acute and 12-week intervention study. Treatment-induced ef-
fects on capillary density, as assessed using nailfold skin capillary videomicroscopy. Figure 2A) effects of acute 
intervention with placebo or exenatide; and 2B) 12-week intervention with placebo, sitagliptin or liraglutide. No 
differences in treatments were seen in the acute and 12-week setting. Data are presented in mean ± SEM. Abbre-
viations = pp, postprandial
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the tested endpoint was included in the model as covariate, in order to correct for potential 
baseline differences (apart from the postprandial measurements in the 12-week study). In 
case variables demonstrated a non-Gaussian distribution, log-transformation was strived 
before analysis. Results from these analyses are presented as treatment induced means ± 
standard error of the mean (SEM), corrected for placebo-effects and pre-treatment values. 
Given the physiologic relation between microvascular perfusion, vasomotion, systemic 
haemodynamics and glucose levels, we assessed correlations between treatment-induced 
changes in these variables. To correct these correlations for BMI and age, which are known 
to influence capillary perfusion and vasomotion, we performed linear regression analyses 
and report the standardized beta. Finally, we performed an exploratory analysis in placebo-

Figure 3: Laser Doppler Fluxmetry during the acute and 12-week intervention study. Treatment-induced effects 
on vasomotion, as assessed using skin laser Doppler fluxmetry. Figure 3A) effects of acute intervention with pla-
cebo or exenatide; and 3B) 12-week intervention with placebo, sitagliptin or liraglutide. * In the acute setting, 
exenatide significantly decreased power in the myogenic domain (p=0.049), and increased power in the neurogenic 
domain (p=0.004). # In the acute study, exenatide increased power in the endothelial domain (p=0.01) after the 
meal. No differences were seen in the 12-week study. Data are presented as median with interquartile range. Ab-
breviations = pp, postprandial
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treated patients in the acute study using paired T-tests (capillary videomicroscopy data) 
and Wilcoxon (vasomotion data), to assess the effects of meal-stimulation on microvascular 
function. All analyses were performed using SPSS 22.0 (IBM SPSS Inc., Chicago, IL, USA), 
and a two-sided p-value of ≤0.05 was considered to be statistically significant. Correction 
for multiple testing was not performed in this hypothesis-generating study, since we feel 
that the risk of finding false-positive results is outweighed by the risk of missing potential 
mechanisms by stringent statistical correction techniques. 

Results
Patient Characteristics
Baseline characteristics and study flow diagram are displayed in Figure 1. Three patients 
withdrew their consent during the run-in period, and 57 patients were randomized for 
the acute intervention study (exenatide n=29; placebo n=28). Before randomization for 
the long-term study, one patient was excluded because of incidental findings. Because of 
adverse effects, one patient dropped out in the sitagliptin arm (pollakiuria and dizziness). 
Thus, analyses were performed in 55 patients for the long-term study (liraglutide n=19, 
sitagliptin n=19, and placebo n=17).

Acute Intervention Study: Fasting State
Compared with placebo, acute intervention with exenatide infusion did not affect baseline 
(+ 1.0 ± 1.2 capillaries/mm2; P=0.39) or postocclusive capillary density (+ 1.8 ± 1.3 capillaries/
mm2; p=0.18; Table 1 and Figure 2). 
Exenatide did not affect total vasomotion, nor power in the cardiac, respiratory, and 
endothelial domains, compared with placebo (p>0.05; Table 1 and Figure 3). However, 
exenatide decreased power in the myogenic domain (log value: 0.05 ± 0.03; p=0.05) and 
increased power in the neurogenic domain (log value: 0.04 ± 0.01; p=0.004). 
Compared with placebo, exenatide increased systolic blood pressure (SBP) by 7.3 ± 3.5 mm 
Hg (p=0.04), diastolic blood pressure (DBP) by 2.9 ± 1.5 mm Hg (p=0.05), and heart rate (HR) 
by 4.8 ± 1.6 beats/minute (p<0.01; Table 1). Moreover, at the start of the microvascular 
measurements, exenatide decreased glucose levels by 1.6 ± 0.1 mmol/L (p<0.001) compared 
with placebo (Figure 4).

Acute Intervention Study: Postprandial State
During placebo infusion, the mixed meal did not affect baseline or postocclusion capillary 
density compared with fasting measurements (Table 1). However, meal ingestion induced 
an increase in power in the neurogenic vasomotion domain (p=0.018). 
Compared with placebo, exenatide did not affect baseline (+ 0.03 ± 1.5 capillaries/mm2; 
p=0.99) or postocclusion capillary density (+ 1.7 ± 2.4 capillaries/mm2; p=0.49) in the 
postprandial state (Table 1 and Figure 2). Moreover, exenatide increased endothelial 
domain power (log value: 0.05 ± 0.02; p=0.01), without affecting other domains (Table 1 
and Figure 3).
After the meal, SBP (12.3 ± 3.6 mm Hg; p=0.001) and DBP (+ 8.1 ± 1.6 mm Hg; p<0.001) 
increased with exenatide compared with placebo (Table 1). The glucose level at the start of 
the postprandial microvascular measurements with placebo was 9.9 ± 0.2 mmol/L, whereas 
this was 4.2 ± 0.3 mmol/L lower with exenatide (p<0.001; Figure 4).
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12-week Intervention Study: Fasting State
Compared with placebo, 12-week intervention with neither liraglutide (+ 1.6 ± 2.5 
capillaries/mm2; p=0.506) nor sitagliptin (- 0.26 ± 2.5 cap/mm2; p=0.916) affected baseline 
capillary density (Figure 2). Moreover, we observed no effects on postocclusion capillary 
density (liraglutide: + 2.9 ± 2.9 capillaries/mm2; p=0.330; sitagliptin: + 1.8 ± 1.3 capillaries/
mm2; p=0.184). Liraglutide and sitagliptin did not alter total vasomotion or specific domains, 
compared with placebo (Table 2 and Figure 3). 
After 12-week treatment, liraglutide reduced SBP by 11.5 ± 4.7 mm Hg (p=0.02) and increased 
HR by 5.8 ± 2.0 beats/minute (p=0.006), compared with placebo (Table 2). Sitagliptin had no 
significant effect on SBP, DBP, or HR. Liraglutide reduced fasting glucose concentrations (1.3 
± 0.3 mmol/L; p<0.001) and HbA1c (1.7 ± 0.9%; p<0.001), compared with placebo. Sitagliptin 
reduced fasting glucose concentrations by 1.1 ± 0.4 mmol/L (p=0.003) and HbA1c by 0.8 ± 
0.9% (p=0.001).

Figure 4: Glucose levels in the acute and 12-week study. Glucose levels during the acute (A) and 12-week inter-
vention study (B). During the grey areas, microvascular measurements were performed. Data are presented in 
mean ± SEM
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12-week Intervention Study: Postprandial State
Capillary density was similar between all treatment groups in the postprandial state (Table 
2 and Figure 2). Moreover, no effect was observed on total vasomotion or specific domains 
of vasomotion (Figure 3).
After the meal, SBP reduced by 15.6 ± 2.5 mm Hg with liraglutide and by 12.1 ± 5.5 with 
sitagliptin (Table 2), compared with placebo, whereas DBP and HR remain unaffected. The 
glucose level at the start of the microvascular measurements with placebo was 10.3 ± 0.4 
mmol/L, whereas this was reduced by 1.3 ± 0.5 mmol/L during both liraglutide and sitagliptin
(p<0.01; Figure 4).

Correlations
In the acute fasting setting, the treatment-induced effect on vasomotion neurogenic power 
correlated with glucose (R=−0.502; p<0.001), DBP (R=+0.328; p=0.030), and HR (R=+0.350; 
p=0.023), after correction for body mass index and age. No other correlations between 
microvascular measurements and glucometabolic or haemodynamic factors were observed.

Discussion
This is the first study to assess the effects of GLP-1–based therapies on capillary perfusion in 
patients with T2DM. For a comprehensive assessment, measurements were performed using 
two complementary techniques, capillary videomicroscopy and laser Doppler fluxmetry, 
after both an acute and 12-week intervention, in both the fasting and postprandial states. 
In none of the settings, we observed changes in capillary perfusion. However, in the acute 
setting, exenatide infusion increased fasting neurogenic and reduced myogenic power 
domains, whereas in the postprandial state, the drug increased endothelial domain power. 
Nailfold skin capillary videomicroscopy was used to assess microvascular perfusion [491]. 
Perfusion of capillaries is regulated by alternating the diameter of precapillary arterioles. 
Many mediators, including insulin and NO, are known to cause vasodilation of precapillary 
arterioles, leading to an increase in capillary perfusion [491,496]. In animal studies, GLP-
1 peptide infusion increases muscle microvascular perfusion [252,254,459]. In healthy 
volunteers, infusion of GLP-1 improves microvascular perfusion in muscle tissue [253]. We 
recently demonstrated that exenatide increased skin capillary perfusion in healthy men, 
using the same techniques and a similar study protocol as used in the current study [410]. 
It was therefore unexpected to find no effect of exenatide on skin capillary perfusion in 
patients with T2DM in the current study. Such a differential effect in microvascular activity 
is also known for insulin, which improves microvascular perfusion in healthy volunteers, but 
has no effect on microvascular function in patients with type 2 diabetes mellitus [497,498]. 
This discrepancy is attributed to dysfunction of the endothelium in T2DM. Potentially, this 
mechanism also explains the differential findings with GLP-1 and related therapies. Notably, 
vascular GLP-1 resistance is present in Ossabaw miniature swine with metabolic syndrome, 
but not in lean, healthy animals [499].
The microcirculation is present throughout the body, and its physiological role differs 
depending on the studied organ. For example, muscle microvascular perfusion is involved 
in muscle glucose uptake [500]. The microcirculation of the skin is largely involved in 
thermoregulation, by opening and closing of arteriovenous anastomoses [501]. However, 
because glucose uptake in skin during hyperinsulinaemia contributes significantly to whole 
body glucose uptake [502], we used capillary videomicroscopy to assess capillary perfusion 
in a noninvasive way. This allowed us to assess not only capillary perfusion but also 
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Param
eter

Placebo
Sitagliptin

Liraglutide
Pre-

treatm
ent

12-w
eek

12-w
eek PP

Pre-
treatm

ent
12-w

eek
12-w

eek PP
Pre-

treatm
ent

12-w
eek

12-w
eek PP

N
ailfold Skin Capillary Videom

icroscopy

Baseline (cap/m
m

2)
44.9 ± 2.1

46.1 ± 2.3
50.7 ± 2.7

41.3 ± 1.8
43.3 ± 2.2

48.0 ± 1.9
41.1 ± 1.9

45.0 ± 2.0
49.4 ± 1.9

Post-O
cclusion (cap/m

m
2)

60.3 ± 2.6
59.1 ± 2.7

62.5 ± 2.7
54.9 ± 2.4

55.4 ± 2.9
59.0 ± 2.3

53.9 ± 2.4
58.4 ± 2.8

61.8 ± 2.6

Hyperaem
ia (%

)
35.1 ± 2.9

29.1 ± 3.3
25.1 ± 3.5

33.3 ± 2.7
28.5 ± 2.8

23.4 ± 2.4
31.9 ± 2.7

29.4 ± 2.3
24.8 ± 2.1

Laser Doppler Fluxm
etry

Total pow
er (m

s
2)

83.7
[56.8-161.6]

119.6
[64.5-173.4]

96.5
[59.5-153.1]

96.9 
[59.9-185.4]

105.8
[67.4-164.8]

118.7
[87.7-186.4]

66.0
[56.7-127.1]

85.8
[66.9 -141.2]

68.0
[46.8-142.3]

Cardiac (N
U

)
0.40 

[0.26-0.52]
0.29 

[0.19-0.47]
0.28 

[0.17-0.45]
0.31 

[0.22-0.44]
0.35 

[0.26-0.37]
0.22 

[0.17-0.32]
0.40 

[0.33-0.45]
0.29

[0.19-0.37]
0.25 

[0.19-0.36]

Respiratory (N
U

)
0.25 

[0.20-0.29]
0.28 

[0.25-0.38]
0.29 

[0.28-0.37]
0.28 

[0.25-0.34]
0.32 

[0.24-0.40]
0.31

[0.24-0.36]
0.32 

[0.25-0.39]
0.32 

[0.26-0.39]
0.31 

[0.26-0.40]

M
yogenic (N

U
)

0.67 
[0.50-0.78]

0.64 
[0.54-0.78]

0.77 
[0.67-0.88]

0.71 
[0.59-0.78]

0.72 
[0.62-0.84]

0.78 
[0.59-0.90]

0.73
[0.64-0.87]

0.77 
[0.65-0.92]

0.81 
[0.69-0.83]

N
eurogenic (N

U
)

1.51 
[1.42-1.63]

1.57 
[1.43-1.69]

1.65 
[1.47-1.75]

1.55 
[1.43-1.64]

1.56 
[1.51-1.66]

1.67 
[1.62-1.81]

1.57 
[1.49-1.66]

1.61 
[1.47-1.72]

1.62 
[1.51-1.73]

Endothelial (N
U

)
2.49 

[2.35-2.99]
2.46 

[2.32-2.88]
2.52 

[2.17-2.65]
2.46 

[2.34-2.80]
2.55 

[2.28-2.74]
2.38 

[1.86-2.83]
2.36 

[2.02-2.58]
2.51 

[2.09-2.69]
2.49 

[2.31-2.67]

System
ic Haem

odynam
ics

SBP (m
m

Hg)
137.6 ± 3.6

139.7 ± 3.2
148.0 ± 4.9

132.5 ± 2.8
132.1 ± 3.1

134.6 ± 3.2*
136.6 ± 3.9

127.5 ± 4.9*
132.8 ± 3.9*

DBP (m
m

Hg)
76.4 ± 1.5

76.2 ± 1.5
75.5 ± 2.0

76.9 ± 1.2
76.2 ± 2.4

74.7 ± 2.1
76.9 ± 1.2

76.2 ± 2.4
74.7 ± 2.1

HR (BPM
)

64.5 ± 2.2
64.1 ± 2.5

74.7 ± 3.1
63.0 ± 1.8

64.1 ± 1.6
71.6 ± 2.4

66.7 ± 2.1
71.4 ± 1.7*

80.2 ± 2.3

Table 2: Effects of 12-w
eek treatm

ent w
ith liraglutide or sitagliptin on param

eters of nailfold skin capillary videom
icroscopy, laser Doppler fluxm

etry and system
ic 

haem
odynam

ics. N
ailfold skin capillary videom

icroscopy and haem
odynam

ic data are presented as crude m
ean ± SEM

; Laser Doppler Fluxm
etry data are presented as crude 

m
edian [interquartile range]. * indicates a significant difference (p<0.05) of treatm

ent com
pared w

ith placebo, corrected for potential differences in pre-treatm
ent values. Ab-

breviations = BPM
, beats per m

inute; DBP, diastolic blood pressure; HR, heart rate; N
U, norm

alized units; PP, postprandial; SBP, systolic blood pressure
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functional capillary reserve [469]. By doing so, we and others have repeatedly demonstrated 
that dorsal nailfold skin microcirculation (capillary density and capillary reserve) is 
associated with changes in glucose metabolism [484,488,491], in a much similar fashion 
as muscle microcirculation. However, although insulin-induced changes in skin and muscle 
microvascular perfusion are correlated [491], it must be repeated that these vascular beds 
serve different functions and may therefore respond differently to GLP-1–based therapies. 
Because glucose levels decreased in both the acute and 12-week studies, without changes in 
skin microvascular perfusion, future studies should assess whether GLP-1–based therapies 
affect muscle microcirculation.
Laser Doppler fluxmetry was performed to measure skin microvascular vasomotion, 
the rhythmic contraction and dilation of arterioles caused by changes in contraction and 
relaxation of smooth muscle cells in the vessel walls. Vasomotion is considered to be 
involved in several microvascular aspects, including tissue oxygenation, vascular resistance, 
maintenance of capillary pressure, and perfusion [495,503]. Infusion of insulin leads to 
an increase in both total vasomotion and capillary perfusion, thereby likely allowing for 
increased glucose and insulin delivery to target cells [504]. Moreover, using component 
analysis, distinct periodic oscillations in the laser Doppler vasomotion signal have been 
attributed to cardiac, respiration, and vessel myogenic activity; neurogenic activity; and 
endothelial activity. As such, the laser Doppler signal can be used for total vasomotion per 
se, but also to assess aspects of neurogenic and endothelial activity.
Although we did not observe effects on total vasomotion, exenatide acutely increased 
activity in the neurogenic domain, which reflects an increase in microcirculatory 
sympathetic nervous system (SNS) activity [485]. This is in line with previous findings, in 
which GLP-1 receptor agonists were shown to stimulate SNS activity, measured by heart 
rate variability [407,430], or plasma catecholamine levels [487]. Although increased SNS 
activity is commonly associated with vasoconstriction, several studies have demonstrated 
that for the microcirculation, SNS activity might be associated with improved perfusion 
and consequently glucose uptake [484]. For example, in healthy volunteers, clamped 
hyperinsulinaemia increased power in the neurogenic domain, which was associated with 
increased capillary perfusion and glucose uptake [484]. In line with these findings, here, 
the exenatide-induced increase in neurogenic power was strongly associated with reduced 
glucose levels, indicating a SNS-induced increase in glucose uptake. However, this was not 
accompanied by changes in capillary perfusion. Whether increased neurogenic activity could 
lower glucose without increasing skin capillary density is unknown, yet differences may exist 
between healthy volunteers and overweight patients with T2DM. Potentially, as discussed 
above, skin microcirculation does not adequately represent muscle microcirculation, where 
the largest part of glucose utilization occurs. Interestingly, in a recent study in rats and 
mice, stimulation of β2-adrenoreceptors in skeletal muscle cells increased glucose uptake 
independent of the insulin signalling pathway [505], which could explain the lack of effect on 
microvascular perfusion. Because we only measured glucose levels, and not muscle glucose 
uptake, additional studies are needed to assess whether the inverse association between 
neurogenic activity and glucose levels is mediated by increased glucose uptake.
Interestingly, not all studies are suggestive of increased SNS activity after GLP-1 receptor 
agonist intervention. For example, we recently demonstrated that exenatide infusion 
decreased neurogenic activity in healthy overweight men [410]. In that study, the effect on 
neurogenic activity was negatively correlated with capillary density, leading us to speculate 
that an exenatide-induced reduction in dermal SNS activity reduces vascular tone and 
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consequently increases capillary density.
Increased neurogenic activity was accompanied by reduced myogenic power, although 
the latter was statistically rather weak and might be a false-positive finding. Nevertheless, 
reduced myogenic power is known to occur with vasoconstriction [506]. When combined, 
two distinct mechanisms could be proposed: (1) acute exenatide administration primarily 
increases SNS activity, leading to vasoconstriction and increased blood pressure; (2) acute 
exenatide administration increases blood pressure and as a consequence, autoregulatory 
vasoconstrictive responses maintain stable microvascular perfusion [492]. Exenatide-
induced reductions in glucose levels could contribute to both mechanisms, because low 
glucose levels increase SNS activity and blood pressure; however, none of the subjects 
experienced symptoms of hypoglycaemia [443].
The acute increase in SNS activity with exenatide could have detrimental cardiovascular 
and metabolic effects when sustained [507]. However, after 12-week intervention with 
liraglutide or sitagliptin, no SNS increase was observed. This difference could be explained 
by differences in pharmacodynamics and pharmacokinetics, as is well known with GLP-1–
based therapies. For example, although the short-acting GLP-1 receptor agonist exenatide 
reduces gastric emptying rate, this does not occur with the long-acting GLP-1 receptor 
agonist liraglutide or sitagliptin [344]. Alternatively, the effects seen with acute intervention 
wane over time.
Microvascular perfusion and vasomotion are known to increase after meal ingestion, likely to 
increase the available endothelial surface allowing a more efficient (muscle) glucose disposal 
[494,503,508]. In obesity, this postprandial mechanism is blunted, which is likely caused by 
insulin resistance and endothelial dysfunction, and associates with impaired postprandial 
glucose metabolism [494,503]. In accordance with these previous studies, we observed 
no effect of the meal on capillary perfusion in the current study. Interestingly, infusion of 
exenatide increased power in the endothelial domain of vasomotion. This corresponds 
with the observation that a single subcutaneous dose of exenatide prevents postprandial 
endothelial dysfunction in subjects with prediabetes or diabetes mellitus [509,510], when 
measured by reactive hyperaemia applanation tonometry. However, because we observed 
no exenatide changes in capillary perfusion or total vasomotion in current trial, it is unclear 
whether the improvement in endothelial power has physiological relevance.
The current study has some limitations. First, studies were not performed during (pancreas) 
clamp procedures, and as such, the effects of GLP-1–based therapies on insulin and 
other hormones could have influenced microvascular measurements. This may also have 
occurred in the 12-week intervention study, in which glycaemic control (HbA1c and fasting 
and postprandial glucose) differed between GLP-1–based treatment interventions and 
placebo. However, although this obscures interpretation of the direct effects of GLP-1 on 
microvascular function, the results represent real-life effects of these therapeutic agents. 
Second, we did not perform glucose tracer studies, which would have allowed us to assess the 
effects of GLP-1–based therapies on muscle glucose uptake. Third, as stated, microvascular 
assessments were a secondary end point of a larger study [341], and therefore, the sample 
size was not based on calculations for this end point. Nevertheless, using data from our 
previous study in healthy overweight volunteers, a sample size of 15 patients per group was 
needed, indicating that the a priori sample size was sufficient to detect clinically relevant 
changes. Finally, including a treatment arm with overweight healthy volunteers would have 
been interesting, given the recent approval of liraglutide for weight loss treatment [112].
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In conclusion, despite acute exenatide-induced increases in fasting skin SNS activity and 
postprandial endothelial function, no effect on capillary perfusion was observed in patients 
with T2DM. Moreover, 12-week treatment with liraglutide or sitagliptin did not affect 
capillary perfusion or vasomotion in these patients. Our data suggest that the effects of GLP-
1–based therapies on plasma glucose and blood pressure levels are not caused by changes 
in microvascular function.
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The incretin hormone glucagon-like peptide 1 (GLP-1) is secreted by the gut in response to 
nutrient ingestion. It stimulates insulin and inhibits glucagon secretion by the pancreatic 
islet cells, thereby lowering postprandial blood glucose levels. Two drug classes have been 
developed to augment these responses and target hyperglycaemia; GLP-1 receptor agonists 
and inhibitors of the GLP-1 degrading enzyme, dipeptidyl peptidase (DPP)-4 inhibitors. 
These GLP-1 (or incretin)-based drugs are widely recommended for treatment of type 2 
diabetes (T2DM) [5] and their prescription rate is increasing [511]. 
Since the GLP-1 receptor is present in many organ systems, including the cardiovascular, 
renal, gastrointestinal and central nervous system [19,20], finding ‘pleiotropic’ effects 
(i.e. beyond the endocrine pancreas) of GLP-1-related therapies is to no surprise. Some of 
these actions are beneficial and contribute to glucose reduction or have other favourable 
effects, including weight loss, improvement of dyslipidaemia and lowering of blood pressure 
and systemic inflammation. On the other hand, harmful effects have also been reported, 
including acute pancreatitis [21–23], heart rate acceleration [24] and renal [26,512] and 
heart failure [25]. However, a causal relationship between incretin-based therapies and 
most of these adverse events has not been proven and the underlying mechanisms remain 
largely unexplored. While large-sized randomized trials and database studies are needed 
to provide evidence on the clinical risk-/benefit-ratio, mechanistic studies are needed to 
identify the full spectrum of side effects and their underlying mechanisms. The aim of 
the studies performed in this thesis was to investigate the acute and prolonged effects of 
incretin-based therapies on the gastrointestinal and cardiovascular system in patients with 
T2DM. 

Studies Conducted in This Thesis
The data presented in this thesis are based on four clinical trials performed within the 
framework of the European-funded project ‘Safety Evaluation of Adverse Reactions in 
Diabetes’ (SAFEGUARD). This project was designed to assess, quantify and understand 
safety aspects of antihyperglycaemic drugs in T2DM, with a focus on incretin-based 
therapies [58]. It consisted of eight work packages, including pharmacovigilance database 
studies, observational database studies, meta-analyses, and mechanistic studies. Within 
this framework, our task was to provide mechanistic evidence on potential adverse and 
beneficial effects of incretin-based therapies. The results of these studies are summarized 
in Table 1.
First, we performed a pilot-study in 10 healthy overweight males, to validate the techniques 
used in the main study and to assess the effects of the GLP-1 receptor agonist exenatide on 
cardiovascular endpoints in healthy individuals. Furthermore, by infusion of the nitric oxide 
(NO) blocker L-NMMA (L-N

G-monomethyl arginine), we wanted to understand whether 
effects of exenatide were NO-dependent. The main study consisted of two separate yet 
integrated, double-blind, randomized, placebo-controlled trials in 60 patients with T2DM: 
a short trial to assess the acute effects of exenatide (short-acting GLP-1 receptor agonist) 
versus placebo, and a 12-week trial to assess the longer-term effects of liraglutide (long-
acting GLP-1 receptor agonist) or sitagliptin (DPP4-inhibitor) versus placebo. Finally, in a 
subset of 12 male T2DM patients of the main study, we performed a randomized, double-
blind, cross-over trial to assess the acute effects of exenatide versus placebo on exocrine 
pancreatic secretion. 
In the following sections, the effects of GLP-1 based therapies on specific organ systems 
are discussed. Results from our own studies are integrated with other studies from the 



195

Summary and General Discussion

14

SAFEGUARD-project and data obtained from the literature, in particular the cardiovascular 
outcome trials for several incretin-based therapies that were recently published 
[47,182,183,361,184,362].
 

Gastro-intestinal
Pancreas
Soon after their introduction, case reports linked GLP-1 based drugs to pancreatitis [21,345]. 
A subsequent analysis of the United States Food and Drug Administration’s (FDA) adverse 
events reporting system demonstrated an increased risk of acute pancreatitis and pancreatic 
cancer [23]; from that point, a plethora of studies with conflicting results have been 
published, resulting in an on-going discussion on pancreatic safety. As reviewed in chapter 
2, several animal studies have demonstrated that both GLP-1 receptor agonists and DPP-4 
inhibitors might induce pancreatic inflammation, cellular proliferation and development of 
neoplasia [27,159–161]. In contrast, other studies found no effect on pancreatic physiology 
and morphology [162–168]. A similar conflicting pattern applies for observational database 
studies [182–184,181]. The only consistent finding is a modest increase in pancreatic enzyme 
levels [47,182,183,361,184,362], of which the cause and consequences are still unclear. 
A study in healthy volunteers demonstrated that GLP-1 peptide acutely reduced exocrine 
pancreatic function [35]. Prior mechanistic studies have shown that both inhibition 
and stimulation of exocrine secretion may cause pancreatitis [314–316]; thus, a GLP-1 
receptor agonist-induced change in exocrine secretion could support an association with 
pancreatitis. Therefore, in chapter 4, we assessed the acute effects on exocrine pancreatic 
function. Exenatide or placebo were administered intravenously to 12 T2DM patients, and 
exocrine pancreatic function was measured using secretin-enhanced magnetic resonance 
cholangiopancreatography (s-MRCP). Compared with placebo, exenatide had no effect 
on pancreatic excretion volume, secretion speed or diameter of the pancreatic duct. We 
then assessed whether GLP-1 receptor agonists acutely increase pancreatic enzyme levels 
(chapter 5). Patients with T2DM were randomized to intravenous exenatide or placebo, and 
plasma lipase and amylase were measured repeatedly. Moreover, a high-fat mixed meal was 
given to stimulate endogenous GLP-1 release. While no changes in lipase and amylase were 
seen during placebo, indicating that endogenous GLP-1 does not affect pancreatic enzymes, 
exenatide increased plasma amylase levels within 5 h. 
Subsequently, we studied the effects of 12-week treatment with liraglutide or sitagliptin on 
pancreatic enzymes, exocrine function and morphology in chapter 6. The exocrine function 
was measured by s-MRCP (bicarbonate secretion), 13C-mixed triglycerides breath test (lipase 
function) and faecal elastase-1 and chymotrypsin levels. Changes in pancreatic morphology 
(pancreas volume, pancreatic duct structure) were assessed by MRI. Sitagliptin marginally 
increased intra-duodenal pancreatic fluid secretion, while liraglutide did not change 
exocrine pancreatic secretion. Liraglutide increased plasma lipase levels after 6 weeks, while 
sitagliptin increased amylase levels after 2 and 6 weeks. After 12 weeks, the effects on lipase 
and amylase levels had waned, but both agents did increase plasma trypsinogen levels. 
Neither drug significantly changed pancreatic volume or morphology, although liraglutide 
tended to increase pancreatic volume. Treatment-induced volume expansion was associated 
with increased amylase-levels. 
The most apparent finding of these studies is that GLP-1 based therapies (transiently) 
increase plasma pancreatic enzyme levels. Although not novel, we expand current literature 
by demonstrating that this enzyme elevation occurs immediately and also includes 
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trypsinogen. The acute increase in amylase but not lipase suggests active secretion instead 
of acinar damage, as the latter would have caused congruous enzyme changes [354, 513].  
This hypothesis is supported by a recent in vitro study, where GLP-1 increased amylase 
secretion through a GLP-1 receptor dependent cyclic-AMP pathway [339].
An important question is whether this increase in enzyme levels reflects pancreatic 
pathology. We have demonstrated that the acute rise in enzyme levels was not accompanied 
by inhibition of the exocrine pancreatic function. Neither did the 12-week intervention have 
a profound effect on pancreatic function or morphology, although liraglutide tended to 
increase pancreatic volume and sitagliptin marginally increased bicarbonate secretion. This 
tendency towards increased volume is in line with animal studies, where GLP-1 receptor 
agonists augment enzyme production, thereby increasing acinar cell size and, consequently, 
pancreas weight [357,514]. The marginal increase in bicarbonate secretion with sitagliptin 
is a novel finding. Interestingly, other aspects of the exocrine excretion were unchanged. 
While test variability and sensitivity could explain this discrepancy, it may also be that 
DPP-4 inhibition only affects bicarbonate secretion. This hypothesis is strengthened by the 
observation that the DPP-4 enzyme is present on pancreatic duct cells [355]. Whether these 
modest changes are detrimental in the long term is hard to predict. This may be the case, as 
for example continuous pancreatic stimulation with low-dose caerulin was shown to have 
negative effects after years of treatment [360]. 
In 2015 and 2016, several large studies were published regarding pancreatic safety. For 
example, within the SAFEGUARD framework, we performed a case-control study (n=3,990 
pancreatitis-cases matched with n=19,543 controls), and observed no increased risk of acute 
pancreatitis in patients treated with GLP-1 based therapy [515]. In another study, a cohort of 
over 1 million patients with T2DM initiating antihyperglycaemic agents were studied, finding 
no association between GLP-1 based therapies and pancreatitis [516]. However, even the 
largest observational studies might be hampered by potential confounders, including 
diabetes duration, co-morbidities and co-medication. 

Figure 1: Pancreatic effects of GLP-1. GLP-1 affects both the endocrine and exocrine aspects of pancreatic 
physiology. Effects with the asterisk (*) are only described in rodent studies, not in humans.
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Unfortunately, dedicated RCTs on pancreatic risk are lacking. Nevertheless, some data 
can be subtracted from the cardiovascular safety trials, where pancreatic safety was also 
evaluated [47,182–184,361,362]. For GLP-1 receptor agonists, no statistical significant 
increase in acute pancreatitis risk was observed in ELIXA (lixisenatide), LEADER (liraglutide) or 
SUSTAIN-6 (semaglutide) [184,361,362]. A recent analysis of the LEADER trial demonstrated 
elevations in both amylase and lipase levels, which were not predictive of an event of acute 
pancreatitis [517]. In contrast, for DPP-4 inhibitors, a recent meta-analysis, which combined 
the results of SAVOR-TIMI 53 (saxagliptin), EXAMINE (alogliptin) and TECOS (sitagliptin), 
demonstrated a significant increased risk of acute pancreatitis, although the risk may differ 
between the compounds [346]. The authors calculated that, with an odds ratio of 1.79 and 
a low background prevalence, the number needed to harm is 1940 per year. Thus, although 
DPP-4 inhibitors may increase the risk of acute pancreatitis, the absolute risk is very low.
Identifying a potential risk of pancreatic cancer is even more important. The larger 
observational database studies found no increase in pancreatic cancer risk [348,518]. In the 
cardiovascular safety trials no statistically significant risk increment was observed [47,182–
184,361,362]. However, in LEADER, 13 out of 4668 patients receiving liraglutide developed 
pancreatic cancer, versus five out of 4672 patients in the placebo group (a statistical trend 
with p=0.06)[361]. These numbers are too low to draw conclusions and are hampered by a 
short follow-up time, yet in combination with our finding that liraglutide tends to increase 
pancreatic volume, they trigger the need for further studies. The only way to settle the 
discussion on pancreatic safety is a very large RCT, with sufficient power and extensive 
follow-up duration. However, such a trial is expensive and not likely to be performed. As 
second best, a meta-analysis including all pancreatic data from (future) cardiovascular safety 
trials may be performed. Another viable option is a very large-scale observational study. 

Biliary System
Two recent RCTs with liraglutide, the SCALE-trial (liraglutide 3.0 mg daily; effects on body 
weight) and LEADER (liraglutide 1.8 mg daily), demonstrated a 1.6- to 2.2-times elevated 
risk of cholelithiasis and cholecystitis [112,361]. Moreover, we recently reviewed the 
adverse event reporting system (EudraVigilance) of the European Medicines Agency, and 
observed that gallbladder-related events occur more frequently in patients treated with 
GLP-1 receptor agonists or DPP-4 inhibitors [378]. While weight loss with GLP-1 receptor 
agonists could be involved in gall stone development, no weight effects are seen during DPP-
4 inhibitor treatment [519]. Therefore, it is of interest to understand the effects of these 
agents on the biliary system.
As reviewed in chapter 2, few studies have assessed the effects of GLP-1 and GLP-1 based 
therapies on the biliary system. In DPP-4 knockout-mice, a reduction in bile acid production 
and an increase in canalicular excretion was observed [189]. The same was found in wild 
type animals during GLP-1 infusion [189]. In vitro, GLP-1 and the GLP-1 receptor agonist 
exendin-4 increased cholangiocyte proliferation and reduced apoptosis [190]. Moreover, a 
single dose of exenatide decreased CCK-induced gallbladder contractions in healthy humans 
[38]. A combination of reduced gallbladder emptying (inducing bile stasis) and reduced bile 
acid secretion (leading to cholesterol supersaturation) could well explain an increase in gall 
stones. We therefore assessed the effects of GLP-1 based therapies on gallbladder emptying 
(using ultrasonography) and bile acid levels in faecal and (postprandial) serum samples 
(chapter 7). 
Against expectations, neither liraglutide nor sitagliptin affected gallbladder fasting volume 
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or emptying. Liraglutide increased serum and faecal levels of deoxycholic acid (DCA), a 
secondary bile acid which is formed by 7-dehydroxylation of the primary bile acid cholic 
acid (CA) by the intestinal microbiome. In the absence of changes in other bile acids, these 
findings point towards changes in the intestinal microbiome. Indeed, a recent study in mice 
demonstrated that GLP-1 receptor agonists, but not DPP-4 inhibitors, have the potential to 
alter gut microbiota [520]. Studies that investigate whether the human intestinal microbiome 
is altered by GLP-1 based medication are currently ongoing using faecal samples that were 
obtained in the present study.
Sitagliptin had no effect on serum bile acids, but increased faecal levels of CA, 
chenodeoxycholic acid (CDCA) and ursodeoxycholic acid (UDCA). This can only be explained 
by an increase in hepatic bile acid production, since faecal bile acids reflect hepatic synthesis. 
However, in a recent study by Nunez et al [388], sitagliptin had no effect on 7-alpha-hydroxy-
4-cholesten-3-one (C4), a marker frequently used as a proxy of bile acid synthesis. Since C4 
is an intermediary metabolite in the bile acid synthetic pathway, this marker is only reliable 
when external factors do not influence activity of enzymes more downstream in the bile 
acid synthesis pathway nor transport or removal from the plasma. As such, since it is still 
unclear how sitagliptin could increase bile acid production, C4-measurements might not 
adequately reflect the effects of sitagliptin. 
If the liraglutide-induced increase in DCA also occurs in bile, this could induce gall stone 
formation, since DCA stimulates cholesterol excretion [389]. CA is a strong stimulator of the 
farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 1 (TGR5). Stimulation 
of these receptors reduces hepatic gluconeogenesis and improves insulin sensitivity [391]. 
Combined, these suggestions highlight the need for future studies to assess the effects on 
bile composition. The sitagliptin-induced increase in faecal bile acids and lack of effect on 
biliary motility argue against DPP-4 inhibitors increasing the risk of bile stones. Indeed, in 
a recent cohort study, Faillie et al demonstrated that DPP-4 inhibitors were not associated 
with cholelithiasis (hazard ratio 0.99; 95%-CI 0.75 – 1.32) [521]. GLP-1 receptor agonists 
on the other hand were found to increase this risk by 3.7 (95%-CI 3.5 – 4.0). Thus, future 
studies should focus on how GLP-1 receptor agonists cause biliary side effects, while for 
DPP-4 inhibitors, they should be directed at unravelling the cause and consequences of the 
increased faecal bile acids.  

Liver
Although the presence of a hepatic GLP-1 receptor remains uncertain, several studies have 
demonstrated that GLP-1 and GLP-1 based therapies have hepatic effects. As discussed in 
chapter 3, GLP-1 increases glycogen synthesis and reduces glycolysis and gluconeogenesis, 
independent of insulin and glucagon, leading to reduced glucose production and increased 
(postprandial) glucose uptake and storage [39,186]. This effect is particularly interesting 
for diabetic patients with little to no residual β-cell function. In a pilot study in obese 
but otherwise healthy men (chapter 9 and chapter 13), glucose levels decreased during 
exenatide-infusion, despite stable insulin levels, which could suggest a decrease in hepatic 
glucose output. 
Another important hepatic effect of GLP-1 is its ability to improve lipid metabolism. GLP-
1 stimulates mitochondrial degradation of fatty acids and inhibits triglyceride production 
[187,188]. Combined with the beneficial effects on hepatic insulin sensitivity, body weight 
and inflammation, this may be beneficial for patients with non-alcoholic fatty liver disease 
(NAFLD) [202–208], as reviewed in chapter 2. Although the prevalence of NAFLD exceeds 
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30% of the Western population, treatment strategies are virtually non-existing. Several 
studies have demonstrated a steatosis-reducing potential for GLP-1 based therapies, though 
these trials lacked adequate control groups or used inferior techniques [192–196,522,523]. 
We therefore tested this hypothesis in a double-blind RCT (chapter 8). Using hydrogen-
magnetic resonance spectroscopy (1H-MRS), 12-week treatment with liraglutide or 
sitagliptin had no effect on hepatic steatosis or fibrosis. These results were unexpected, 
especially since most other studies did confirm that GLP-1 based therapies improve hepatic 
steatosis [197–199,401,402]. Moreover, a recent meta-analysis demonstrated efficacy of 
GLP-1 receptor agonists for the treatment of NAFLD[524]. Our 12-week intervention may 
have been too short to induce hepatic changes, but a recent well-designed 24-week study 
with sitagliptin also failed to show an effect [401]. Maybe differences in measurement 
techniques (MRI, biopsy) or study population (NAFLD, non-alcoholic steatohepatitis, T2DM) 
are responsible for these discordant findings. Nevertheless, we feel that current evidence is 
strong enough to support treatment of patients with T2DM and NAFLD with these agents, 
especially since adverse effects appear to be limited.

Stomach
The inhibitory effect of GLP-1 on gastric emptying is likely its most recognized gastrointestinal 
effect. As reviewed in chapter 2 and 3, GLP-1 prolongs the lag time, inhibits propulsion waves, 
stimulates pyloric tone, doubles time to empty 50% of gastric contents, without affecting 
maximal secretion speed [32,86–90]. All GLP-1 receptor agonists mimic these effects after 
single-dose administration, yet after prolonged intervention, important differences occur 
[96,97,266,267]. Short-acting agents retain their effect on gastric emptying [93,94], while 
with long-acting agents, it tends to wane, presumably due to receptor tachyphylaxis [93,94].
Interestingly, although DPP-4 inhibitors raise plasma active GLP-1 levels, they have limited to 
no effect on gastric emptying [32,79,98,99]. It has been suggested that other peptides also 
degraded by DPP-4, such as peptide YY (PYY), counteract the inhibiting effect of GLP-1. In 
our main study, we assessed the effects of 12-week treatment with liraglutide (long-acting 
GLP-1 receptor agonist) or sitagliptin (DPP-4 inhibitor) on gastric emptying, by performing 
an acetaminophen absorption test (chapter 6). In line with previous studies, neither agent 
affected gastric emptying compared with placebo. 
Gastric inhibition is likely accountable for several side- and therapeutic effects of GLP-1 based 
therapies. First, reduced gastric emptying causes less duodenal glucose loading, thereby 
reducing postprandial glucose excursion [261]. In chapter 11 and 13, the postprandial 
glucose levels were studied. Since GLP-1 based therapies did not alter gastric emptying in 
the 12-week trial, this explains why postprandial glucose levels rose to the same extent 
as during placebo. In contrast, acute exenatide reduced postprandial glucose excursions. 
Although not measured in this setting, reduced gastric emptying probably explains this 
difference. 
Second, as indicated in chapter 10 and others, participants treated with exenatide (acute 
study) or liraglutide (12-week study) frequently experienced nausea and/or vomiting. This 
well-known adverse effect of GLP-1 receptor agonists occurs in at least 25% of patients 
[123]. While it has been suggested that the gastric inhibitory effect is responsible, recent 
studies implicate involvement of neurological nausea centres. This is in concordance with 
our observations that nausea occurred in the fasting state, as well as in absence of changes 
in gastric emptying. Nausea does not occur with DPP-4 inhibitors. Although this could be 
explained by their lack of gastric inhibition, that does not account for the central effects of 
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GLP-1. Potentially, GLP-1 levels are not high enough to induce central effects during DPP-4 
inhibition. Alternatively, as discussed, other peptides normally degraded by DPP-4 could be 
involved. An important unanswered question is whether GLP-1 based therapies can be used 
in patients with gastroparesis, or strongly reduced gastric emptying. 

Cardiovascular
One of the main triggers of the SAFEGUARD-project is the so-called “rosiglitazone-affair.” 
In 2007, a meta-analysis found a significant increased risk of acute myocardial infarction 
in patients treated with the thiazolidinedione rosiglitazone [525], which lead to marketing 
suspension in the EU and restrictions in the USA. As a result, the regulatory agencies now 
require demonstration of cardiovascular safety for all new antihyperglycaemic agents, either 
by showing cardiovascular safety in their phase-III programme, or by conducting a large 
cardiovascular outcome trial [526]. Based on their registration trials, all currently available 
GLP-1 receptor agonists and DPP-4 inhibitors were granted marketing authorization, yet so-
called cardiovascular safety trials needed to be performed for final FDA approval. Meanwhile, 
several mechanistic studies have been performed, demonstrating both beneficial and 
adverse effects of GLP-1 receptor agonists and DPP-4 inhibitors on systemic haemodynamics 
and the microcirculation. 

Resting Heart Rate
One cause of concern regarding treatment with GLP-1 receptor agonists is the increase in 
resting heart rate (RHR). While physiological GLP-1 levels do not affect RHR [427], infusion 
of supraphysiological levels or administration of a GLP-1 receptor agonist increases RHR 
[426]. This occurs immediately [408] and sustains throughout intervention [429]. On 
average, an acceleration of ~2 beats/minute is reported, yet RHR increases by ~10 beats/
minute [429,430] have been observed. This may be worrisome, since elevated RHR has been 
associated with all-cause mortality [431]. In one analysis, an increase of 5 beats/minute 
was associated with a 17% increase in mortality [415]. While some suggest that RHR simply 
reflects general fitness, and should by itself not be considered a risk factor for mortality, 
others believe that RHR-elevation independently causes or aggravates atherosclerosis and 
increases the risk of myocardial ischaemia [432]. 
Mechanisms underlying the RHR-accelerating effect of GLP-1 receptor agonists remain 
incompletely understood. Therefore, we performed three trials to provide insight. 
First, in chapter 9, healthy overweight volunteers received, in a non-blinded cross-over 
setting, placebo, exenatide, the nitric oxide (NO) blocker L-NMMA, and a combination 
of exenatide and L-NMMA. Automated oscillometric blood pressure measurements and 
finger photoplethysmography were performed to measure systemic haemodynamics, 
while sympathetic nervous system (SNS) activity was measured by heart rate variability 
and rate-pressure product. Exenatide increased RHR, systolic blood pressure (SBP) and 
SNS-activity, without affecting total peripheral resistance. During concomitant L-NMMA-
infusion, exenatide had the same effect. These data argue against exenatide-induced reflex 
tachycardia as response to vasodilation, and rather suggest involvement of SNS activation. 
In the main study in patients with T2DM (chapter 10), acute exenatide-infusion increased 
RHR, systolic and diastolic blood pressure and vascular resistance, while stroke volume 
and arterial stiffness decreased. SNS-activity and cardiac output were unaffected. Twelve-
week treatment with liraglutide increased RHR, while reducing SBP and stroke volume, 
without affecting the other parameters. The combination of the acute and 12-week data 
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suggest that RHR-acceleration with GLP-1 receptor agonist treatment in T2DM patients is 
not explained by changes in systemic haemodynamics, vascular resistance/stiffness or SNS-
activity, implicating direct sino-atrial stimulation. The recent observation that sino-atrial 
cells express GLP-1 receptors supports our data 1[19]. Moreover, stimulation of the GLP-1 
receptor in other myocardial tissue increased cyclic-AMP signalling [426], a pathway known 
to stimulate sino-atrial-mediated RHR-acceleration [438]. It would be of great interest for 
future studies to assess in vitro whether exposure of sino-atrial cells to GLP-1 or GLP-1 
receptor agonists leads to increased pacing, and thus RHR-acceleration.
The differences between the effects on RHR of GLP-1 based therapies in healthy controls 
and T2DM are not understood. One explanation could be the presence of insulin resistance. 
Since insulin is a potent activator of SNS activity [443], this may have attributed to SNS 
stimulation in healthy volunteers, but not in T2DM patients. Another explanation may lie in 
a slight difference in the study protocols for the healthy volunteers and T2DM patient, since 
a time-dependent effect could have occurred in the pilot-study due to its cross-over design. 
Future studies should include T2DM patients and matched controls with identical protocols 
to further assess any differences between these groups.
Chronic SNS-activation is associated with atherosclerosis, arrhythmia, heart failure, kidney 
failure [527], and as such, it can be considered beneficial that the RHR-acceleration appears 
not to be caused by SNS-activation. Whether drug-induced RHR-acceleration on itself is 
harmful is unknown, since all current evidence linking increased RHR to mortality is derived 
from observational studies, not distinguishing the cause of the increase in RHR. Of interest 
are two drugs that also affect heart rate. Doxazosin, an α-blocking agent that increases 
RHR by ~25% [528], has been shown to increase heart failure incidence compared with the 
diuretic agent chlorthalidone [529]. Second, ivabradine, a selective inhibitor of the cardiac 
“funny-channel” did not affect mortality in patients with stable coronary artery disease, 
despite a reduction in RHR of ~10 beats/minute [530]. These data are confusing, suggesting 
an increase in RHR is harmful, yet a reduction is not beneficial. All in all, it can be concluded 
that drug-induced increases in RHR are at least worrying and require further study. 

Blood Pressure
In healthy volunteers (chapter 9), SBP increased with exenatide-infusion, while DBP was 
not affected. The increase in SBP was likely explained by an increase in cardiac output. In 
T2DM patients (chapter 10), exenatide infusion increased both SBP and DBP; likely due to 
an increase in vascular resistance, as this parameter also increased. Similar to differences in 
RHR changes, these discrepancies between healthy volunteers and T2DM patients remain 
unexplained. As stated, potential explanations include a differential effect of exenatide on 
SNS-activity and differences in study design. However, in patients with T2DM, endothelial 
dysfunction and different endothelial responsiveness to GLP-1 receptor agonists may have 
contributed, as was recently demonstrated in miniature Ossabaw swine [499]. 
During prolonged intervention in patients with T2DM (chapter 10), liraglutide reduced SBP, 
but had no effect on DBP. The conflicting effect of acute and prolonged treatment with GLP-1 
receptor agonists on blood pressure is not understood. Sitagliptin-treatment did not affect 
blood pressure. These findings are in line with most of the published literature. In recent 
meta-analyses, an average SBP-lowering between 1.84 and 4.6 mmHg was calculated for 
GLP-1 receptor agonists [429], and ~3.04 mmHg for DPP-4 inhibitors [531]. The current 
trial was not designed to assess mechanisms underlying this antihypertensive effect, yet 
some aspects can be highlighted. First, we observed no reduction in SNS activity. Second, 
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blood pressure lowering was not associated with a reduction in vascular resistance. Third, 
liraglutide had no significant effect on body weight, excluding this as likely explanation. 
Fourth, liraglutide did not increase renal sodium excretion after 12 weeks, nor did it affect 
the renin-angiotensin-aldosterone system (RAAS)[532]. We did not measure serum levels of 
atrial natriuretic peptide (ANP), which has been suggested to increase with GLP-1 therapy 
[476]. However, several recent trials showed conflicting evidence regarding the effect of 
GLP-1 based therapies on ANP concentrations [533]. Moreover, ANP would lower blood 
pressure by promoting natriuresis and/or reducing vascular resistance [533], both of which 
have not been observed in the current study. A large trial, integrating all of the above 
aspects, is needed to understand why blood pressure reduces with GLP-1 based therapies. 
The clinical relevance of these modest changes in blood pressure needs further study. The 
acute, temporary GLP-1 induced increment in blood pressure is unlikely to have clinical 
consequences. On the other hand, even a modest decrease in blood pressure over a 
prolonged period of time is likely beneficial, as was shown in the ADVANCE trial, where a 
reduction of 5.6 mmHg in SBP reduced major cardiovascular events by 9% [534]. 

Cardiovascular Safety (Trials)
Within the SAFEGUARD-project, a case-control study was performed to assess the safety 
of non-insulin blood glucose lowering drugs, including cardiovascular safety. We matched 
25,979 cases of acute myocardial infarction to 127,570 controls [535]. In this analysis, 
the use of metformin/exenatide (odds ratio 0.44 [95%-CI 0.22 – 0.88]) and the use of 
metformin/sitagliptin (OR 0.79 [95%-CI 0.66 – 0.94]) were associated with a significantly 
lower risk of acute myocardial infarction compared with metformin/sulphonylurea users, 
while metformin/liraglutide was neutral (OR 0.72 [95%-CI 0.39 – 1.32]). This observational 
study suggests that GLP-1 based therapies have no adverse cardiovascular consequence 
after long-term intervention, and might even be beneficial. However, residual confounding 
always remains a risk with database studies. Therefore, the results of the recent 
cardiovascular safety trials are of great interest. To date, three trials with GLP-1 receptor 
agonists (lixisenatide, liraglutide, semaglutide) and three with DPP-4 inhibitors (saxagliptin, 
alogliptin and sitagliptin) have been conducted [47,182–184,361,362].
The trials regarding GLP-1 receptor agonists (ELIXA, LEADER and SUSTAIN-6) are of particular 
interest in light of their accelerating effect on RHR. Lixisenatide (ELIXA-trial) only marginally 
increased RHR [239,430], without an increased mortality risk (HR 1.02 [95%-CI 0.89 – 
1.17]). In LEADER, liraglutide increased RHR by 3 beats/minute [361], yet reduced systolic 
blood pressure (-1.2 mmHg), body weight (-2.3 kg), and HbA1c (-0.4%). This resulted in a 
decrease in the primary composite outcome (cardiovascular death, nonfatal myocardial 
infarction and nonfatal stroke), with an HR of 0.87 (95%-CI 0.78 – 0.97). While designed 
to only show non-inferiority of liraglutide compared with placebo (to exclude harm of 
liraglutide), this study actually showed a superior effect (p=0.01). This reduction in primary 
outcome was mainly driven by a decrease in death by cardiovascular causes, while nonfatal 
myocardial infarction and stroke were lowered without reaching statistical significance. 
All-cause mortality was also significantly reduced by liraglutide. The SUSTAIN-6 trial with 
semaglutide, demonstrated to some extent similar results. Semaglutide increased RHR by 
2-2.5 beats/minute, yet reduced SBP (1.3-2.6 mmHg), body weight (3-4.5 kg), and HbA1c 
(-0.7%)[362]. Semaglutide significantly reduced the primary composite outcome (same as 
in LEADER), with an HR of 0.74 (95%-CI 0.58 – 0.95). Again, while aiming for non-inferiority, 
SUSTAIN-6 showed superiority compared with placebo (p=0.02). In contrast to LEADER, in 
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SUSTAIN-6 the reduction in primary outcome was mainly caused by reduction in non-fatal 
stroke, while a non-significant reduction in nonfatal myocardial infarction was seen. Death 
from cardiovascular causes was not affected. Preliminary results from the EXSCEL-study 
(long-acting exenatide) demonstrate no increase in cardiovascular events compared with 
placebo [536]. While exenatide numerically reduced cardiovascular events, this did not 
reach statistical superiority compared to placebo. Similarly, the FREEDOM-CVO trial showed 
that continuous subcutaneous delivery of exenatide (ITCA 650) does not increase the risk of 
cardiovascular events [537]. It is currently debated whether the (marginal) improvements in 
glycaemic control, indicating a lack of glycaemic equipoise, with liraglutide and semaglutide 
are fully responsible of the beneficial effects on cardiovascular events, since the large 
ACCORD, ADVANCE and VADT trials demonstrated no effect of intensive glucose control 
versus normal glucose control on cardiovascular endpoints [538–540]. Extraglycaemic 
effects of GLP-1 receptor agonists, such as improvements in blood pressure, body weight 
and lipid profile are likely involved. 
It remains uncertain whether the results of these cardiovascular safety trials can be 
extrapolated to all T2DM patients who receive GLP-1-based therapies. For example, these 
trials only included patients with a high cardiovascular risk profile. Moreover, one can 
wonder whether the relatively short follow-up time (2-4 years) was long enough to allow 
for adverse effects due to an increase in RHR to become apparent. As such, it is unclear 
whether a drug-naïve T2DM patient without cardiovascular disease who will use an incretin-
based drug for decades will have the same beneficial effects. Nevertheless, two of the three 
cardiovascular safety trials demonstrate safety and cardiovascular benefit. 
The cardiovascular safety trials with DPP-4 inhibitors (EXAMINE, SAVOR TIMI-53 and TECOS) 
did not show difference between treatment and placebo on the primary endpoints: death 
from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke. This may seem 
surprising, since a glucose-lowering agent is tested against placebo. It appears that patients 
at high cardiovascular risk are not helped by short term glucose reduction alone [541]. 
In contrast to GLP-1 receptor agonists, DPP-4 inhibitors have no effect on blood pressure 
and body weight. However, these studies were powered to show non-inferiority, and not 
superiority. As such, they do not rule out that DPP-4 inhibitors prevent cardiovascular events 
in low-risk patients in the long term. Nevertheless, with hazard ratios close to one, this is 
not likely. In contrast, one sign of concern is the increased risk of hospitalization for heart 
failure with saxagliptin in the SAVOR-TIMI 53 study [47]. A recent meta-analysis of all RCTs 
examining the effects of DPP-4 inhibitors on heart failure demonstrated that as a group, 
DPP-4 inhibitors were not associated with heart failure, but when analysed individually, 
saxagliptin increased heart failure risk by 21% [542]. An explanation for this difference could 
be that saxagliptin has the least specificity toward DPP-4 [543], and thus has more effect on 
other enzymes. However, no signal for increased risk exists for vildagliptin, which is also only 
moderately selective for DPP-4. Unfortunately, no cardiovascular safety trial is performed for 
vildagliptin and data only exist from smaller and shorter RCTs. Another explanation could be 
the different populations in which the effects of the different DPP-4 inhibitors were studied, 
with more high-risk patients receiving saxagliptin [542]. 
We hypothesized that an interaction between DPP-4 inhibitors and angiotensin converting 
enzyme (ACE)-inhibitors might induce adverse effects [421,544]. Both DPP-4 and ACE 
degrade substance P and neuropeptide Y (NPY), and by double inhibition, levels of these 
vasoactive peptides may become very high, leading to activation of the sympathetic nervous 
system, vasoconstriction and heart rate acceleration. In a post-hoc analysis of SAVOR TIMI-
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53, no interaction between the use of saxagliptin and ACE-inhibitors was demonstrated 
with regards to cardiovascular outcomes [545]. However, this analysis was not adequately 
powered, and it would be interesting to take such an interaction into account in future 
studies.
Based on our mechanistic data, combined with the observational studies and RCTs, it appears 
that liraglutide and sitagliptin do not have an adverse cardiovascular safety profile. However, 
this conclusion cannot be transferred to other GLP-1 receptor agonists and DPP-4 inhibitors, 
given the within-class drug differences. Therefore, data of the other cardiovascular outcome 
trials – e.g. HARMONY outcomes (albiglutide), PIONEER 6 (oral semaglutide), CAROLINA and 
CARMELINA (linagliptin) and REWIND (dulaglutide) – are eagerly awaited.  

Other Aspects of Incretin-Based Therapies Addressed in This 
Thesis
Postprandial Hypotension
While blood pressure lowering in general is beneficial, a drop in SBP of ≥20 mmHg within 
2 h after meal ingestion, termed postprandial hypotension (PPH), causes dizziness, light-
headedness, syncope, angina and, in severe cases, myocardial infarction and stroke [445]. 
In the elderly, PPH has even been associated with increased mortality [446]. We previously 
demonstrated that PPH occurs in over 25% of T2DM patients [447], yet numbers may be 
as high as 40% [445]. In chapter 11, we looked more closely at the effects of GLP-1 based 
therapies on postprandial BP. In the placebo-group of the acute trial, we observed a PPH-
prevalence of 28.6%. While acute exenatide reduced the postprandial drop in DBP and 
vascular resistance, no effect on SBP was seen. The 12-week treatment with liraglutide 
or sitagliptin did not alleviate the postprandial SBP and DBP drop. In contrast, sitagliptin 
even further reduced postprandial SBP and vascular resistance, and consequently, markers 
of myocardial perfusion. Combined, these data suggest that prolonged intervention with 
GLP-1 based therapies has no beneficial effect on postprandial haemodynamics, while 
sitagliptin might even tend to worsen myocardial blood flow. Although very speculative, 
such a reduction in myocardial perfusion could link the use of saxagliptin to the increase in 
heart failure (discussed above), if these postprandial effects are also induced by this DPP-4 
inhibitor [47]. 

Microcirculation
Changes in microcirculation play an important role in the development of an increased 
cardiovascular risk in T2DM. Reduced skin capillary density, or capillary ‘rarefaction,’ has 
been associated with microvascular complications, such as proliferative diabetic retinopathy, 
cerebral microbleeds and albuminuria [546,547]. Moreover, it is linked to hypertension, 
likely being a cause and consequence [469,548]. Finally, the microcirculation might be an 
important regulator of glycaemic control, since impaired microvascular perfusion reduces 
glucose delivery to (muscle) cells, thereby impeding (insulin-stimulated) skeletal muscle 
glucose uptake [494]. 
Several studies showed effects of GLP-1-based therapies on the microvascular system, which 
may be beneficial. However, to date, only studies with GLP-1 peptide have been performed, 
or, when GLP-1 based therapies were studied, the effects on macrovascular endothelial 
function were assessed. Since the effects of GLP-1 based therapies on microvascular 
function remained unknown, we studied these in healthy volunteers (chapter 12) and 
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T2DM patients (chapter 13). Microvascular function was measured by nailfold skin capillary 
videomicroscopy and laser Doppler fluxmetry. In healthy volunteers, exenatide increased 
baseline and post-occlusive capillary density, compared with placebo, which was not 
affected by concomitant L-NMMA infusion. A trend towards decreased skin SNS-activity was 
observed from the laser Doppler fluxmetry data. In patients with T2DM, acute exenatide did 
not affect capillary density compared with placebo. However, exenatide increased skin SNS-
activity. Twelve-week intervention with liraglutide or sitagliptin had no effect on capillary 
density or skin SNS-activity. 
Thus, exenatide acutely increases capillary perfusion in healthy volunteers, but not in T2DM 
patients; while in T2DM patients, effects on skin SNS-activity appear to be different for acute 
and prolonged intervention. This difference may be explained by differences in study design. 
In the pilot study, placebo was given before exenatide in a crossover setting. In the main 

Figure 2: Primary outcomes for the LEADER and SUSTAIN-6 trials. Kaplan-Meier plots of the primary outcome 
(composite of cardiovascular death, nonfatal myocardial infarction, or nonfatal stroke) for A) liraglutide versus 
placebo, up to 54 months of treatment; and B) semaglutide versus placebo, up to 109 weeks of treatment. Adapted 
from [361] and [362].
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study, both were given at the same time, in a parallel setting. Thus, a circadian rhythm may 
have influenced results. Alternatively, endothelial resistance to GLP-1 might be involved. 
This phenomenon is known to occur in animals with metabolic syndrome, but not in healthy 
lean animals [499]. A similar difference could be present in healthy volunteers and T2DM 
patients. 
An increase in microvascular perfusion would be beneficial, not only because of the link 
with microvascular complications, but also since microvascular perfusion is associated 
with increased muscle glucose uptake and myocardial function. However, our lack of effect 
on perfusion does not rule out beneficial effects on muscle glucose uptake or myocardial 
function. In several studies, GLP-1 based therapies were associated with an increase in 
muscle glucose uptake [460,473,549] and improvements in myocardial function [325]. 

Metabolic and Anthropometric Effects
GLP-1 induced glucose lowering is thought to be mainly caused by increased insulin 
secretion. Indeed, in both trials, insulin levels increased in T2DM patients. However, in the 
healthy volunteers, exenatide did not affect insulin levels, while it did reduce glucose. This 
might be explained by other glucose-lowering effects of GLP-1 based therapies, including a 
reduction in hepatic gluconeogenesis, intestinal glucose uptake and gastric emptying. Also, 
in a different study, we confirmed that exenatide reduces glucagon levels [550]. As discussed 
in chapter 3, these non-insulin glucose-lowering effects of GLP-1 based therapies are most 
relevant, as they create opportunities to employ these drugs also in patients with little to no 
residual β-cell function (i.e. type 1 diabetes), or they can provide beta-cell rest in patients 
with stressed beta cells.
While GLP-1 receptor agonists are hailed for their weight-loss promoting effect, we did 
not observe a statistically significant effect on body weight after 12-week treatment with 
liraglutide. From a mean baseline of 105.9 kg, patients receiving liraglutide dropped 2.1 kg, 
or 1.8%, of their body weight (corrected for placebo-effects: -1.7 kg or -1.8%). In a recent 
meta-analysis including data from 51 RCTs, the average reduction with liraglutide was 1.43 
kg (with a range between 1.24 and 2.61 kg)[111]. Thus, the observed weight loss in our study 
is within the expected effect of liraglutide. Statistical significance was likely not reached due 
to the relatively small sample size and large variation. 

Methodological Considerations
Our four studies comprised many different techniques for endpoint measurements. 
Unfortunately, we were not always able to use gold-standard measurements, since some 
techniques were too invasive (duodenal aspiration for pancreatic exocrine function) or 
logistically not available (scintigraphy for gallbladder and gastric emptying). Instead, 
we chose a combination of alternative techniques, which correlate well with the gold-
standard. Several of these tests needed to be operationalized, such as gallbladder emptying 
ultrasonography, s-MRCP and the 13C-mixed triglycerides breath test. Their feasibility was 
assessed in the pilot study. Using multiple tests is one of the strengths of this thesis, since it 
allowed us to deeply phenotype participants. 
For the main study, we included 60 participants. Although this number may seem low, a 
priori sample size calculations were performed to ensure sufficient power for the primary 
endpoints. Subsequent analyses have demonstrated that also for the secondary endpoints, a 
satisfactory number of participants were included. Nevertheless, it should be acknowledged 



208

Chapter 14

that the sample size was too small to detect minor changes and did not allow extensive 
multivariable analyses. 
Generally, acute drug interventions lead to the most pronounced physiological changes. 
However, during prolonged intervention, compensatory mechanisms and/or tachyphylaxis 
may occur, leading to reduced effects. This is the reason why we assessed responses in 
the acute and prolonged setting. However, one can question whether 12-week treatment 
is truly ‘prolonged’ and whether a longer intervention may have yielded different results. 
For example, a reduction in body weight and hepatic fat content takes time to develop. 
Moreover, if GLP-1 based therapies increase pancreas volume, this is likely a slow process. 
A placebo arm was used in all the performed trials, to allow optimal analysis of drug-induced 
changes. However, an important drawback of comparing with placebo is the inability to 
exclude effects of glucose-lowering. Nonetheless, since we were simply interested in the 
effects of GLP-1 based therapies, whether or not caused by effects on glucose, we do not 
consider this to be a limitation of the thesis. 
For the acute intervention studies, exenatide was used; while for the 12-week study, we 
used liraglutide. As exenatide placebo-pens were not available, we chose intravenous 
infusion of exenatide for the acute study, since this allowed us to perform a blinded study 
by comparing IV exenatide with IV saline (‘placebo’). Liraglutide was chosen for the 12-week 
study because of its once daily administration and possibility to use placebo pens. Both are 
GLP-1 receptor agonists, yet they differ in their pharmacokinetic properties, which could 
lead to differential results. 

Future Perspectives
With the positive results of the currently available large cardiovascular safety trials, GLP-1 
based therapies will be increasingly prescribed. However, results of ongoing trials are still 
eagerly awaited to identify possible differences in safety profiles. Moreover, the results of the 
GRADE trial (“The Glycemia Reduction Approaches in Diabetes”) are needed to determine 
how GLP-1 receptor agonists and DPP-4 inhibitors weigh up against sulphonylurea and basal 
insulin [247]. An interesting future evolution is the current development of respiratory 
and oral GLP-1 receptor agonists. Since these administration routes bypass the need for 
subcutaneous injection, they enhance patient comfort, which likely results in better drug 
adherence.

Conclusions
The aim of this thesis was to assess the acute and prolonged effects of incretin-based 
therapies on the gastrointestinal and cardiovascular systems, in order to better understand 
their risks and benefits. 

First, regarding pancreatic safety, our data are in agreement with recent large-scale 
observational database studies and RCTs, suggesting that treatment with sitagliptin may 
slightly increase the risk of development of acute pancreatitis, while no increased risk 
appears present for liraglutide. Given the low background incidence of acute pancreatitis, 
the absolute risk of this adverse effect is very small. At this point, there are no data to suggest 
that GLP-1 based therapies increase the risk of pancreatic cancer, although we feel that the 
long-term consequences of a tendency to increase pancreatic enzymes, exocrine secretion 
(sitagliptin) and volume (liraglutide) require longer-term follow up. Nevertheless, the 



209

Summary and General Discussion

14

pancreatic adverse effects of GLP-1 do not seem a major concern. However, we recommend 
to have reservations with DPP-4 treatment in patients with increased risk for pancreatitis or 
pancreatic cancer, such as those with hypertriglyceridemia, alcohol abuse or a family history 
of pancreatic cancer.
Second, GLP-1 based therapies affect biliary physiology; liraglutide increased the levels of 
deoxycholic acid, likely by altering the intestinal microbiome, while sitagliptin increased 
hepatic bile acid production. An increase in bile acids could explain the favourable metabolic 
effects of GLP-1 based therapies, including improved insulin sensitivity and reduced hepatic 
gluconeogenesis. However, liraglutide also increases the risk for gallstones.
Third, against expectations, we observed no effect of liraglutide or sitagliptin on hepatic 
fat content. However, a plethora of other studies with more patients and longer follow-
up found reductions in hepatic fat and inflammation, demonstrating the potency of these 
agents for the treatment of NAFLD.
Fourth, GLP-1 receptor agonists increased resting heart rate, likely through direct 
stimulation of sino-atrial cells in patients with T2DM, although activation of the sympathetic 
nervous system appears to play a (supplementary) role in healthy volunteers. Large-scale 
cardiovascular safety trials did not show that the increase in resting heart rate translates to 
increased mortality, although these trials may not have been of sufficient duration to detect 
any adverse effects of a small increase in RHR. In contrast, liraglutide and semaglutide 
treatment improves cardiovascular outcomes compared with placebo.

Figure 3: Weighing the risks and benefits of GLP-1 based therapies. Abbreviations = DPP-4I, dipeptidyl peptidase 
4 inhibitor; GLP-1RA, glucagon-like peptide 1 receptor agonist
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Fifth, exenatide acutely increased blood pressure, due to effects on cardiac output and/
or vascular resistance, yet after prolonged intervention with liraglutide, a reduction in 
blood pressure was observed. For the latter, no explanation was found, although we 
excluded vascular effects, sustained natriuresis and weight loss as potential underlying 
mechanisms. This reduction in blood pressure is a likely contributor to the beneficial effects 
on cardiovascular outcomes. Importantly, while sitagliptin had no effect on blood pressure 
in the fasting state, it significantly reduced systolic blood pressure after food intake. This led 
to a tendency to reduce myocardial blood flow, and future studies should assess the clinical 
relevance of this. 
Sixth, although GLP-1 receptor agonists increased microvascular perfusion in healthy 
volunteers, this was not observed in our cohort of patients with T2DM. 

In conclusion, combining our mechanistic data with those of larger recently published 
trials, the gastrointestinal and cardiovascular effects of GLP-1 based therapies are 
predominantly beneficial. We feel that the beneficial effects on glucose, body weight and 
blood pressure outweigh an increase in resting heart rate with GLP-1 receptor agonists, and 
a slight increased risk of pancreatitis with DPP-4 inhibitors. The rising popularity of these 
agents seems justified, especially after the results of the large cardiovascular safety trials 
demonstrated their cardiovascular safety (and superiority in LEADER and SUSTAIN-6), but 
also their neutrality when it comes to pancreatic adverse effects. Thus, the extra-glycaemic 
effects of GLP-1 based therapies, which mediate the benefit in LEADER and SUSTAIN-6, 
should be considered rather as a friend than a foe. 





Nederlandse Samenvatting

&
ADDENDUM



213

Nederlandse Samenvatting

&

Wereldwijd neemt het aantal patiënten met type 2 diabetes (‘ouderdom suikerziekte’) snel 
toe, wat voornamelijk komt door de toename in overgewicht. Diabetes wordt gekenmerkt 
door een te hoog bloedsuiker (of glucose). Dit ontstaat doordat het lichaam ongevoelig is 
geworden voor insuline, een hormoon uit de alvleesklier wat er normaal voor zorgt dat 
spieren glucose opnemen en dat de lever minder glucose produceert. Tevens wordt er bij 
diabetes patiënten te weinig insuline aangemaakt. Aangezien diabetes tot ernstige gevolgen 
kan leiden, zoals blindheid, chronische nierziekten, hart- en vaatziekten, en zelfs overlijden, 
is het belangrijk om deze aandoening goed te kunnen behandelen. Hoewel er een aantal 
geneesmiddelen op de markt zijn die de glucose verlagen, hebben de meeste middelen 
bijwerkingen, met name bij hoge doseringen. Er is daarom een continue zoektocht naar 
nieuwe geneesmiddelen. 
Ongeveer 10 jaar geleden zijn er twee nieuwe typen geneesmiddelen beschikbaar gekomen. 
Deze middelen zijn gebaseerd op het hormoon ‘glucagon-achtig peptide-1’ (GLP-1). Dit 
hormoon komt normaal vrij uit de darmen na een maaltijd, en zorgt ervoor dat er meer insuline 
wordt gemaakt door de alvleesklier. Tegelijkertijd onderdrukt GLP-1 het hongergevoel. Door 
de werking van GLP-1 na te bootsen (zogenaamde GLP-1 receptor agonisten), of door het 
lichaamseigen GLP-1 langer en sterker te laten werken (zogenaamde DPP-4 remmers), 
maakt GLP-1 medicatie gebruik van deze effecten. Hoewel grote studies hebben laten zien 
dat GLP-1 receptor agonisten en DPP-4 remmers effectief de glucose verlagen, en dus nuttig 
kunnen zijn voor de behandeling van type 2 diabetes, is uit dezelfde studies ook een signaal 
gekomen dat deze GLP-1 medicijnen mogelijk tot bepaalde bijwerkingen kunnen leiden. 
Specifiek van interesse hierbij zijn alvleesklierontsteking (pancreatitis), een verhoogde 
hartslag in rust en hartfalen. Daarentegen zijn er ook signalen dat GLP-1 medicijnen veel 
meer gunstige effecten hebben dan alleen verbetering van diabetes, zoals een afname 
van gewicht, betere bloeddruk, en minder vet in de lever. Om zekerheid te krijgen over de 
balans tussen nuttigheid en veiligheid zijn er nieuwe studies gestart in duizenden mensen. 
Daarnaast zijn kleine studies opgezet om te kijken hoe GLP-1 medicijnen precies werken op 
de verschillende orgaansystemen. 
Dit laatste heb ik gedaan in de studies die zijn beschreven in dit proefschrift. Ons doel was 
om te kijken naar wat er gebeurt met het maagdarmkanaal en het hart- en vaatstelsel, 
wanneer patiënten met type 2 diabetes behandeld worden met een GLP-1 receptor agonist 
of een DPP-4 remmer. Hierbij waren wij dus niet op zoek naar bijwerkingen in engere zin, 
maar wilden we specifiek kijken naar de werking van de organen.
  

Alvleesklier
De alvleesklier (pancreas) is een belangrijk orgaan als het gaat om diabetes, aangezien 
de pancreas insuline afgeeft. Dit orgaan is echter ook betrokken bij de spijsvertering. De 
pancreas produceert belangrijke enzymen die voedingsstoffen afbreken, waardoor de 
darmen deze kunnen opnemen. Er zijn veel artikelen geschreven over ontsteking van de 
pancreas als mogelijke bijwerking van GLP-1 medicatie. Deze artikelen zijn gebaseerd 
op onderzoeken met dieren en/of mensen, met verschillende soorten medicatie en 
verschillende meet methoden. Helaas spreken veel studies elkaar tegen, waardoor er 
nog veel onduidelijkheid heerst. In dit proefschrift hebben we op verschillende manieren 
gekeken naar de alvleesklier. Allereerst hebben we in hoofdstuk 4 laten zien dat als 60 
patiënten met type 2 diabetes de GLP-1 receptor agonist exenatide krijgen, dat dan binnen 
een aantal uur het niveau van één van de spijsverteringsenzymen van de alvleesklier 
(namelijk amylase) in het bloed stijgt, terwijl andere enzymen niet stijgen. Wij denken 
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dat dit wijst op uitscheiding vanuit de cellen, en dat dit pleit tegen het kapot gaan van 
deze cellen. Daarnaast waren we benieuwd of exenatide ook een direct effect heeft op de 
spijsverteringsfunctie. Dit hebben we onderzocht door patiënten exenatide te geven terwijl 
ze in de MRI-scanner lagen (hoofdstuk 5). Uit dit onderzoek blijkt dat exenatide géén direct 
effect heeft op de spijsverteringsfunctie. Belangrijk is dat patiënten dit type medicijnen niet 
één keer, maar juist voor een langere tijd krijgen. Daarom hebben we ook gekeken naar wat 
er gebeurd na 12 weken behandeling (hoofdstuk 6). Patiënten kregen of de GLP-1 receptor 
agonist liraglutide, of de DPP-4 remmer sitagliptine, of een placebo (nep-medicijn). Met veel 
verschillende technieken hebben we gekeken naar de pancreas; zo hebben we gekeken met 
MRI-scans, met een ademtest, en in de ontlasting, urine en bloed van de patiënten. Zoals 
verwacht, op basis van de literatuur én de bevindingen uit hoofdstuk 4, verhogen zowel 
liraglutide als sitagliptine de bloedspiegels van de spijsverteringsenzymen. Sitagliptine 
geeft echter ook een kleine stijging van de uitscheiding van bicarbonaat, een product van 
de pancreas wat de darmen minder zuur maakt, waardoor de spijsvertering beter werkt. 
Liraglutide deed niets met de spijsverteringsfunctie, maar had wel de neiging om pancreas 
te vergroten. 
In de tijd dat wij ons onderzoek hebben uitgevoerd, zijn er ook grote onderzoeken gedaan 
met een aantal GLP-1 receptor agonisten en DPP-4 remmers. Als deze data wordt samen 
genomen, dan lijkt het zo te zijn dat DPP-4 remmers het risico op pancreatitis een klein beetje 
verhogen. Daarentegen is er nu geen bewijs dat dit gebeurt met GLP-1 receptor agonisten. 
Dit past ook bij onze bevindingen, waarbij sitagliptine wel iets deed met de functie van de 
pancreas (verhoging bicarbonaat-productie), maar liraglutide niet. 

Galzuren en Galwegen
De lever maakt galzuren, die daarna via de gal worden opgeslagen in de galblaas. Na een 
maaltijd knijpt de galblaas samen, en wordt het gal gebruikt bij de spijsvertering. Bij een 
tekort aan galzuren, of als de galblaas niet genoeg samenknijpt, dan neemt het risico op 
galstenen toe. Uit recente onderzoeken lijkt het dat gebruikers van liraglutide een groter 
risico lopen op het ontwikkelen van galstenen, het is echter nog onduidelijk hoe dit in elkaar 
steekt. We hebben daarom in ons onderzoek (hoofdstuk 7), waarbij 60 patiënten met type 
2 diabetes 12 weken werden behandeld met liraglutide, sitagliptine of placebo, gekeken 
naar galzuren en de beweging van de galblaas. Geen van de medicijnen had effect op de 
beweging van de galblaas, welke we hebben gemeten met echografie. Liraglutide gaf wel 
een toename van een specifiek galzuur (deoxycholine zuur) in het bloed en de ontlasting, 
wat verklaard zou kunnen worden door een verandering van de bacteriën in de darmen. Hier 
is echter nog geen data van bekend. Sitagliptine gaf een toename van meerdere galzuren in 
de ontlasting, maar niet in het bloed. Dit past het meeste bij een toename van de productie 
van galzuren in de lever, maar om dit aan te tonen is verder onderzoek nodig. In ieder geval 
wijzen onze resultaten erop dat liraglutide geen galstenen veroorzaakt door directe effecten 
op de galzuren of galwegen. 

Lever
Naast het maken van galzuren is de lever betrokken bij het maken, verwerken en opslag 
van glucose, vetten en eiwitten. Dit maakt de lever een van de belangrijkste organen van 
de stofwisseling. Verschillende studies hebben laten zien dat GLP-1 receptor agonisten en 
DPP-4 remmers hier gunstig gebruik van maken. Zo zorgen ze ervoor dat de lever meer 



215

Nederlandse Samenvatting

&

glucose opslaat, en minder glucose produceert, wat uiteindelijk leidt tot lagere glucose-
spiegels in het bloed. Dit is uiteraard gunstig voor patiënten met diabetes. Daarnaast zijn er 
aanwijzingen dat GLP-1 medicijnen ook gunstige invloed hebben op een veel voorkomende 
leverziekte, namelijk leververvetting. In hoofdstuk 8 hebben wij dit ook onderzocht in onze 
12-weken durende studie. Wij vonden echter géén effect van liraglutide of sitagliptine op 
leververvetting, wat we hebben gemeten met MRI-scans. Mogelijk was onze studie te kort 
van duur, aangezien langere studies wél effecten hebben laten zien. Als we nu alle gegevens 
samen nemen, dan lijkt het vrij overtuigend dat GLP-1 medicijnen gunstig effect hebben op 
leververvetting. 

Hartslag
GLP-1 receptor agonisten, maar niet de DPP-4 remmers, verhogen de hartslag in rust, met 
ongeveer zo’n 2 slagen per minuut. Echter, in sommige patiënten wordt een verhoging van 
wel 10 slagen per minuut gezien. Nu blijkt uit hele grote studies dat een hogere hartslag is 
gekoppeld aan een hogere kans om te overlijden. Het is nog onbekend of dit ook zo is als de 
hartslag wordt beïnvloed door medicijnen. Hoewel langdurige onderzoeken in duizenden 
patiënten dit kunnen beantwoorden, hebben wij geprobeerd om te verklaren waarom de 
hartslag stijgt met GLP-1 receptor agonisten. Eerst hebben we 10 gezonde jonge mannen via 
het infuus exenatide gegeven (hoofdstuk 9). Hierop steeg zoals verwacht de hartslag, maar 
ook de bloeddruk en weerstand van de bloedvaten. Dit leek verklaard te kunnen worden 
door een toename van het sympathische zenuwstelsel, het deel van het zenuwstelsel wat 
het lichaam normaal voorbereidt op een vecht- of vluchtreactie. We hebben toen hetzelfde 
gedaan in patiënten met type 2 diabetes (hoofdstuk 10). Hier gaf exenatide via het infuus 
echter geen stijging van de bloeddruk of weerstand van de bloedvaten, en leek de stijging in 
de hartslag te berusten op een directe prikkeling van het hart. Ook hebben we in hoofdstuk 
10 de effecten op de hartslag bekeken in de 12-wekige studie. Liraglutide gaf een toename 
van de hartslag, maar een afname van de bloeddruk, en geen effect op het zenuwstelsel. 
Ook hier lijkt de toename in hartslag verklaard te kunnen worden door directe prikkeling 
van het hart. Aangezien er ook dierstudies zijn waaruit blijkt dat GLP-1 direct het hart 
kan beïnvloeden, lijkt dit een goede verklaring voor de stijging in hartslag. Of dit op de 
lange termijn nadelig kan zijn is nog niet helemaal duidelijk. Recent zijn echter drie grote 
studies (duizenden patiënten) uitgevoerd, waaruit blijkt dat jarenlange behandeling met 
GLP-1 receptor agonisten geen gevaar gaven op hart en vaten, ondanks de toename in 
hartslag. Integendeel, in een aantal van deze studies lijken de GLP-1 receptor agonisten zelfs 
beschermend voor hart en vaten.

Bloeddruk
Een van de gunstige effecten van GLP-1 medicijnen is dat ze de bloeddruk verlagen. Dit 
is vooral beschreven voor de GLP-1 receptor agonisten, maar ook de DPP-4 remmers 
geven een kleine verbetering. Interessant genoeg gaat de bloeddruk eerst een klein beetje 
omhoog bij het starten van een GLP-1 receptor agonist. Hoewel ons onderzoek niet was 
ontworpen om te snappen hoe GLP-1 medicatie de bloeddruk kan veranderen, hebben we 
wel een aantal testen gedaan die inzicht kunnen geven. Allereerst hebben we gekeken naar 
de directe effecten van exenatide. In de gezonde jonge mannen (hoofdstuk 9) zagen we 
een toename van de bloeddruk direct na het starten van exenatide, wat leek te komen 
doordat het hart meer bloed rondpompte. Daarentegen zagen we bij de patiënten met type 
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2 diabetes (hoofdstuk 10) dat de bloeddruk leek te stijgen doordat de bloedvaten meer 
samenknepen. Waarom dit verschilt tussen gezonde mensen en patiënten met type 2 
diabetes is onduidelijk, en vereist meer onderzoek. 
Ook hebben we in hoofdstuk 10 gekeken naar de effecten van 12 weken behandeling 
met liraglutide of sitagliptine. Hoewel de bloeddruk daalde met liraglutide (maar niet met 
sitagliptine), konden wij geen verklaring hiervoor vinden met onze testen. Er lijkt in ieder 
geval niets te gebeuren met het zenuwstelsel, met de weerstand van de bloedvaten of met 
de hoeveelheid bloed dat het hart rondpompt. 
In dit onderzoek hebben we specifiek nog gekeken naar de effecten van GLP-1 medicijnen op 
bloeddrukdaling ná de maaltijd (hoofdstuk 11). Veel patiënten met type 2 diabetes hebben 
hier last van, en in heftige gevallen kan dit klachten geven als duizeligheid, misselijkheid 
en zelfs flauwvallen. We zagen dat na één dosis exenatide de bloeddruk na de maaltijd 
minder daalt, waarschijnlijk omdat de bloedvaten minder ver open gaan staan. Helaas blijkt 
dit gunstige effect van GLP-1 medicijnen niet aanwezig te zijn na 12 weken behandeling met 
liraglutide of sitagliptine.

Kleine Vaatjes
Als laatste onderdeel hebben we gekeken naar de effecten van GLP-1 medicatie op de 
kleinste bloedvaatjes van het lichaam, de haarvaatjes (capillairen), of microcirculatie. De 
microcirculatie speelt een grote rol bij de bloedvoorziening door het lichaam, en zorgt 
ervoor dat zuurstof en glucose uit het bloed kunnen worden opgenomen, en dat afvalstoffen 
kunnen worden afgevoerd. Diabetes geeft vaak schade aan de microcirculatie, waardoor 
blindheid en chronische nierziekte ontstaan. Aangezien in dierstudies is aangetoond dat 
GLP-1 medicijnen de microcirculatie kunnen verbeteren, wilden wij dit onderzoeken in 
mensen. Eerst hebben we weer gekeken in de gezonde jonge mannen (hoofdstuk 12). Hier 
bleek dat exenatide direct een toename geeft in de hoeveelheid capillairen. Toen we dit 
onderzoek herhaalden in patiënten met type 2 diabetes zagen we interessant genoeg géén 
effect van exenatide op de capillairen (hoofdstuk 13). Ook na 12 weken behandeling met 
liraglutide of sitagliptine werden geen veranderingen gezien op de microcirculatie. Het is 
onduidelijk waarom dit verschil bestaat tussen de gezonde mensen en de patiënten met 
type 2 diabetes, maar het zou kunnen zijn dat bij de diabetespatiënten de gevoeligheid voor 
de medicijnen is afgenomen. 

Conclusie
In onze studies hebben we gekeken naar hoe GLP-1 medicijnen het maagdarmkanaal en 
hart- en vaatstelsel beïnvloeden, en op die manier eventuele bijwerkingen of extra gunstige 
werkingen kunnen geven. We hebben aangetoond dat de DPP-4 remmer sitagliptine 
de alvleesklier een klein beetje stimuleert om spijsverteringssappen te maken, wat zou 
kunnen leiden tot een gering verhoogd risico op alvleesklierontsteking. Sitagliptine en de 
GLP-1 receptor agonist liraglutide hadden een neutraal effect op de galwegen, en tegen de 
verwachting in, verminderden niet de hoeveelheid levervet. GLP-1 receptor agonisten geven 
een toename van de hartslag in rust, en wij hebben gevonden dat dit waarschijnlijk komt 
door directe prikkeling van het hart. De bekende bloeddrukdaling van GLP-1 medicijnen 
hebben we ook gezien, maar kunnen we niet verklaren. Helaas hebben GLP-1 medicijnen 
geen gunstig effect op bloeddrukdalingen na de maaltijd, en vonden we ook geen gunstig 
effect op de kleinste vaatjes van het lichaam.
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Onze resultaten moeten we zien in het licht van vele andere studies waaruit blijkt dat GLP-
1 medicatie niet alleen een gunstig effect heeft op diabetes (waar deze medicijnen voor 
ontwikkeld zijn), maar ook op gewicht, cholesterol, bloeddruk, en zelfs hart- en vaatziekten. 
Het iets verhoogde risico op bijwerkingen als alvleesklierontsteking lijken niet op te wegen 
tegen deze gunstige effecten. Alles op een rijtje lijken deze medicijnen zelfs aantrekkelijker 
voor de behandeling van diabetes vergeleken met andere medicijnen, zoals andere pillen 
en insuline. 

In conclusie, de studies in dit proefschrift laten zien dat als je in detail kijkt naar de effecten 
van GLP-1 medicijnen op het maagdarmkanaal en hart- en vaatstelsel, er geen duidelijke 
signalen zijn voor ongunstige directe effecten van deze medicijnen. De GLP-1 medicijnen zijn 
een vriend, geen vijand.
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Allereerst wil ik de deelnemers van de SAFEGUARD-studie hartelijk bedanken voor de 
bijdrage aan het onderzoek. Zij waren bereid om vele keren naar het VUmc te komen, voor 
dag en dauw hiervoor op te staan, en zelfs op zaterdagen hun vrije tijd hiervoor op te geven. 
Alle mooie gesprekken en jullie enthousiasme hebben ervoor gezorgd dat de testdagen 
succesvol voorbij vlogen. Zonder jullie was dit proefschrift niet tot stand gekomen.

Professor Diamant was een van de belangrijkste redenen dat ik als onderzoeker ben 
geworden zoals ik nu ben. Haar enthousiasme en gedrevenheid werkte altijd opzwepend, 
en hebben gezorgd voor het succes van SAFEGUARD. Ze hield graag van een babbeltje, en ik 
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antwoord, maar intussen wel alles wist over bv. de burgeroorlog in de VS. Ze heeft me veel 
geleerd, en ik denk nog regelmatig: ‘hoe zou Michaela dit doen.’ 

Professor Kramer, beste Mark, ik herinner me nog ons eerste gesprek als promotor-
promovendus, waarbij je aan het eind naar de deur wees. Ik vroeg grappend of je verwees 
naar “daar is het gat van de deur,” maar je bedoelde uiteraard “de deur staat altijd open.” 
En dat heeft zich gebleken, ik kon met elk probleem bij je terecht. Dankjewel voor je steun, 
vertrouwen en inzet!

Doctor van Raalte, beste Daniël, hoewel we elkaar al kenden uit het KG begon onze 
samenwerking pas halverwege mijn promotie-traject. Michaela had alle vertrouwen in je, 
en dit begrijp ik volledig. Je hebt mij enorm geholpen in de laatste fase van data verzamelen, 
analyseren, interpreteren, en schrijven. Hoe je alles (opleiding, postdoc, promovendi 
begeleiden, naast een partner en kinderen) zo succesvol weet te combineren snap ik nog 
steeds niet, maar bewonder ik enorm!

Doctor Cahen, beste Djuna, het was even wennen, van een begeleider in de kamer naast me, 
naar een begeleider met wie ik afsprak bij De Joffers in A’dam Centrum! Ik wil je bedanken 
voor al je waardevolle inbreng op de GI-onderwerpen, de zeer prettige samenwerking, 
en je altijd oprechte interesse en optimisme. Ik ben erg trots op ons geweldige review en 
podcast bij Gut. En wat een kleine wereld eigenlijk, dat je me na het onderzoek, me nu ook 
superviseert in de kliniek!

Geachte leden van de leescommissie, prof. Bilo, prof. Heine, prof. Lips, prof. Nieuwdorp, 
dr. Serné en dr. Tushuizen, bedankt voor het lezen en beoordelen van mijn proefschrift, en 
de bereidwilligheid om zitting te nemen in mijn promotiecommissie. Dear prof. Kahn, many 
thanks for your support, tips and tricks during my time in Seattle. I would like to thank you 
reviewing my work, and for coming over to Amsterdam just for the defense of my thesis. 

Doctor IJzerman en doctor Serné, beste Richard en Erik, ik wil jullie bedanken voor het 
opvangen van mij en het onderzoek in de turbulente periode rondom het overlijden van 
Michaela. Voor alle problemen kon ik altijd even bij jullie langs komen. Erik, als ik door 
alle capillairen de microcirculatie niet meer kon zien, dan kwam jij met goede adviezen en 
interpretaties. Hartelijk dank voor je hulp bij het snappen van deze lastige materie. En wie 
had dit gehoopt.. beide microcirculatie-papers in ATVB! Een groot deel van het onderzoek 
bestond uit het maken van plaatjes, met de echo en MRI, maar dit was nooit mogelijk geweest 
zonder de inzet van doctor Pieters-van den Bos, doctor Pouwels en Ton Schweigmann. Beste 
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alle logistiek rondom de MRI, s-MRCP en H-MRS. Doctor Hoekstra, beste Trynke, dankjewel 
voor je steun en heldere uitleg bij de lastige statistiek die we gebruikt hebben binnen ons 
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Professor Bruno, beste Marco, hartelijk dank voor je hulp bij de opzet van het onderzoek en 
de interpretatie van de vele pancreas-gerelateerde resultaten. Beste professor Nieuwdorp, 
beste Max, ik wil je bedanken voor de inzicht gevende gesprekken. Professor Groen, beste 
Bert, door jouw heldere woorden heb ik uiteindelijk toch de galzuurfysiologie begrepen.

Veel dank gaat ook uit naar mijn steun en toeverlaat op de testkamers: Jeannette. Als 
ik een grove schatting mag maken, dan ben jij voor zeker 225 SAFEGUARD-testdagen 
rond 07.00u aanwezig geweest om ons te helpen en heb je 22.500 (!) cupjes en buisjes 
geplakt. Ik wil je bedanken voor je inzet, gezelligheid, goede zorgen, nauwkeurigheid en 
doorzettingsvermogen (er leek soms geen eind aan SAFEGUARD te komen). Sandra, hartelijk 
dank voor je hulp bij de pilot- en SAFEGUARD-studie en de gezellige gesprekken. Hoeveel 
stiltemetingen hebben dubieuze resultaten omdat jij nietsvermoedend babbelend binnen 
kwam? Ingrid, Nicolette en Ans, ook jullie ben ik veel dank verschuldigd voor alle hulp; maar 
ik wil jullie vooral allemaal ook bedanken voor een warm welkom en gezellig begin van mijn 
promotietraject. Beste Lilian, hartelijk dank voor je beschikbaarheid en inzet als er weer iets 
geregeld moest worden qua financiën, contracten, en congressen. Je oprechte interesse 
in mijn onderzoek en mijzelf heb ik altijd gewaardeerd. Jennifer, Louise, Annelies en 
Jacqueline, bedankt voor de hulp bij alle logistieke en financiële zaken tijdens het opzetten 
en uitvoeren van het onderzoek. 

Lennart en Marcel, we werden vaak gekscherend als trio ‘Kwik, Kwek en Kwak’ en ‘de drie 
Musketiers’ genoemd. Maar achter deze grappige benamingen zat denk ik ook wel een goed 
punt: we zijn een perfect team! Naast alle testdagen hebben we vele uren samen besteed in 
ons hok, flink discussiërend over hoe we screen-failures toch konden includeren (nb: nooit 
gebeurd), outliers creatief konden wegmoffelen (nb: ons geweten hield ons hier toch tegen), 
hoe we p-waardes toch onder de 0.05 konden krijgen (nb: nooit gelukt) of de volgende 
ingezonden brief op een net verschenen studie (best vaak gelukt). Maar naast een uiterst 
productieve relatie (ik tel nu meer dan 25 gepubliceerde papers als team) heb ik vooral door 
jullie een geweldige tijd gehad. We hebben samen veel gelachen; en de hoeveelheid foute 
uitspraken onder ons heeft meerdere whiteboards gevuld! Zonder jullie had ik deze tijd 
nooit zo prettig en succesvol kunnen afronden! Ik ben nu ook zeer vereerd en dankbaar dat 
jullie mijn tijd als promovendus willen helpen afsluiten door mijn paranimfen te zijn.

En natuurlijk alle collega-onderzoekers binnen en buiten het diabetescentrum: Linde, Nalini, 
Susan, Stieneke, Larissa, Weena, Renate, Liselotte, Jennifer, Erik, Koen, Anna, Annelies, 
Kristien, Eelco, Luuk, Mariska, Nynke, Maarten, Mathijs, Jonne, Martine, Nick, Miriam, 
Rick, Jorn, Irene, Edmée, Karel-Jan, Nadia, Louise, Christa, Nadège, Maartje, Nienke, 
Mitchell, Wessel, Jeske en Suzanne, dankzij jullie is het werken op de afdeling altijd erg 
gezellig geweest. Ik zal de geweldige lunches, VrijMiBo’s, dinertjes, feestjes en wintersport 
uitjes altijd herinneren! Beste Linde, dankjewel voor de gezellige tijd die we hebben gehad 
als SAFEGUARD-partners. Je inzet rondom de opzet van de pilot-studie heeft geleid tot 
mooie resultaten! Nalini en Susan, we waren tegelijkertijd eerstejaars, en hebben daardoor 
veel samen beleefd. Geweldige trips naar Oxford, Philadelphia en Barcelona. Ik heb vooral 



257

Dankwoord

&

genoten van jullie droge (Susan) en continue (Nalini) humor! Liselotte en Jennifer, hoe vaak 
ik wel niet bij jullie ben binnen gelopen met vragen. Super bedankt dat jullie altijd klaar 
stonden! Jullie positieve houding heeft me door veel tegengeslagen geholpen. Dank voor 
alle keren dat ik met (en om) jullie heb kunnen lachen. Stieneke, Koen, Erik, Anna, Annelies 
en Kristien, het was altijd prettig om even bij de (onder)buren binnen te stappen, een 
luisterend oor en veel, heel veel gezelligheid! En Koen, natuurlijk bedankt dat mijn “hoogste” 
publicatie door jou is geschreven! Karuna, ik vond het super om je te begeleiden met je 
stage, waaruit zelfs een artikel is gekomen! Was gezellig, en voor mij ook zeer leerzaam. 
Maarten en Mathijs, bedankt dat ik jullie databases mocht uitpersen om de wat saaiere 
uurtjes te vullen! Miriam en Rick, als mijn eerste echte ‘roomies’ wil ik jullie bedanken voor 
de gezelligheid en goede gesprekken. 

I want to thank the members of the SAFEGUARD consortium for their support, and the 
great meetings throughout Europe. Professor Sturkenboom, beste Miriam, dankjewel 
voor het vertrouwen in mij om de rol van Michaela als werkgroepleider over te nemen. 
Dear professor Haluzik and doctor Mraz, dear Martin and Milos, I’ve enjoyed the many 
brainstorms and our collaboration.

Professor Smulders en dr. Voerman, dank voor de mogelijkheid om met de opleiding interne 
geneeskunde beginnen. Ik kijk uit naar de leerzame jaren! Mijn nieuwe collega’s en bazen in 
het Amstelland Ziekenhuis wil ik graag bedanken voor een warm welkom en een hele fijne 
start van een nieuwe werkplek.

Mijn vrienden wil ik bedanken voor alle gezelligheid buiten het promoveren. Jurjen en Gjalt-
Jeen, na prachtige avonturen op Uilenstede ben ik erg blij dat we nog steeds zo goed contact 
hebben, ook al wonen we niet meer bij elkaar op kruipafstand! Lekker beetje babbelen over 
werk, of samen met Joy en Minne BBQ-en. Annemieke, Brinio, Claudia, Daniëlle, Denny, 
Dave, Doris, Jacqueline, Jisca, Joyce, Lizzy, Nik, Stefanie en Wilco, wat fijn dat we zulke 
gezellige tijden hebben. Leuke feestjes, diners, vakanties en alles!

Ik bewaar het belangrijkste voor het laatste: lieve familie, hartelijk dank voor alle interesse, 
steun en gezelligheid. Arthur en Ingeborg, vanaf het begin hebben jullie me welkom doen 
voelen. Hartelijk dank voor jullie interesse en vele adviezen voor mijn onderzoek. Lisanne, 
Mariëlle en Thuur, ik ken jullie intussen zo lang, jullie zijn bijna als “echte” zusjes/broertje 
voor me. Dank voor jullie interesse! 
Lieve pap en mam, bedankt dat jullie altijd onvoorwaardelijk voor mij klaar staan en dat jullie 
altijd zo trots op me zijn. Jullie steunen me in alles wat ik kies of doe en hebben altijd een vol 
vertrouwen. Zonder jullie was ik nooit zover gekomen! Paul, hoewel we erg verschillen zijn 
we toch ook weer hetzelfde. Fijn dat je altijd voor me klaar staat, en dank voor je interesse 
en steun! Rock on!

Tenslotte jij, lieve Annemijn, dankjewel voor al je steun en begrip tijdens deze fase. We 
kennen elkaar al heel lang, hebben veel leuke dingen gedaan en beleefd, maar het leek alsof 
afgelopen tijd alles tegelijk kwam: afstuderen, promoveren, werk zoeken, Aiden, trouwen, 
huis kopen, opleiding starten… Maar we hebben alles  moeiteloos doorstaan. Wat waardeer 
ik het toch dat je me weet te stimuleren het beste uit mezelf te halen, en tegelijkertijd laat 
zien dat er veel meer is dan alleen werk. Ik hou van je!
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