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Abstract
Background: Increasing evidence points to beta‐cell regeneration in individuals with 
type 1 diabetes mellitus (type 1 DM) at all stages of the disease. Exercise and gluca‐
gon‐like peptide‐1 (GLP‐1) independently improve beta‐cell function and glucose ho‐
meostasis in animal studies and in clinical trials in individuals with type 2 diabetes 
mellitus (type 2 DM). Whether a combination of both, exercise and GLP‐1, induces a 
similar effect in individuals with long‐lasting type 1 DM remains to be investigated.
Methods: In an open‐label study, participants with long‐standing type 1 DM were 
randomly assigned to oral sitagliptin 100 mg daily for 12 weeks in combination with 
or without an exercise intervention. The primary end‐point was change in the area 
under the concentration‐time curve of C‐peptide during a mixed meal tolerance test 
before and after 12 weeks of intervention.
Results: A total of 24 participants were included in the study and treated with sit‐
agliptin, 12 participants were allocated to a 12‐week exercise intervention. After 
12 weeks, there was no difference in the change of AUC C‐peptide between groups 
(exercise: 0 [−1424 to 1870], no exercise: 2091 [283‐17 434]; P = 0.09). HDL improved 
in the exercise intervention group compared to the group with sitagliptin only (exer‐
cise: 0.11 [−0.09 to 0.27]; no exercise: −0.18 [−0.24 to 0.01]; P = 0.04). AUC glucose 
was numerically slightly lower in the exercise intervention group but this did not 
translate into changes in HbA1c.
Conclusion: The combination of exercise and sitagliptin had no effect on beta‐cell 
function in individuals with long‐lasting type 1 DM.
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1  | INTRODUC TION

Type 1 diabetes mellitus (type 1 DM) is characterized by an autoim‐
mune mediated process which leads to the destruction of insulin‐
producing beta cells.1 Hyperglycaemia develops as a consequence 
of the gradual loss of beta cells. Until recently, it was assumed that 
all insulin‐producing cells are being destroyed over the course of 
the disease. Our group and others have shown that even years after 
diagnosis of type 1 DM, viable beta cells are present and able to 
secrete at least low amounts of insulin.2,3 Since residual beta‐cell 
function prevents complications such as retinopathy, nephropathy 
and hypoglycaemia,4 it is of great interest to preserve and enhance 
the function of these remaining insulin‐producing cells.

Whether beta‐cell replication exists in adults is still controver‐
sial.5,6 Increasing evidence suggests that beta‐cell differentiation 
and regeneration occur throughout the course of the disease.7-9 
Several hormones have been implicated in this process, in par‐
ticular the gut hormone glucagon‐like peptide‐1 (GLP‐1).10 GLP‐1 
is acutely released from intestinal L cells in response to nutrient 
ingestion and from pancreatic alpha cells, especially during meta‐
bolic stress11-13 and improves glucose homeostasis. Drugs such as 
dipeptidyl‐peptidase IV (DPP‐IV) inhibitors, which inhibit the deg‐
radation of GLP‐1, are widely used for treatment of type 2 diabetes 
mellitus (type 2 DM).14

Similar to GLP‐1, physical exercise is known to ameliorate glu‐
cose control in type 2 DM.15,16 We have previously shown that 
GLP‐1 plays an important role in the exercise‐induced improvement 
of glucose homeostasis in mice.17 Physical exercise led to release of 
interleukin‐6 (IL‐6) from skeletal muscle, which triggered GLP‐1 se‐
cretion and subsequently led to an improvement in insulin secretion 
and glucose homeostasis. Based on these findings, we hypothesized 
that in individuals with type 1 DM, residual beta‐cell function would 
improve with exercise via IL‐6‐dependent up‐regulation of GLP‐1. 
We further explored whether the combination of exercise and treat‐
ment with a DPP‐IV inhibitor would amplify this endocrine loop in 
people with long‐lasting type 1 DM.

2  | MATERIAL S AND METHODS

2.1 | Study design and participants

Between November 2013 and August 2016, 24 participants with 
type 1 DM were included in this randomized, open‐label study. The 
study was conducted at the University Hospital Basel.

Participants were eligible if they aged 18‐58 years, were diag‐
nosed with type 1 DM according to American Diabetes Association 
criteria of more than 2 years, had positive glutamic acid decarbox‐
ylase and/or islet antigen‐2 autoantibodies, were well‐controlled 
(HbA1c < 63.9 mmol/mol resp. <8%), were on a stable treatment 
for the last 3 months and had a body mass index (BMI) between 
18 and 30 kg/m2. Due to the slow recruitment process, inclusion 
criteria for HbA1c and BMI were extended during the study: the 

range of HbA1c was increased from 7.5% to 8%, and the upper 
limit of BMI was increased from 28 to 30 kg/m2. Regular physical 
activity of more than 4 hours per week, independent of the inten‐
sity of exercise, was an exclusion criterion. Other exclusion criteria 
were any inflammatory, infectious or immunosuppressive disease, 
any immunosuppressive treatment, pregnancy or breastfeeding, 
history or signs of cardiovascular disease, proliferative retinopa‐
thy, nephropathy or neuropathy. Patients were recruited by ad‐
vertisement from the outpatient clinic of the University Hospital 
Basel and from outpatient diabetes clinics in the north‐western 
part of Switzerland. All participants provided written informed 
consent.

The study was approved by the regional ethical committee 
(EKBB 349/12) and Swissmedic, and was conducted in accordance 
with the guidelines for Good Clinical Practice and the Declaration of 
Helsinki. The trial was registered at Clini​caltr​ials.gov NCT02127047.

2.2 | Randomization and treatment

All participants received sitagliptin (Januvia®; MSD Merck Sharp & 
Dohme AG) 100 mg per os (po) once daily and were randomized in a 
1:1 ratio to complete a 12‐week exercise intervention or to continue 
physical activity on their pre‐existent level. Randomization was per‐
formed by an external statistician.

2.3 | Study assessment

All participants had a screening visit and four study visits. At the 
first study visit, a standardized mixed meal tolerance test (MMTT) 
with 360 mL of Boost® containing 62 g carbohydrates, 15 g protein 
and 6 g fat (Nestle) was performed after an overnight fast. Baseline 
blood samples were taken immediately before ingestion of the 
mixed meal and 15, 30, 90 and 120 minutes afterwards. After the 
MMTT, a bicycle ergometer test was performed to assess VO2 max 
and determine the exercise load for the exercise intervention group. 
Participants of the exercise intervention were given instructions for 
an unsupervised bicycle training consisting of 5‐minute warm‐up 
followed by 45 minutes at 75% VO2 max and 5‐minute cool‐down for 
at least three times a week on top of their pre‐existent physical ac‐
tivity level. Heart rate monitors (Polar Watch; Polar) were dispensed 
to participants in the intervention group to be worn during each ex‐
ercise session. Adherence to the exercise target was evaluated by 
the read‐outs of the heart rate monitor. Daily used insulin dose at 
baseline and after the intervention was documented during 3 days 
with insulin diaries. Sitagliptin treatment was initiated after comple‐
tion of the MMTT and VO2 max test on the first day of the study. All 
participants were instructed to take one tablet of sitagliptin once 
a day. After 4 and 8 weeks, participants returned to the research 
facilities for assessment of safety including the occurrence of hypo‐
glycaemia and compliance. After 12 weeks and 24 hours after the 
last dose of sitagliptin, the 2‐hour MMTT and the bicycle ergometer 
test were repeated.

http://Clinicaltrials.gov
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C‐peptide and insulin were measured using Elecsys 2010 (Roche 
Diagnostics). Total GLP‐1 was assessed with NL‐ELISA (Mercodia). 
Glucose, HbA1c, high‐sensitivity C‐reactive protein (hsCRP) and 

lipids were measured at the routine laboratory, Department of 
Clinical Chemistry, University Hospital Basel, Switzerland. The re‐
ported HOMA index was calculated according to Matthews et al.18

F I G U R E  1   Enrolment

  Exercise No exercise P‐value

Age (y) 33.18 (27.07‐38.57) 35.08 (27.52‐45.37) 0.47

Sex

Female, n (%) 4 (25%) 3 (33.33%) >0.99

Male, n (%) 8 (75%) 9 (66.67%) 0.68

Body mass index (kg/m2) 25.35 (24.03‐27.85) 25.2 (24.03‐27.85) 0.54

Diabetes duration (y) 15.69 (9.26‐21.01) 8.82 (4.60‐14.48) 0.10

Type 1‐associated antibodies

Glutamic acid decarboxylase anti‐
bodies positive, n (%)

7 (58.3%) 8 (66.7%) >0.99

Islet antigen‐2 antibodies positive, 
n (%)

7 (58.3%) 5 (41.7%) 0.68

HbA1c (mmol/mol) 57 (53‐61) 55 (50‐61) 0.31

HbA1c (%) 7.4 (7.02‐7.7) 7.15 (6.72‐7.7)

Fasting C‐peptide (pmol/L) 16.5 (2.9‐30) 187.5 (9.5‐324.8) 0.11

AUC C‐peptide 403 (348‐7589) 4032 (348‐59 389) 0.17

Fasting Insulin (pmol/L) 4.45 (1.3‐15.7) 9.75 (5.82‐24.25) 0.18

Daily long‐acting insulin dose (units/d) 16 (13.03‐25.5) 15.55 (13.25‐26.63) 0.70

High‐sensitive C‐reactive protein 
(mg/L)

0.74 (0.30‐1.75) 0.74 (0.29‐1.42) >0.99

Total cholesterol (mmol/L) 4.07 (3.38‐4.69) 4.38 (4.13‐4.43) 0.47

Low‐density lipoprotein (mmol/L) 2.07 (1.63‐2.40) 2.45 (2.19‐2.73) 0.13

High‐density lipoprotein (mmol/L) 1.77 (1.49‐2.01) 1.38 (1.25‐1.86) 0.09

Triglycerides (mmol/L) 0.63 (0.41‐0.83) 0.68 (0.57‐0.81) 0.52

VO2 max (L/min/kg) 0.037 (0.033‐0.045) 0.031 (0.027‐0.035) 0.03

Note: The Mann‐Whitney U test was used for continuous data and the Fisher exact test for cat‐
egorical data to compare treatment groups; data represent median values with interquartile ranges.

TA B L E  1   Comparison of baseline 
characteristics between treatment groups
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2.4 | Study end‐points

The primary end‐point was change in the area under the concentra‐
tion‐time curve (AUC) of C‐peptide during a MMTT at baseline and 
after 12 weeks with or without an exercise intervention. Predefined 
secondary end‐points were change in glucose, HbA1c, insulin sen‐
sitivity, insulin requirements, total GLP‐1, change in lipids profile, 
hsCRP, creatine kinase (CK).

2.5 | Statistical analysis

The sample size of 12 participants per group was based on the as‐
sumption of a 30% change in beta‐cell function in response to a physi‐
ological stimulus as compared to baseline, providing 90% power and 
P < 0.05.

The primary analysis followed the intention to treat princi‐
ple, that is, participants with complete follow‐up were analysed 
in the groups to which they were randomized. Discrete variables 
are expressed as counts (percentages) and continuous variables as 
median (interquartile range [IQR]). The Mann‐Whitney U test was 
used for continuous data and the Fisher exact test for categorical 
data to compare changes across treatment groups. The Wilcoxon 
paired signed‐rank test was used for comparisons within subjects. 
The AUC C‐peptide over 120 minutes during the MMTT was calcu‐
lated using the trapezoid rule. P‐value < 0.05 was defined as signif‐
icant. Data were analysed using GraphPad Prism Vers 7 (GraphPad 
Software Inc).

3  | RESULTS

A total of 33 individuals were screened, five did not meet inclusion 
or exclusion criteria. Twenty‐eight people were enrolled in the study, 
and four withdrew their consent. One participant in the exercise 
intervention group dropped out after randomization due to a pro‐
longed upper respiratory tract infection. Twenty‐three participants 
completed the study (Figure 1). Baseline characteristics were similar 
in both groups, apart from VO2 max, which was slightly higher in the 
exercise group (Table 1).

After a 12‐week intervention, there was no difference in the 
change of AUC C‐peptide between groups (P  =  0.09) (Table 2, 
Figure 2). Interestingly, there was an increase in AUC C‐peptide 
after a 12‐week treatment period as compared to baseline in the 
group with sitagliptin only, but it did not reach statistical signifi‐
cance (P = 0.07, Figure S1). There was no change in AUC glucose 
between the two groups (P = 0.23) (Figure 2). Change in fasting 
glucose (P = 0.52), HbA1c (P = 0.79), insulin sensitivity (P = 0.45), 
daily insulin use (P = 0.32), AUC total GLP‐1 (P = 0.78) did not dif‐
fer between groups (Table 2). hsCRP was similar in both groups 
(P  =  0.73). Interestingly, high‐density lipoprotein cholesterol 
(HDL‐C) improved in the exercise intervention group (P  =  0.04), 
while change in total cholesterol (P = 0.83), low‐density lipopro‐
tein cholesterol (LDL‐C) (P = 0.19) and triglycerides (P = 0.11) re‐
mained similar between groups (Table 2, Figure 3).

Weight decreased in both groups, and the difference be‐
tween groups was not significant (Table 2). Systolic and diastolic 

TA B L E  2   Comparison of change before and after 12 wk intervention between treatment groups

  Exercise No exercise P‐value

AUC C‐peptide 0 (−1424 to 1870) 2091 (283‐17 434) 0.09

AUC glucose −295 (−567 to 90) −47.5 (−351 to 223) 0.23

Fasting glucose (mmol/L) −1.55 (−3.47 to 2) −0.5 (−2.95 to 1.32) 0.52

HbA1c (mmol/mol) −3 (−4 to −1) −2 (−5 to −1) 0.79

HbA1c (%) −0.3 (−0.4 to 0.1) −0.2 (−0.5 to 0.1)

Insulin sensitivity (HOMA Index) 0.05 (−0.3 to 0.275) 0.0 (−0.42 to 0.07) 0.45

AUC total glucagon‐like peptide‐1 −35.6 (−115.1 to 17.8) −29.5 (−125.7 to 23.95) 0.78

Average long‐acting insulin use (units/d) 0 (−0.32 to 0.35) 0 (−0.19 to 1) 0.32

High‐sensitivity C‐reactive protein (mg/L) −0.1 (−0.42 to 0.26) −0.07 (−0.28 to 0.09) 0.73

Total cholesterol (mmol/L) 0.04 (−0.39 to 0.32) 0.0 (−0.37 to 0.27) 0.83

Low‐density lipoprotein (mmol/L) −0.17 (−0.43 to 0.13) 0.07 (−0.21 to 0.24) 0.19

High‐density lipoprotein (mmol/L) 0.11 (−0.09 to 0.27) −0.18 (−0.24 to 0.01) 0.04

Triglycerides (mmol/L) 0.05 (−0.18 to 0.18) −0.04 (−0.24 to 0.07) 0.11

Creatine kinase (U/L) 29 (−1 to 69) 2 (−17.25 to 18) 0.17

Weight (kg) −1.2 (−3 to −0.4) −0.45 (−1.8 to 1.275) 0.15

Systolic blood pressure (mm Hg) 2 (−6 to 6) 2 (−5 to 3.5) 0.77

Diastolic blood pressure (mm Hg) 1 (−11 to 10) −2 (−12.5 to 1) 0.27

Resting heart rate (beats/min) −2 (−8 to 8) 3 (−4.5 to 8) 0.42

VO2 max (L/min/kg) 0.001 (−0.002 to 0.001) −0.0004 (−0.002 to 0.003) 0.40

Note: Mann‐Whitney U test was used to compare change across groups; data represent median values with interquartile ranges.
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blood pressure as well as heart rate did not change in both groups 
(Table 2).

Change in CK tended to be higher in the exercise intervention 
group, but did not reach significance (P = 0.17) (Table 2).

Change in VO2 max was not different between groups (P = 0.97) 
(Table 2). Training compliance in the exercise intervention group 
was as follows: four participants (36.3%) completed an average of 

≥3 sessions per week, 5 (45.4%) completed at least 2‐2.9 sessions 
per week, 2 (18.1%) trained 1‐1.9 times per week. Seven partici‐
pants (64%) accomplished at least 50% of the training sessions at 
75% of VO2 max during for at least 25 minutes of training.

The number of adverse events was similar in both groups 
(Table 3). The most frequent adverse event was a common cold 
(seven adverse events in each group).

F I G U R E  2  C‐peptide during 2‐h mixed meal tolerance test (MMTT) at baseline and after 12 wk in (A) patients with sitagliptin and 
exercise intervention and (B) patients with sitagliptin only. Glucose levels during 2‐h MMTT at baseline and after 12 wk in (C) patients with 
sitagliptin and exercise intervention and (D) patients with sitagliptin only. Data represent median and interquartile range
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4  | DISCUSSION

This is the first randomized trial to study the role of exercise in com‐
bination with the DPP‐IV inhibitor sitagliptin in individuals with long‐
standing type 1 DM.

We found no improvement in beta‐cell function with exercise 
and sitagliptin or sitagliptin alone after a 12‐week study period. This 
finding contrasts with animal models of type 1 DM as well as clini‐
cal studies in type 2 DM and healthy individuals where exercise and 
DPP‐IV inhibitors independently enhanced beta‐cell function.

In rat models of type 1 DM, for example, physical exercise 
boosted beta‐cell proliferation as well as cell mass after near total 
loss of pancreatic tissue.19,20 Similar results were obtained in rat 
models of type 2 DM, where exercise led to an increase in beta‐
cell mass.21-23 In line with these findings, clinical studies in individ‐
uals with type 2 DM and healthy people showed an improvement 
of beta‐cell function with exercise.24,25 Nonetheless, in individuals 
with newly diagnosed type 1 DM, a 12‐month exercise training did 
not result in enhanced beta‐cell function.26

Similar to exercise, GLP‐1 improved beta‐cell function in an‐
imal models of type 1 DM. Indeed both, GLP‐1 receptor agonists 
and DPP‐IV inhibitors were shown to induce beta‐cell proliferation 
and reverse new‐onset diabetes.27-29 Still, in individuals with type 
1 DM, treatment with GLP‐1 receptor agonist or DPP‐IV inhibitors 
yielded more heterogeneous results with some studies showing a 
beneficial effect on glucose control and other with no effect at all.30 
There may be several reasons why results from animal models of 
type 1 DM and people with type 2 DM do not convincingly translate 
to individuals with type 1 DM. First, the ongoing autoimmune pro‐
cess could prevent a significant improvement of beta‐cell function. 
Second, a critical mass of beta cells may be necessary to produce a 
measurable improvement, which could have been especially critical 
in our cohort of individuals with long‐lasting disease. While there 
was no statistical difference in residual beta‐cell function between 
groups at baseline, there was a trend towards lower values in the 
exercise group. As a solid C‐peptide response may be critical for de‐
tecting a difference in beta‐cell function, a clinical trial in patients 
with newly diagnosed type 1 DM with substantial residual beta‐cell 

function may provide different results. Third, over the course of the 
disease, beta cells may develop impaired GLP‐1 signalling and there‐
fore could become unresponsive to GLP‐1.31 Further studies are 
needed to understand these underlying mechanisms. In our study, 
peak oxygen consumption at baseline was slightly higher in the exer‐
cise intervention group and did not improve significantly during the 
exercise training. It therefore could be that a more intense exercise 
programme in combination with a more potent GLP‐1 receptor ago‐
nist would yield different results. Another limitation is the small sam‐
ple size of this exploratory study. Future studies with bigger sample 
sizes may detect a difference between the groups.

High‐density lipoprotein levels significantly increased in partici‐
pants with type 1 DM who had both exercise and sitagliptin. Regular 
exercise was shown to improve HDL in nondiabetic people as well 
as in individuals with type 1 DM.32,33 Similarly, a single dose of oral 
sitagliptin reduced postprandial lipidemia in healthy volunteers.34 
Low HDL levels are a risk marker for cardiovascular disease,35 which 
has become the leading cause of death in people with type 1 DM 
above age 30  years.36 Whether exercise in combination with sita‐
gliptin can reduce cardiovascular disease in type 1 DM remains to be 
investigated.

In summary, we could not reproduce the findings of studies in an‐
imal models and people with type 2 DM with sitagliptin and exercise 
for improving beta‐cell function in individuals with long‐lasting type 
1 DM. While there was a small but nonsignificant increase with sita‐
gliptin only, further placebo‐controlled studies with adequate power 
are needed to test whether there exists a small effect of exercise in 
combination with up‐regulation of GLP‐1.
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TA B L E  3  Adverse events

Adverse event, n (%) Exercise (n = 12) No exercise (n = 12)

Adverse events 17 (48.6%) 18 (51.4%)

Drug related 0 (0%) 0 (0%)

Exercise related 0 (0%) 0 (0%)

Serious adverse events 0 (0%) 0 (0%)

Maximum severity of adverse events

Mild 15 (42.8%) 16 (45.7%)

Moderate 1 (2.8%) 2 (5.7%)

Severe 1 (2.8%) 0 (0%)

Adverse events leading 
to withdrawal

1 (2.8%) 0 (0%)



     |  7 of 8SEELIG et al.

DATA AVAIL ABILIT Y

The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID

Beckey Trinh   https://orcid.org/0000-0003-2784-7079 

R E FE R E N C E S

	 1.	 Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet. 
2014;383(9911):69‐82.

	 2.	 Seelig E, Timper K, Falconnier C, et al. Interleukin‐1 antag‐
onism in type 1 diabetes of long duration. Diabetes Metab. 
2016;42(6):453‐456.

	 3.	 Keenan HA, Sun JK, Levine J, et al. Residual insulin production 
and pancreatic ss‐cell turnover after 50 years of diabetes: Joslin 
Medalist Study. Diabetes. 2010;59(11):2846‐2853.

	 4.	 Steffes MW, Sibley S, Jackson M, Thomas W. Beta‐cell function and 
the development of diabetes‐related complications in the diabetes 
control and complications trial. Diabetes Care. 2003;26(3):832‐836.

	 5.	 Butler PC, Meier JJ, Butler AE, Bhushan A. The replication of beta 
cells in normal physiology, in disease and for therapy. Nat Clin Pract 
Endocrinol Metab. 2007;3(11):758‐768.

	 6.	 Gregg BE, Moore PC, Demozay D, et al. Formation of a human 
beta‐cell population within pancreatic islets is set early in life. J Clin 
Endocrinol Metab. 2012;97(9):3197‐3206.

	 7.	 Nir T, Melton DA, Dor Y. Recovery from diabetes in mice by beta cell 
regeneration. J Clin Investig. 2007;117(9):2553‐2561.

	 8.	 Ilic S, Jovanovic L, Wollitzer AO. Is the paradoxical first trimes‐
ter drop in insulin requirement due to an increase in C‐peptide 
concentration in pregnant Type I diabetic women? Diabetologia. 
2000;43(10):1329‐1330.

	 9.	 Meier JJ, Bhushan A, Butler AE, Rizza RA, Butler PC. Sustained 
beta cell apoptosis in patients with long‐standing type 1 dia‐
betes: indirect evidence for islet regeneration? Diabetologia. 
2005;48(11):2221‐2228.

	10.	 Ding L, Gysemans C, Mathieu C. beta‐Cell differentiation and re‐
generation in type 1 diabetes. Diabetes Obes Metab. 2013;15(Suppl 
3):98‐104.

	11.	 Traub S, Meier DT, Schulze F, et al. Pancreatic alpha cell‐derived 
glucagon‐related peptides are required for beta cell adaptation and 
glucose homeostasis. Cell Rep. 2017;18(13):3192‐3203.

	12.	 Kilimnik G, Kim A, Steiner DF, Friedman TC, Hara M. Intraislet 
production of GLP‐1 by activation of prohormone convertase 1/3 
in pancreatic alpha‐cells in mouse models of ss‐cell regeneration. 
Islets. 2010;2(3):149‐155.

	13.	 Hansen A, Bödvarsdottir TB, Nordestgaard D, et al. Upregulation 
of alpha cell glucagon‐like peptide 1 (GLP‐1) in Psammomys 
obesus–an adaptive response to hyperglycaemia? Diabetologia. 
2011;54(6):1379‐1387.

	14.	 Lovshin JA, Drucker DJ. Incretin‐based therapies for type 2 diabe‐
tes mellitus. Nat Rev Endocrinol. 2009;5(5):262‐269.

	15.	 Balducci S, Zanuso S, Nicolucci A, et al. Effect of an intensive exer‐
cise intervention strategy on modifiable cardiovascular risk factors 
in subjects with type 2 diabetes mellitus: a randomized controlled 
trial: the Italian Diabetes and Exercise Study (IDES). Arch Intern Med. 
2010;170(20):1794‐1803.

	16.	 Dela F, von Linstow ME, Mikines KJ, Galbo H. Physical training 
may enhance beta‐cell function in type 2 diabetes. Am J Physiol 
Endocrinol Metab. 2004;287(5):E1024‐E1031.

	17.	 Ellingsgaard H, Hauselmann I, Schuler B, et al. Interleukin‐6 en‐
hances insulin secretion by increasing glucagon‐like peptide‐1 se‐
cretion from L cells and alpha cells. Nat Med. 2011;17(11):1481‐1489.

	18.	 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, 
Turner RC. Homeostasis model assessment: insulin resistance and 
beta‐cell function from fasting plasma glucose and insulin concen‐
trations in man. Diabetologia. 1985;28(7):412‐419.

	19.	 Park S, Hong SM, Lee JE, Sung SR. Exercise improves glucose ho‐
meostasis that has been impaired by a high‐fat diet by potentiating 
pancreatic beta‐cell function and mass through IRS2 in diabetic 
rats. J Appl Physiol. 2007;103(5):1764‐1771.

	20.	 Choi SB, Jang JS, Hong SM, Jun DW, Park S. Exercise and dexa‐
methasone oppositely modulate beta‐cell function and survival via 
independent pathways in 90% pancreatectomized rats. J Endocrinol. 
2006;190(2):471‐482.

	21.	 Pold R, Jensen LS, Jessen N, et al. Long‐term AICAR adminis‐
tration and exercise prevents diabetes in ZDF rats. Diabetes. 
2005;54(4):928‐934.

	22.	 Király MA, Bates HE, Yue J, et al. Attenuation of type 2 diabetes 
mellitus in the male Zucker diabetic fatty rat: the effects of stress 
and non‐volitional exercise. Metabolism: clinical and. experimental.. 
2007;56(6):732‐744.

	23.	 Kiraly MA, Bates HE, Kaniuk NA, et al. Swim training prevents 
hyperglycemia in ZDF rats: mechanisms involved in the partial 
maintenance of beta‐cell function. Am J Physiol Endocrinol Metab. 
2008;294(2):E271‐E283.

	24.	 Narendran P, Solomon TP, Kennedy A, Chimen M, Andrews RC. 
The time has come to test the beta cell preserving effects of ex‐
ercise in patients with new onset type 1 diabetes. Diabetologia. 
2015;58(1):10‐18.

	25.	 Slentz CA, Tanner CJ, Bateman LA, et al. Effects of exercise 
training intensity on pancreatic beta‐cell function. Diabetes Care. 
2009;32(10):1807‐1811.

	26.	 Narendran P, Jackson N, Daley A, et al. Exercise to preserve 
beta‐cell function in recent‐onset Type 1 diabetes mellitus 
(EXTOD) – a randomized controlled pilot trial. Diabet Med. 
2017;34(11):1521‐1531.

	27.	 Ogawa N, List JF, Habener JF, Maki T. Cure of overt diabetes in 
NOD mice by transient treatment with anti‐lymphocyte serum and 
exendin‐4. Diabetes. 2004;53(7):1700‐1705.

	28.	 Sherry NA, Chen W, Kushner JA, et al. Exendin‐4 improves re‐
versal of diabetes in NOD mice treated with anti‐CD3 monoclo‐
nal antibody by enhancing recovery of beta‐cells. Endocrinology. 
2007;148(11):5136‐5144.

	29.	 Tian L, Gao J, Hao J, et al. Reversal of new‐onset diabetes through 
modulating inflammation and stimulating beta‐cell replication 
in nonobese diabetic mice by a dipeptidyl peptidase IV inhibitor. 
Endocrinology. 2010;151(7):3049‐3060.

	30.	 Garg S, Moser E, Bode B, et al. Effect of sitagliptin on post‐prandial 
glucagon and GLP‐1 levels in patients with type 1 diabetes: investi‐
gator‐initiated, double‐blind, randomized, placebo‐controlled trial. 
Endocr Prac. 2013;19(1):19‐28.

	31.	 Dai C, Hang Y, Shostak A, et al. Age‐dependent human beta cell 
proliferation induced by glucagon‐like peptide 1 and calcineurin 
signaling. J Clin Investig. 2017;127(10):3835‐3844.

	32.	 Williams PT. High‐density lipoprotein cholesterol and other risk 
factors for coronary heart disease in female runners. N Engl J Med. 
1996;334(20):1298‐1303.

	33.	 Laaksonen DE, Atalay M, Niskanen LK, et al. Aerobic exercise and 
the lipid profile in type 1 diabetic men: a randomized controlled 
trial. Med Sci Sports Exerc. 2000;32(9):1541‐1548.

	34.	 Xiao C, Dash S, Morgantini C, Patterson BW, Lewis GF. Sitagliptin, 
a DPP‐4 inhibitor, acutely inhibits intestinal lipoprotein particle se‐
cretion in healthy humans. Diabetes. 2014;63(7):2394‐2401.

https://orcid.org/0000-0003-2784-7079
https://orcid.org/0000-0003-2784-7079


8 of 8  |     SEELIG et al.

	35.	 Toth PP, Barter PJ, Rosenson RS, et al. High‐density lipoproteins: 
a consensus statement from the National Lipid Association. J Clin 
Lipidol. 2013;7(5):484‐525.

	36.	 Laing SP, Swerdlow AJ, Slater SD, et al. The British Diabetic 
Association Cohort Study, II: cause‐specific mortality in patients with 
insulin‐treated diabetes mellitus. Diabet Med. 1999;16(6):466‐471.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Seelig E, Trinh B, Hanssen H, et al. 
Exercise and the dipeptidyl‐peptidase IV inhibitor sitagliptin do 
not improve beta‐cell function and glucose homeostasis in 
long‐lasting type 1 diabetes—A randomised open‐label study. 
Endocrinol Diab Metab. 2019;2:e00075. https​://doi.
org/10.1002/edm2.75

https://doi.org/10.1002/edm2.75
https://doi.org/10.1002/edm2.75

