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Abstract

Objective: The aim of this study was to investigate glucose tolerance, glucagon

response, and beta cell function during a 1-year maintenance period with either exer-

cise, the glucagon-like peptide-1 receptor agonist liraglutide, or the combination after

diet-induced weight loss.

Methods: In this randomized placebo-controlled trial, adults with obesity (BMI:

32–43 kg/m2) without diabetes underwent an 8-week low-calorie diet (800 kcal/d) and

were randomized to 52 weeks of aerobic exercise, liraglutide 3.0 mg/d, exercise and lira-

glutide combined, or placebo. Change in glucose and glucagon response to a 3-hour mixed

meal test and disposition index, as a measure of beta cell function, were measured.

Results: A total of 195 participants were randomized. After 1 year of treatment, the

combination group had decreased postprandial glucose response by �9% (95% CI:

�14% to �3%; p = 0.002), improved beta cell function by 49% (95% CI: 16% to

93%; p = 0.002), and decreased glucagon response by �18% (95% CI: �34% to

�3%; p = 0.024) compared with placebo. Compared with placebo, liraglutide alone

improved postprandial glucose response by �7% (95% CI: �12% to �1%;

p = 0.018), but not beta cell function or glucagon. Exercise alone had similar post-

prandial glucose response, beta cell function, and glucagon response as placebo.

Conclusions: Only the combination of exercise and liraglutide improved glucose tol-

erance, beta cell function, and glucagon responses after weight loss.

INTRODUCTION

Obesity is strongly associated with insulin resistance [1]. Combined

with a progressive decline in beta cell insulin secretion, insulin

resistance is central to the risk of progressing from normal via

impaired glucose tolerance to overt type 2 diabetes [2]. In addition,

hyperglucagonemia can also be observed in persons with obesity, and

it stimulates hepatic glucose production, which further contributes to

hyperglycemia in type 2 diabetes [3]. Weight loss in individuals with

overweight or obesity improves insulin resistance and beta cellSimon B. K. Jensen and Christian R. Juhl should be considered co-first authors.
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function [4]. Sustained weight loss reduces the incidence of impaired

glucose tolerance and type 2 diabetes [5], illustrating the importance

of early interventions targeting the disease processes. However, a

sustained weight loss is very difficult to achieve [6], and the optimal

treatment strategy for maintaining the healthy weight-associated

improvements in glucose tolerance, beta cell function, and glucagon

response has not been settled.

A single bout of acute exercise increases insulin-independent glu-

cose uptake in the working muscles and improves insulin sensitivity

for up to 48 hours [7]. Randomized controlled trials have shown that

aerobic exercise training can induce long-lasting improvements in

insulin sensitivity in individuals with overweight and obesity [8, 9].

These improvements seem to be related to improved body composi-

tion, increased expression of glucose transporter type 4 protein and

mitochondrial proteins, adaptations in muscle insulin signaling and oxi-

dative enzyme capacity, angiogenesis, and residual effects of the last

exercise bout [10]. Both animal and human studies support that exer-

cise may improve beta cell function [11]. However, this is mainly

based on short-term studies without a non-exercising control group.

One randomized controlled trial lasting more than 3 months has

investigated the effects of exercise on beta cell function in partici-

pants with overweight. In this study, 8 months of either moderate- or

vigorous-intensity exercise improved beta cell function in adults with

overweight and normoglycemia [12], and it is unknown whether this

holds true in adults with obesity and with longer trial duration.

Glucagon-like peptide-1 (GLP-1) lowers blood glucose via

glucose-dependent stimulation of insulin secretion and inhibition of

glucagon secretion [13]. The GLP-1 receptor agonist (GLP-1RA) lira-

glutide 3.0 mg/d is approved for weight management [14], and

it reduces the incidence of type 2 diabetes among individuals with

obesity and prediabetes [15]. As a weight maintenance agent after

diet-induced weight loss, liraglutide has reduced glycated hemoglobin

and fasting plasma glucose in adults with obesity [16, 17]. GLP-

1RA medication may improve beta cell function by potentiating insulin

secretion and indirectly by decreasing glucotoxicity [18]. This has

been shown in patients with newly diagnosed type 2 diabetes treated

with liraglutide 1.8 mg [19, 20], but whether this holds true in adults

with obesity without diabetes at the higher dose of 3.0 mg is not

clear.

We have recently shown that 52 weeks of treatment with either

an aerobic exercise program or with liraglutide 3.0 mg both effectively

maintained a diet-induced weight loss in adults with obesity. In combi-

nation, the two treatments induced additional weight loss and

reduced body fat percentage in an additive manner compared with

either treatment alone [21]. Whether treatment with a GLP-1RA,

exercise, or the two treatments combined represents the most benefi-

cial strategy for improving glucose tolerance, postprandial glucagon

response, and beta cell function after weight loss has not been investi-

gated before, to our knowledge, and is the objective of this study. We

hypothesized that the combination of exercise and liraglutide would

result in greater improvements compared with placebo than either

treatment alone because of their seemingly distinct and complemen-

tary mechanisms of action on glucose regulation.

METHODS

Study design

The present report describes results from the S-LiTE study (acronym

for Synergy effect of the appetite hormone GLP-1 [LiragluTide] and

Exercise on maintenance of weight loss and health after a low calorie

diet), a randomized, placebo-controlled, two-by-two factorial designed

trial conducted at the Department of Endocrinology, Hvidovre Hospi-

tal, and Department of Biomedical Sciences, University of Copenha-

gen, Denmark. The trial was approved by the local ethics committee,

the Danish Medicines Agency, and the Danish Data Protection

Agency. The study protocol and the results on the primary outcome

(change in body weight) have been published previously, including a

detailed description of interventions, study adherence, baseline char-

acteristics, and Matsuda index [21, 22]. The trial was registered with

EudraCT, number 2015–005585-32, and ClinicalTrials.gov, number

NCT04122716.

Study Importance

What is already known?

• Sustained weight loss seems to reduce the incidence of

impaired glucose tolerance and type 2 diabetes in individ-

uals with obesity.

• However, sustaining a weight loss and the associated

benefits on glucose regulation is a major challenge.

What does this study add?

• One year after diet-induced weight loss, the combination

of exercise and the glucagon-like peptide-1 receptor ago-

nist liraglutide improved postprandial glucose and gluca-

gon responses and beta cell function, compared with

placebo.

• Compared with placebo, liraglutide alone improved post-

prandial glucose response but not glucagon response and

beta cell function, whereas exercise alone after weight

loss had similar effects as placebo on postprandial glu-

cose and glucagon response and beta cell function.

How might these results change the direction of

research or the focus of clinical practice?

• Herein, we show that the combination of an aerobic exer-

cise program and glucagon-like peptide-1 receptor ago-

nist treatment after weight loss improves postprandial

glucose and glucagon responses and beta cell function

and, therefore, seems to be a more effective strategy in

improving overall glucose regulation than either treat-

ment alone in people with obesity.

978 GLUCOSE REGULATION WITH GLP-1 AND EXERCISE
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Participants

The complete list of inclusion and exclusion criteria is available with

the study protocol [22]. Eligible participants were adults (age: 18–

65 years) with obesity (body mass index [BMI]: 32–43 kg/m2) without

diabetes. Informed written consent was obtained from all participants

before inclusion.

Procedures

Before randomization, participants had to obtain a weight loss of at

least 5% of initial body weight during an initial 8-week low-calorie diet

phase (800 kcal/d), in which all food was replaced with four formula

meal replacement products per day (Cambridge Weight Plan). Partici-

pants who achieved the targeted weight loss were then randomly allo-

cated (in a 1:1:1:1 ratio stratified by sex and age) to one of four

interventions for 52 weeks: (1) exercise + placebo (exercise group);

(2) liraglutide + usual activity (liraglutide group); (3) a combination of

exercise and liraglutide (combination group); or (4) placebo + usual

activity (placebo group). Assignment of participants to intervention

was done by a study nurse based on a randomization list provided by

Novo Nordisk. The study participants, personnel, and investigators

were blinded regarding study medication.

Participants were encouraged to attend supervised group exercise

sessions twice per week and to perform exercise individually twice per

week. Group sessions lasted 45 minutes and comprised 30 minutes of

interval-based vigorous-intensity indoor cycling and 15 minutes of circuit

training. The exercise performed individually was moderate- to vigorous-

intensity aerobic exercise (predominantly cycling, running, and brisk

walking). Participants not randomized to exercise were instructed to

maintain their habitual physical activity throughout the trial.

Identical pens containing either liraglutide (6.0 mg/mL) or

volume-matched placebo were self-administered with subcutaneous

injections in the abdomen once daily. Medication dose was increased

gradually, starting at 0.6 mg/d with weekly increments of 0.6 mg/d

until 3.0 mg/d or maximum tolerated dose was achieved.

Liquid mixed meal tolerance tests were performed on three occa-

sions: before the 8-week low-calorie diet, at randomization (after the diet),

and 52 weeks after randomization. Criteria for performing the tests were

the following: minimum 10 hours fasting, no exercise within 24 hours of

the test, and no medication on the day of the test apart from study medi-

cation. The liquid mixed meal consisted of two nutritional drinks (Nutricia

Nutridrink), providing 600 kcal in total (74.0 g carbohydrates of which

27.2 g was sugars, 23.2 g fat, and 23.2 g protein). The liquid meal

was consumed evenly from minute 0 to minute 15 and blood sam-

ples were collected throughout a 180-minute duration. For details

on blood sample analyses, see online Supporting Information.

Outcomes

Mean weight loss during the 8-week low-calorie diet was 13.1 kg, as

described previously [21]. After 1 year, the placebo group had

regained 6.1 kg. Weight was maintained in the exercise group

(+2.0 kg; difference from placebo, 4.1 kg) and in the liraglutide group

(�0.7 kg; difference from placebo, 6.8 kg). The combination group lost

an additional 3.4 kg (difference from placebo, �9.5 kg).

Change in glucose tolerance from randomization to end of treat-

ment was a prespecified secondary outcome of the S-LITE trial [22].

Primary outcomes for the present analyses were change in postpran-

dial glucose and glucagon responses to a mixed meal test (3-hour area

under the curve [AUC]) along with change in disposition index. Sup-

portive outcomes were changes in fasting glucose and glucagon and

fasting and postprandial C-peptide, insulin secretion rate (ISR), insulin,

and insulin clearance.

Fasting glucose was determined from a blood sample collected in

the morning. Fasting insulin, C-peptide, and glucagon were deter-

mined as the average of the two samples collected at time points 5

and 0 minutes before ingestion of the liquid meal. The trapezoidal

method was used to calculate the total AUC and net incremental

values (iAUC = total AUC minus fasting concentration) for the

3-hour meal tests. A weighted average of the adjacent values was

imputed for missing values. Prehepatic ISR was calculated using ISEC

software, a two-compartment, population-based model that inte-

grates peripheral C-peptide concentrations and individual participant

characteristics (phenotype, sex, age, height, and weight) [23]. To

explore different aspects of beta cell function, two indices were calcu-

lated. The early insulin response was evaluated by the insulinogenic

index, calculated as ΔISR 0 to 30 minutes/Δplasma glucose 0 to

30 minutes. The dynamic response of insulin was assessed by the beta

cell glucose sensitivity: first, ISR was plotted against the correspond-

ing glucose concentrations; then the dose–response relationship was

analyzed with a fitted linear regression and the slope of the regression

line was regarded as the beta cell glucose sensitivity, as previously

described [2, 19, 24]. Beta cell glucose sensitivity is an integrated

measure of insulin secretion over hours to glucose, incretin hormones,

and macronutrients [24, 25]. Insulin sensitivity was calculated as

the Matsuda index, as 10,000/square root ([fasting glucose

(mg/dL) � fasting insulin (U/mL)] � [mean glucose (mg/dL) � mean

insulin (μU/mL)]), where increased values indicate improvement in the

insulin sensitivity [26]. The disposition index was calculated as the

beta cell glucose sensitivity multiplied by the insulin sensitivity. This

method, which has previously been evaluated [19], is an indirect mea-

sure of beta cell function, with low values being a risk factor for devel-

oping type 2 diabetes [2]. Fasting and postprandial insulin clearance

was calculated as the ratio of ISR to insulin and as iAUCISR/iAUCinsulin,

respectively.

Statistical analysis

Sample size estimation was based on the primary outcome, change

in body weight, described in the statistical analysis plan [21].

Changes in outcomes were analyzed in the intention-to-treat popu-

lation using linear mixed models (unstructured covariance and

repeated effect for time on participant level) with time, treatment

group, time � treatment group, sex, and age group (<40 years,

GLUCOSE REGULATION WITH GLP-1 AND EXERCISE 979
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≥40 years) as fixed effects. Model fit was visually inspected. For out-

comes that met the assumption of normal distributed residuals, ana-

lyses were performed on an absolute scale. For presentation,

estimates were also calculated as mean percentage changes

within group and difference in percentage change compared with

placebo. For example, if one group (A) changed 40% between time

point 1 and 2 (A2/A1 = 1.40) and another group (B) changed 20%

(B2/B1 = 1.20), then the relative difference between group A and B

is (1.40/1.20 – 1) � 100 = 16.7%. For outcomes where residuals

were not normal distributed, statistical analyses were initially per-

formed on log-transformed data. For presentation, these outcomes

were back-transformed and expressed as percentage change within

group and difference in percentage change compared with placebo,

calculated as (estimated ratio � 1) � 100. The statistical analyses

(p values) of hypothesis-based outcomes (postprandial glucose,

postprandial glucagon, and disposition index) were not adjusted for

multiple comparisons, so definite inferences cannot be made regard-

ing those outcomes. A two-sided p value < 0.05 was considered sta-

tistically significant. Statistical analyses were conducted using SAS

Enterprise Guide version 7.15 (SAS Institute Inc.).

RESULTS

Between August 29, 2016, and September 14, 2018, 215 participants

were recruited and initiated the low-calorie diet, of which 195 com-

pleted with a >5% weight loss and were randomized [21]. The number

of participants who completed the study and attended tests at week

52 was 40 out of 48 randomized in the exercise group, 41 out of

49 in the liraglutide group, 45 out of 49 in the combination group, and

T AB L E 1 Characteristics of participants before and after the 8-week low-calorie diet

Before low-calorie
diet (n = 215)

After low-calorie diet, at
randomization (n = 195)

Estimated
change (n = 195)

Age (y) 42 ± 12 43 ± 12

Sex, n (%)

Female 135 (63) 124 (64)

Male 80 (37) 71 (36)

BMI (kg/m2) 37.0 ± 2.9 32.6 ± 2.9 �4.4 (�4.5 to �4.2) §§§

Plasma glucose

Fasting plasma glucose (mmol/L) 5.6 ± 0.6 5.2 ± 0.5 �0.47 (�0.55 to �0.38) §§§

Postprandial glucose total AUC0-180min

(mmol/L � min)
1216 ± 166 1212 ± 161 �2 (�25 to 20)

Postprandial glucose incremental AUC0-180min

(mmol/L � min)
258 ± 134 323 ± 156 66 (45 to 87) §§§

Fasting values

Serum C-peptide (pmol/L) 937 (757 to 1162) 676 (526 to 847) �30% (�33 to �27) §§§a

Insulin secretion rate (pmol/kg/min) 2.53 (2.01 to 2.98) 1.94 (1.54 to 2.42) �23% (�26 to �20) §§§a

Serum insulin (pmol/L) 84 (62 to 124) 41 (29 to 60) �52% (�56 to �49) §§§a

Plasma glucagon (pmol/L) 9.9 ± 6.3 7.6 ± 4.4 �2.1 (�2.9 to �1.4) §§§

Postprandial responses (total AUC0-180min)

Serum C-peptide (nmol/L � min) 546 (431 to 651) 461 (405 to 563) �10% (�14 to �6) §§§a

Insulin secretion rate (pmol/kg) 1606 (1277 to 1908) 1522 (1304 to 1952) 0% (�4 to 5)a

Serum insulin (nmol/L � min) 112 (729 to 155) 71 (54 to 95) �32% (�37 to �27) §§§a

Plasma glucagon (pmol/L � min) 1917 ± 1003 1510 ± 822 �413 (�509 to �317) §§§

Insulinogenic index (pmol/kg)/(mmol/L) 4.4 (3.3 to 5.9) 4.5 (3.4 to 5.8) �1% (�7 to 5)a

Beta cell glucose sensitivity (pmol/kg/min)/(mmol/L) 2.8 (2.0 to 4.0) 2.6 (2.0 to 3.7) �2% (�10 to 5)a

Matsuda index (L2) /(mg � μU) 2.1 (1.6 to 3.3) 4.2 (3.1 to 6.2) 95% (80 to 111) §§§a

Disposition index ([pmol/kg/min]/mmol/L) �
L2/(mg � μU)

6.4 (4.3 to 10.1) 11.8 (8.8 to 15.6) 87% (71 to 105) §§§a

Insulin clearance

Fasting (L/kg) 0.029 (0.023 to 0.036) 0.046 (0.039 to 0.055) 61% (54 to 67) §§§a

Postprandial (L/kg/min) 0.012 (0.010 to 0.015) 0.019 (0.015 to 0.023) 54% (48 to 60) §§§a

Note: Values at inclusion and randomization given as observed mean ± SD for normal distributed data, observed median (IQR) for non-normal distributed
data, or n (%). Estimated changes are mean (95% CI) changes from before to after the low-calorie diet. Estimates were derived from linear mixed models as
described in the "Statistical Analysis" section. Estimates in boldface indicate that the 95% CI does not include 0 (statistical significance) and are denoted
with §§§, for p < 0.001.
Abbreviation: AUC, area under the curve.
aThese outcomes were initially analyzed on a log scale. For presentation, these outcomes were back-transformed and expressed as percentage mean
(95% CI) changes during the low-calorie diet, calculated as (estimated ratio � 1) � 100.
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T AB L E 2 Percentage changes in glucose, glucagon, and beta cell function from randomization to end of treatment (week 52)

Placebo Exercise + placebo Liraglutide Exercise + liraglutide

Fasting glucose

Value at randomization (mmol/L) 5.15 ± 0.55 5.18 ± 0.42 5.19 ± 0.51 5.16 ± 0.41

Value after treatment (mmol/L) 5.51 ± 0.60 5.34 ± 0.51 4.95 ± 0.53 5.09 ± 0.48

Estimated change within group, % 6.8 (3.3 to 10.3) §§§ 2.9 (�0.7 to 6.5) �4.5 (�7.9 to �1.1) § �1.4 (�4.8 to 2.0)

Estimated difference vs. placebo, % �3.6 (�8.3 to 1.1), p = 0.13 �10.5 (�15.1 to �6.0),

p < 0.0001

�7.6 (�12.2 to �3.1),

p = 0.001

Postprandial glucose AUC0-180min

Value at randomization

(mmol/L � min)

1217 ± 165 1181 ± 147 1210 ± 160 1240 ± 169

Value after treatment

(mmol/L � min)

1164 ± 155 1127 ± 171 1075 ± 99 1068 ± 99

Estimated change within group, % �5.4 (�9.2 to �1.7) §§ �5.5 (�9.5 to �1.5) §§ �11.9 (�15.7 to �8.2) §§§ �13.7 (�17.3 to �10.1) §§§

Estimated difference vs. placebo, % �0.1 (�4.2 to 4.4), p = 0.97 �6.9 (�12.6 to �1.2),

p = 0.018

�8.7 (�14.1 to �3.3),

p = 0.002

Postprandial glucose incremental AUC0-180min

Value at randomization

(mmol/L � min)

337 ± 163 282 ± 139 317 ± 151 354 ± 164

Value after treatment

(mmol/L � min)

230 ± 142 204 ± 132 213 ± 112 202 ± 98

Estimated change within group, % �35.3 (�48.6 to �22.0)

§§§
�31.8 (�48.3 to �15.2) §§§ �37.5 (�51.6 to �23.4) §§§ �43.1 (�55.6 to �30.6) §§§

Estimated difference vs. placebo, % 5.4 (�5.6 to 16.4), p = 0.33 �3.4 (�166.2 to 159.3),

p = 0.97

�12.1 (�36.0 to 11.8),

p = 0.32

Fasting glucagon

Value at randomization (pmol/L) 7.6 ± 3.2 7.4 ± 4.6 8.0 ± 4.4 7.9 ± 5.3

Value after treatment (pmol/L) 8.1 ± 5.5 7.7 ± 4.9 7.9 ± 4.1 7.0 ± 5.3

Estimated change within group, % 4.2 (�14.0 to 22.4) �2.8 (�21.4 to 15.9) 2.3 (�15.1 to 19.6) �12.7 (�29.5 to 4.1)

Estimated difference vs. placebo, % �6.7 (�31.7 to 18.3),

p = 0.60

�1.9 (�28.6 to 24.9), p = 0.89 �16.3 (�39.7 to 7.2), p = 0.17

Postprandial glucagon AUC0-180min

Value at randomization

(pmol/L � min)

1509 ± 681 1554 ± 873 1465 ± 874 1515 ± 867

Value after treatment

(pmol/L � min)

1728 ± 1041 1638 ± 1084 1424 ± 600 1359 ± 883

Estimated change within group, % 12.6 (�0.4 to 25.6) �1.2 (�13.6 to 11.3) 0.5 (�12.6 to 13.6) �8.0 (�20.1 to 4.1)

Estimated difference vs. placebo, % �12.2 (�28.6 to 4.1),

p = 0.14

�10.7 (�27.1 to 5.7), p = 0.20 �18.3 (�34.1 to �2.5),

p = 0.024

Disposition indexa

Value at randomization 10.7 (8.2 to 13.5) 13.1 (8.9 to 20.6) 14.4 (9.2 to 18.8) 11.5 (9.4 to 15.2)

Value after treatment 8.0 (5.6 to 12.5) 12.4 (5.9 to 17.5) 15.9 (10.1 to 19.5) 14.2 (10.7 to 19.5)

Estimated change within group, % �19.9 (�33.3 to �3.7) § �20.1 (�34.0 to �3.3) § 2.9 (�13.9 to 23.1) 19.6 (0.4 to 42.6) §

Estimated difference vs. placebo, % �0.3 (�23.5 to 30),

p = 0.99

28.5 (�0.6 to 66.0), p = 0.056 49.3 (15.8 to 92.5), p = 0.002

Note: Values at randomization and after treatment given as observed mean ± SD for normal distributed data and observed median (IQR) for non-normal distributed data. Changes

within group and differences between groups were estimated from linear mixed models with time, group, sex, age, and a time � group interaction as explanatory variables in the

intention-to-treat population. For outcomes that met the assumptions of the statistical model, analyses were performed on an absolute scale. For presentation here, estimates

were then calculated as mean percentage change (95% CI) from randomization to week 52 (within group) and estimated difference in percentage change compared with placebo.

As an example, if one group (A) changed 40% between time point 1 and 2 (A2/A1 = 1.40) and another group (B) changed 20% (B2/B1 = 1.20), then the relative difference

between group A and B is (1.40/1.20 – 1) � 100 = 16.7%. The estimates on an absolute scale are available in Supporting Information Table S3. The number of participants at

randomization and after 52 weeks of treatment were: 49/40 for placebo, 48/40 for exercise, 49/41 for liraglutide, and 49/45 for exercise + liraglutide. P values are provided for

comparisons with the placebo group. Estimates in boldface indicate that the 95% CI does not include 0 (statistical significance) and are denoted with §, §§, and §§§, for p < 0.05,

p < 0.01, and p < 0.001, respectively.

Abbreviation: AUC, area under the curve.
aThe disposition index was calculated as beta cell glucose sensitivity multiplied by Matsuda index, unit: (pmol/kg/min)/(mmol/L) � (L2/(mg � μU)). Disposition index was initially

analyzed on a log scale. For presentation, disposition index was back-transformed and expressed as percentage change from randomization to week 52 (within group) and

percentage difference between groups, calculated as (estimated ratio-1) � 100.
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(E) Changes in postprandial glucose response

F I GU R E 1 Changes in postprandial glucose during the trial. Plasma glucose in response to a liquid meal consumed from time 0 to 15 minutes.
Plotted values are observed mean ± SE before low-calorie diet (LCD; dotted gray line and circle), after LCD (gray line and triangles), and after

52 weeks of treatment (colored line and squares) with (A) placebo, (B) exercise, (C) liraglutide, and (D) a combination of exercise and liraglutide,
for participants who completed the test at week 52 (n = 166). (E) Data are shown as the mean ± SE change from week �8 to week 0 (after the
LCD, shaded area) in all four groups combined and the changes from week 0 to week 52 (after randomization) in the four individual groups.
P values are provided for statistically significant comparisons to placebo.
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(E) Changes in postprandial glucagon response

F I GU R E 2 Changes in postprandial glucagon during the trial. Plasma glucagon in response to a liquid meal consumed from time 0 to
15 minutes. Plotted values are observed mean ± SE before low-calorie diet (LCD; dotted gray line and circle), after LCD (gray line and triangles),
and after 52 weeks of treatment (colored line and squares) with (A) placebo, (B) exercise, (C) liraglutide, and (D) a combination of exercise and
liraglutide, for participants who completed the test at week 52 (n = 166). (E) Data are shown as the mean ± SE change from week �8 to week 0
(after the LCD, shaded area) in all four groups combined and the changes from week 0 to week 52 (after randomization) in the four individual
groups. P values are provided for statistically significant comparisons to placebo.
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40 out of 49 in the placebo group (CONSORT flow diagram in Sup-

porting Information Figure S1). Characteristics of the participants

before and after the 8-week low-calorie diet are shown in Table 1 and

for each group in Tables 2 and 3. At inclusion, participants had a mean

BMI of 37.0 (SD 2.9) kg/m2 and mean fasting glucose of 5.6 [SD 0.6]

mmol/L, and 45% had elevated fasting glucose defined by fasting glu-

cose >5.6 mmol/L (Supporting Information Table S1).

Low-calorie diet-induced weight loss

After the low-calorie diet-induced weight loss of 13 kg, participants’

fasting glucose decreased by 0.5 mmol/L, whereas postprandial glu-

cose response (3-hour total AUC) was unchanged (Figure 1 and

Table 1). The postprandial glucagon response decreased by 20%

(Figure 2). The postprandial C-peptide response decreased by 10%,

whereas estimated postprandial ISR was unchanged. The postprandial

insulin response decreased by 32% and postprandial insulin clearance

increased by 54%. The insulinogenic index and beta cell glucose sensi-

tivity were unchanged (by �1% and �2%, respectively), whereas insu-

lin sensitivity (the Matsuda index) improved by 95% (Figure 3A).

Accordingly, disposition index, a measure of beta cell function cor-

rected for insulin sensitivity, increased by 87% (Figure 3B and

Table 1). In participants with elevated fasting glucose at study initia-

tion (n = 96), postprandial glucose response was decreased during the

low-calorie diet (Figure 4; Supporting Information Table S2).

One-year treatment after initial weight loss

One year after the initial weight loss, fasting glucose was reduced in

the combination and liraglutide groups compared with increases in the

placebo group (Table 2). The postprandial glucose response (3-hour

total AUC) decreased more in the combination group compared with
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(B) Changes in beta-cell function during the trial

F I GU R E 3 Changes in beta cell function during the trial. (A) Estimated mean ± SE changes in beta cell glucose sensitivity (y-axis) and
Matsuda index (x-axis) before and after a low-calorie diet (LCD) and after 52 weeks of treatment. (B) As a measure of beta cell function, the
disposition index was calculated as beta cell glucose sensitivity multiplied by Matsuda index. Mean ± SE changes in disposition index are shown
from week �8 to week 0 (after LCD, shaded area) in all four groups combined and the changes from week 0 to week 52 (after randomization) in
the four individual groups. P values are provided for statistically significant comparisons to placebo.
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F I GU R E 4 Changes in postprandial glucose for participants with
elevated fasting glucose. Data are shown for participants with fasting
plasma glucose ≥5.6 mmol/L as the mean ± SE change from week �8
to week 0 (after the low-calorie diet, shaded area; n = 96) in all four
groups combined and the changes from week 0 to week 52 (after
randomization) in the four individual groups: placebo (n = 23),
exercise (n = 23), liraglutide (n = 18), and the combination of exercise
and liraglutide (n = 24). P values are provided for statistically
significant comparisons to placebo.
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T AB L E 3 Percentage changes in supportive outcomes from randomization to end of treatment (week 52)

Placebo Exercise + placebo Liraglutide Exercise + liraglutide

Beta cell glucose sensitivity

Value at randomization (pmol/kg/min)/(mmol/L) 2.5 (1.9 to 3.5) 2.6 (2.0 to 3.9) 2.4 (2.0 to 3.6) 3.1 (2.1 to 4.0)

Value after treatment (pmol/kg/min)/(mmol/L) 2.9 (2.1 to 3.8) 2.7 (1.7 to 3.9) 3.2 (2.6 to 4.5) 4.0 (2.9 to 4.6)

Estimated change within group, % 8 (�5 to 23) �7 (�18 to 7) 26 (11 to 42) §§§ 20 (6 to 37) §§

Estimated difference vs. placebo, % �13 (�28 to 4) 16 (�3 to 39) 12 (�7 to 34)

Matsuda index

Value at randomization (L2)/(mg � μU) 4.1 (3.2 to 5.6) 5.0 (3.5 to 7.2) 4.7 (3.8 to 6.4) 3.3 (2.5 to 6.2)

Value after treatment (L2)/(mg � μU) 3.0 (2.2 to 4.4) 3.9 (3.1 to 5.9) 4.4 (2.9 to 5.9) 3.6 (2.8 to 5.0)

Estimated change within group, % �25 (�36 to �13) §§§ �15 (�27 to �1) § �17 (�29 to �4) § �1 (�14 to 14)

Estimated difference vs. placebo, % 14 (�8 to 41) 11 (�10 to 37) 33 (8 to 63) §§

Fasting insulin

Value at randomization (pmol/L) 45 (31 to 64) 35 (25 to 52) 38 (30 to 53) 54 (31 to 68)

Value after treatment (pmol/L) 70 (44 to 101) 53 (33 to 68) 47 (30 to 73) 60 (40 to 79)

Estimated change within group, % 46 (25 to 70) §§§ 30 (11 to 52) §§ 36 (17 to 58) §§§ 20 (4 to 39) §

Estimated difference vs. placebo, % �11% (�29 to 11) �7% (�25 to 15) �18% (�34 to 1)

Postprandial insulin AUC0-180min

Value at randomization (nmol/L � min) 74 (60 to 95) 62 (52 to 78) 69 (51 to 831) 87 (55 to 130)

Value after treatment (nmol/L � min) 82 (56 to 113) 62 (40 to 87) 70 (47 to 91) 75 (55 to 99)

Estimated change within group, % 3 (�10 to 19) �4 (�17 to 11) 7 (�7 to 23) �16 (�26 to �4) §

Estimated difference vs. placebo, % �7% (�24 to 14) 4 (�15 to 26) �18 (�33 to �1) §

Insulinogenic index

Value at randomization (pmol/kg)/(mmol/L) 4.3 (3.4 to 5.3) 5.0 (3.5 to 6.1) 3.9 (3.4 to 5.2) 5.2 (3.6 to 6.7)

Value after treatment (pmol/kg)/(mmol/L) 4.4 (3.4 to 5.8) 4.4 (3.0 to 5.3) 4.1 (2.9 to 6.1) 4.2 (3.1 to 5.4)

Estimated change within group, % 6 (�8: 22) �8 (�20 to 6) �1 (�13 to 14) �15 (�25 to �2) §

Estimated difference vs. placebo, % �13 (�29 to 6) �6 (�23 to 14) �20 (�34 to �2) §

Fasting insulin clearance

Value at randomization (L/kg) 0.043 (0.036 to 0.055) 0.050 (0.043 to 0.063) 0.047 (0.041 to 0.059) 0.043 (0.035 to 0.052)

Value after treatment (L/kg) 0.032 (0.027 to 0.041) 0.040 (0.034 to 0.055) 0.043 (0.036 to 0.058) 0.041 (0.032 to 0.053)

Estimated change within group, % �23 (�29 to �16) §§§ �15 (�22 to �6) §§ �13 (�21 to �6) §§ �5 (�13 to 4)

Estimated difference vs. placebo, % 10 (�3 to 26) 12 (�2 to 27) 23 (8 to 40) §§

Postprandial insulin clearance

Value at randomization (L/kg/min) 0.018 (0.015 to 0.022) 0.021 (0.017 to 0.025) 0.019 (0.016 to 0.024) 0.017 (0.014 to 0.022)

Value after treatment (L/kg/min) 0.014 (0.011 to 0.019) 0.018 (0.014 to 0.020) 0.018 (0.014 to 0.021) 0.017 (0.013 to 0.022)

Estimated change within group, % �20 (�26 to �12) §§§ �11 (�18 to �2) § �13 (�20 to �5) §§§ �3 (�11 to 5)

Estimated difference vs. placebo, % 12 (�1 to 26) 8 (�4 to 22) 21 (7 to 36) §§

Fasting C-peptide

Value at randomization (pmol/L) 681 (571 to 865) 629 (497 to 798) 606 (508 to 776) 733 (567 to 929)

Value after treatment (pmol/L) 845 (667 to 1041) 730 (605 to 867) 679 (531 to 948) 784 (651 to 970)

Estimated change within group, % 18 (8 to 29) §§§ 12 (2 to 23) § 16 (6 to 26) §§ 10 (1 to 20) §

Estimated difference vs. placebo, % �5 (�16 to 8) �2 (�13 to 11) �7 (�18 to 5)

Postprandial C-peptide AUC0-180min

Value at randomization (nmol/L � min) 483 (412 to 593) 439 (398 to 498) 438 (392 to 535) 538 (425 to 625)

Value after treatment (nmol/L � min) 458 (391 to 540) 433 (343 to 499) 443 (349 to 543) 461 (354 to 552)

Estimated change within group, % �7 (�15 to 1) �8 (�16 to 0) § �3 (�10 to 5) �14 (�20 to �7) §§§

Estimated difference vs. placebo, % �1 (�12 to 11) 5 (�6 to 18) �7 (�17 to 4)

Fasting insulin secretion rate

Value at randomization (pmol/kg/min) 1.94 (1.72 to 2.43) 1.80 (1.44 to 2.27) 1.88 (1.53 to 2.24) 2.07 (1.66 to 2.56)

Value after treatment (pmol/kg/min) 2.31 (1.78 to 2.90) 2.04 (1.60 to 2.34) 2.03 (1.75 to 2.69) 2.23 (1.91 to 2.74)

(Continues)
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the placebo group (by �8.7%; 95% CI: �14.1% to �3.3%, p = 0.002;

Figure 1 and Table 2). In the liraglutide group, postprandial glucose

response was also reduced compared with the placebo group (by

�6.9%; 95% CI: �12.6% to �1.2%; p = 0.018). No difference in post-

prandial glucose response was observed between the exercise and

placebo groups (p = 0.97). Estimates on an absolute scale are available

in Supporting Information Table S3. In participants with elevated fast-

ing glucose at study initiation, postprandial glucose response signifi-

cantly decreased only in the combination group compared with the

placebo group (Figure 4; Supporting Information Table S2).

The postprandial glucagon response decreased in the combina-

tion group by 8.0% compared with an increase in the placebo group

of 12.6% (difference, �18.3%; 95% CI: �34.1% to �2.5%; p = 0.024;

Table 2 and Figure 2). The glucagon response was unchanged in the

exercise (�1.2%) and liraglutide groups (0.5%), neither of which was

significantly different from the placebo group.

The postprandial C-peptide response decreased in the combina-

tion group (�14%), with no differences observed between groups

(Table 3; Supporting Information Figure S2). The postprandial insulin

response decreased in the combination group (�16%), but it was

unchanged in the three other groups. Thus, the combination group

had reduced postprandial insulin response compared with the placebo

group (�18%; 95% CI: �33% to �1%; Table 3; Supporting Informa-

tion Figure S4).

The beta cell glucose sensitivity increased in the liraglutide group

and in the combination group after the 52-week intervention period,

whereas no changes were observed in the placebo group or the exer-

cise group (Figure 3A and Table 3). The improved insulin sensitivity

after the low-calorie diet, as indicated by increased Matsuda index,

was maintained in the combination group but deteriorated in the

other groups, with the largest decrease observed in the placebo group

(Figure 3A and Table 3). Thus, only the combination group had signifi-

cantly higher insulin sensitivity after 52 weeks compared with pla-

cebo. From after the low-calorie diet to week 52, disposition index

increased by 20% in the combination group compared with a 20%

decrease in the placebo group (difference, 49%; 95% CI: 16%–93%;

p = 0.002; Figure 3B and Table 2). The disposition index was

unchanged in the liraglutide group (3%) and was reduced in the exer-

cise group (�20%).

Fasting and postprandial insulin clearance was maintained in the

combination group but it decreased in the three other groups, with

the biggest decrease in the placebo group (Table 3). Thus, the combi-

nation group had significantly higher postprandial insulin clearance

than the placebo group (21%; 95% CI: 7%-36%), whereas the exercise

and liraglutide groups did not significantly differ from placebo.

DISCUSSION

Herein, we show that the combination of an aerobic exercise program

and a GLP-1RA for weight maintenance after weight loss improves

postprandial glucose and glucagon response and beta cell function

compared with placebo and, therefore, seems to be a more effective

strategy in improving overall glucose regulation than either treatment

alone in people with obesity.

The accumulated changes in the combination group from inclusion

before weight loss to the end of the trial amounted to a 0.52 mmol/L

(9.8%) decrease in fasting plasma glucose, a 14% decrease in plasma glu-

cose response to a meal, a 122% improvement in beta cell function, and a

27% decrease in glucagon response. These improvements may have clini-

cal implications for the prevention of type 2 diabetes in individuals with

obesity. First, elevated fasting and postprandial glucose strongly predict

type 2 diabetes [27]. Second, insulin resistance and progressive beta cell

dysfunction are key etiological factors in type 2 diabetes that seem to be

potentiated by obesity [2, 28]. Finally, glucagon plays an essential role in

the pathogenesis of type 2 diabetes, where hyperglucagonemia contrib-

utes to elevated glucose levels due to increased hepatic glucose produc-

tion [29].

The postprandial glucose tolerance was unchanged in response to

the initial 13 kg weight loss induced by the low-calorie diet. This was a

T AB L E 3 (Continued)

Placebo Exercise + placebo Liraglutide Exercise + liraglutide

Estimated change within group, % 13 (4 to 23) §§ 11 (2 to 21) § 18 (9 to 27) §§§ 13 (5 to 22) §§

Estimated difference vs. placebo, % �2 (�12 to 10) 4 (�7 to 16) 0 (�10 to 12)

Postprandial insulin secretion rate AUC0-180min

Value at randomization (pmol/kg) 1544 (1304 to 2004) 1462 (1202 to 1667) 1484 (1346 to 1846) 1675 (1390 to 2208)

Value after treatment (pmol/kg) 1446 (1153 to 1802) 1259 (1080 to 1544) 1447 (1221 to 1748) 1510 (1244 to 1789)

Estimated change within group, % �13 (�20 to �6) §§§ �12 (�19 to �4) §§ �4 (�11 to 4) �14 (�20 to �7) §§§

Estimated difference vs. placebo, % 2 (�9 to 14) 11 (�1 to 24) �1 (�11 to 11)

Note: Values at randomization and after treatment given as observed median (IQR). Changes within group and differences between group were estimated from linear

mixed models with time, group, sex, age, and a time � group interaction as explanatory variables in the intention-to-treat population. For all outcomes in this table,

analyses were performed on a log scale. For presentation, these outcomes were back-transformed and expressed as percentage change from randomization to week

52 (within group) and percentage difference between groups, calculated as (estimated ratio-1) � 100. As an example, if one group (A) changed 40% between time

point 1 and 2 (A2/A1 = 1.40) and another group (B) changed 20% (B2/B1 = 1.20), then the relative difference between group A and B is

(1.40/1.20 � 1) � 100 = 16.7%. The number of participants at randomization and after 52 weeks of treatment were the following: 40/49 for placebo, 40/48 for

exercise, 41/49 for liraglutide, and 45/49 for exercise + liraglutide. Estimates in boldface indicate that the 95% CI does not include 0 (statistical significance) and are

denoted with §, §§, and §§§, for p < 0.05, p < 0.01, and p < 0.001, respectively.

Abbreviation: AUC, area under the curve.
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result of decreased fasting glucose and a corresponding increase in incre-

mental AUC. This unchanged glucose tolerance after 13 kg weight loss

occurred despite a significant improvement in insulin sensitivity and

it may be explained by increased insulin clearance resulting in lower

peripheral insulin exposure despite no change in ISR compared with

before weight loss. Notably, glucose response decreased in participants

with elevated fasting glucose at study initiation, indicating a benefit of

diet-induced weight loss on glucose levels in this population. The insuli-

nogenic index and beta cell glucose sensitivity were unchanged in

response to diet-induced weight loss. Thus, the increase in disposition

index that was observed after the low-calorie diet was primarily driven

by the improvement in insulin sensitivity.

After the initial diet-induced weight loss, exercise and liraglutide

combined led to further reductions in postprandial glucose levels com-

pared with placebo, and this was also observed with liraglutide alone.

In the SCALE maintenance study, liraglutide 3.0 mg during weight loss

maintenance improved glycated hemoglobin and fasting glucose [16],

and, in short-term studies (<2 months), meal-related glucose

response was reduced with liraglutide [30]. Exercise improves glyce-

mia in adults with type 2 diabetes or impaired glucose tolerance [31].

However, the finding that exercise alone did not significantly improve

postprandial glucose response compared with placebo concurs with

several exercise interventions in adults with overweight or obesity

and normoglycemia [8, 9]. The exercise intervention was mostly

vigorous-intensity aerobic exercise, which was successfully implemen-

ted, as illustrated by high adherence and improvements in cardiorespi-

ratory fitness in both exercising groups [21]. Thus, the lack of benefit

on postprandial glucose metabolism with exercise alone is unlikely to

be a result of poor implementation of the exercise program. Rather,

the 1-year exercise program was implemented after a large initial

weight loss, and the relatively well-controlled glycemic profile after

weight loss may have limited further improvements in glucose regula-

tion. Interestingly, in participants with elevated fasting glucose at

study initiation, only the combination group significantly improved

postprandial glucose compared with placebo, which seemed to be an

additive effect of both exercise and liraglutide.

The initial diet-induced weight loss resulted in a downshift in gluca-

gon response of more than 20%, possibly related to reductions in liver

fat [32]. After 52 weeks of treatment, the combination of exercise and

liraglutide led to a further decrease in postprandial glucagon response in

contrast to the increase observed with placebo. This was apparent

despite reduced glucose and insulin levels and it could reflect improved

alpha cell sensitivity to glucose and insulin. As previously reported [21],

the combination group had the greatest loss of fat mass, which was addi-

tively greater than what was lost with exercise and liraglutide as single

treatments. Accumulation of fat, particularly in the liver, is associated

with hepatic glucagon resistance, which has been proposed to feed

back to the alpha cell, via plasma levels of amino acids to increase

glucagon secretion [33]. Thus, liver fat and glucagon secretion

were shown to decrease in parallel during weight loss [34]. The large

decrease in body fat mass in the combination group (�7.3 kg

vs. placebo) [21] could, in part, explain the lowered glucagon levels. Pre-

vious studies have reported suppression of postprandial glucagon levels

after the use of a GLP-1RA as a single treatment [30, 35]. Our results

suggest a similar mechanism, as liraglutide alone prevented the increase

in glucagon that was observed in the placebo group after the initial

weight loss. However, only in the combination group, where glucagon

decreased further after the initial weight loss, was glucagon significantly

suppressed compared with placebo.

The insulinogenic index decreased in the combination group, indi-

cating that there was a lower early insulin response to the meal, which

may be a result of adaptations of the beta cells to changes in insulin

sensitivity, because the glucose increase from 0 to 30 minutes was

the same before and after weight loss (Figure 1D). However, beta cell

glucose sensitivity was increased in both liraglutide groups, indicating

an improvement in beta cell response to changes in glucose concen-

trations in the hours after meal intake, including both early and late

insulin secretion. We observed that adding exercise to liraglutide led

to reduced postprandial insulin response compared with placebo. A

lowered insulin response to meal intake was previously observed after

exercise interventions [9]. Reasons for this may be that the combina-

tion group maintained the improved insulin sensitivity induced by the

low-calorie diet together with increased insulin clearance.

The disposition index was calculated to assess changes in beta cell

function, whereby insulin secretion is adjusted for changes in insulin

sensitivity. This is essential because insulin secretion normally adapts

to changes in insulin sensitivity. Only the combination treatment sig-

nificantly improved this measure of beta cell function compared with

placebo and by an improvement of 49%. Liraglutide has been shown

to improve beta cell function in newly diagnosed patients with type

2 diabetes assessed during an oral glucose tolerance test [20] and

mixed meal tolerance test [19]. There was a nonsignificant increase in

disposition index of 28% in the liraglutide group compared with pla-

cebo, whereas for exercise there was no difference. In other studies,

exercise has improved beta cell function and decreased pancreatic fat

content [12, 36, 37]. However, evidence from long-term randomized

controlled exercise trials is limited, and results may vary

because of different exercise modalities (aerobic vs. resistance exer-

cise), intensity (low-, moderate-, or high-intensity exercise), volume,

intervention duration, and diabetic status of the participants. Taken

together, the benefits regarding beta cell function obtained in the

combination group may reflect additive beneficial effects of the sepa-

rate treatments.

This study evaluated reductions in risk parameters before potential

development of type 2 diabetes. Strengths of the study include the

randomized placebo-controlled design with evaluation of both individual

and combined treatment effects of exercise and a GLP-1RA in adults

with obesity. This is a report of secondary outcomes of a clinical trial.

Thus, the sample size calculation was based on the primary outcome

(change in body weight). The results of the presented statistical analyses

were not adjusted for multiple comparisons, so definite inferences can-

not be made. We calculated beta cell function as disposition index from

a mixed meal test, based on the assumption of an inverse hyperbolic

association between insulin secretion and insulin sensitivity. It is widely

used to adjust the insulin secretion for changes in insulin resistance, but

our results may not be directly comparable to measures obtained during

GLUCOSE REGULATION WITH GLP-1 AND EXERCISE 987

 1930739x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.23715 by D

et K
ongelige, W

iley O
nline L

ibrary on [31/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



an oral glucose tolerance test or with clamping techniques. Although

clamp techniques provide a more specific measure of insulin secretion,

the mixed meal test represents a physiological stimulus, supporting the

physiological relevance of the present study. The 52-week intervention

duration is relatively long, especially in the context of exercise research.

However, longer studies are needed to determine the possible benefits

on diabetes prevention. Both GLP-1RA medication and lifestyle interven-

tions, as separate treatments, have been shown to reduce the incidence

of new-onset diabetes in adults with prediabetes [5, 15], and the combi-

nation of both may therefore offer additional risk reduction.

In summary, in adults with obesity without diabetes, who initially

lost at least 5% of body weight, only the combination of an aerobic exer-

cise program and liraglutide improved postprandial glucose and glucagon

responses and beta cell function compared with placebo. Thus, the com-

bination treatment after weight loss seems more beneficial to glucose

regulation than either treatment alone and the combination of exercise

and GLP-1 RA may therefore offer additional risk reduction.O
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