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Abstract
Aims/hypothesis The aim was to investigate whether an intensive lifestyle intervention, with high volumes of exercise, improves
beta cell function and to explore the role of low-grade inflammation and body weight.
Methods This was a randomised, assessor-blinded, controlled trial. Ninety-eight individuals with type 2 diabetes (duration
<10 years), BMI of 25–40 kg/m2, no use of insulin and taking fewer than three glucose-lowering medications were randomised
(2:1) to either the standard care plus intensive lifestyle group or the standard care alone group. Standard care consisted of
individual guidance on disease management, lifestyle advice and blinded regulation of medication following a pre-specified
algorithm. The intensive lifestyle intervention consisted of aerobic exercise sessions that took place 5–6 times per week,
combined with resistance exercise sessions 2–3 times per week, with a concomitant dietary intervention aiming for a BMI of
25 kg/m2. In this secondary analysis beta cell function was assessed from the 2 h OGTT-derived disposition index, which is
defined as the product of the Matsuda and the insulinogenic indices.
Results At baseline, individuals were 54.8 years (SD 8.9), 47% women, type 2 diabetes duration 5 years (IQR 3–8) and HbA1c

was 49.3 mmol/mol (SD 9.2); 6.7% (SD 0.8). The intensive lifestyle group showed 40% greater improvement in the disposition
index compared with the standard care group (ratio of geometric mean change [RGM] 1.40 [95%CI 1.01, 1.94]) from baseline to
12 months’ follow-up. Plasma concentration of IL-1 receptor antagonist (IL-1ra) decreased 30% more in the intensive lifestyle
group compared with the standard care group (RGM 0.70 [95% CI 0.58, 0.85]). Statistical single mediation analysis estimated
that the intervention effect on the change in IL-1ra and the change in bodyweight explained to a similar extent (59%) the variance
in the intervention effect on the disposition index.
Conclusions/interpretation Our findings show that incorporating an intensive lifestyle intervention, with high volumes of exer-
cise, in individuals with type 2 diabetes has the potential to improve beta cell function, associated with a decrease in low-grade
inflammation and/or body weight.
Trial registration ClinicalTrials.gov NCT02417012
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Abbreviations
CRP C-reactive protein
GLP-1 Glucagon-like peptide 1
iAUC Incremental AUC
IL-1ra IL-1 receptor antagonist
RGM Ratio of geometric mean change
tAUC Total AUC

Introduction

In healthy individuals, reductions in insulin sensitivity are
accompanied by increased insulin secretion, whereby
normoglycaemia is maintained. In type 2 diabetes, beta cells
are unable to compensate for the increased insulin resistance,
leading to hyperglycaemia [1]. While peripheral insulin resis-
tance may be the earliest detectable abnormality [2], beta cell
function is often markedly reduced by the time type 2 diabetes
is diagnosed [3]. Lifestyle changes are part of first line treat-
ment of type 2 diabetes [4] and lifestyle (i.e. exercise and/or
diet) can improve glycaemic control measured by HbA1c

[5–9]. Recently, it was reported that a diet-inducedweight loss

intervention, without increase in physical activity, led to
remission of type 2 diabetes [7]. The mechanisms leading to
remission were thought to depend on a reduction of ectopic fat
in the liver and the pancreas, but were also dependent on
improved beta cell function [10]. Exercise has been demon-
strated to improve peripheral insulin sensitivity in individuals
with type 2 diabetes [11], but it is less clear whether exercise
can improve beta cell function [12, 13].

Effective lifestyle interventions often result in a concomi-
tant weight loss and since weight loss may independently
improve beta cell function [14, 15], this has to be taken into
account. Although little is known about the effect of exercise
on beta cell function, exercise has been suggested to improve
beta cell function through a range of mechanisms [16], but the
role of low-grade inflammation in lifestyle-induced improve-
ments in beta cell function is largely unknown. Type 2 diabe-
tes is considered an inflammatory disease with elevated levels
of several cytokines including TNF-α, IL-6, IL-1 receptor
antagonist (IL-1ra) and IL-1β [17]. Pharmacological inhibi-
tion of IL-1β with anakinra, an IL-1β receptor antagonist,
resulted in improved beta cell function in individuals with
type 2 diabetes [18]. This implies that IL-1β is a potential
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inflammatory mediator of pancreatic beta cell damage in type
2 diabetes. Since skeletal muscle is recognised as an endocrine
organ that may be responsible for reducing low-grade inflam-
mation in response to acute exercise and training [19, 20], this
might provide a link between exercise and beta cell function.

We previously observed that a 12 month intensive lifestyle
intervention, with high volumes of exercise, in individuals
with type 2 diabetes led to discontinuation of glucose-
lowering medication in more than 50% of the individuals
compared with standard care and, in spite of the discontinua-
tion of medication, a moderate reduction in HbA1c was
observed [8]. The aim of this study was to investigate the
mechanisms underlying the improved glycaemic control. We
hypothesise that the intensive lifestyle intervention improves
the disposition index, an OGTT-derived estimate of beta cell
function, from baseline to 12 months’ follow-up. Moreover,
we explore the role of low-grade inflammation as well as
weight loss in relation to beta cell function.

Methods

Study design, participants and randomisation From April
2015 to August 2016 a total of 98 individuals were enrolled
in this single-centre, assessor-blinded, randomised, clinical
trial. Individuals, diagnosed with type 2 diabetes for less than
10 years, with a BMI of 25 to 40 kg/m2, taking fewer than
three glucose-lowering medications and no insulin, with no
severe diabetic complications, and no previous history of
cardiovascular disease, were eligible for the study. Inclusion-
and exclusion criteria have been described in detail earlier
[21]. During the ≥6 weeks prior to baseline measurements
and randomisation, glucose-, lipid- and blood-pressure-
lowering pharmacological treatments were titrated and
standardised following a pre-specified algorithm in order to
minimise changes in medical treatment not directly linked to
the intervention. Randomisation was generated by a computer
and given to an external data manager with no involvement in
the study. Individuals were randomised 2:1, stratified by sex,
either to an intensive lifestyle and standard care group or a
standard care group for 12 months, respectively. The full
protocol is published [21]. All individuals provided informed
written and oral consent. The study was conducted in accor-
dance with the Helsinki Declaration, and the study protocol
was approved by the national scientific ethical committee at
the Capital Region of Denmark (H-1-2014-114). The clinical
trial registration number is NCT02417012.

Interventions All individuals, regardless of allocation,
received standard care, controlled every third month by the
study nurse. The standard care consisted of individual sessions
with education in diabetes management, lifestyle advice and
regulation of pharmacological treatment. Any change in

glucose-, lipid- or blood-pressure-lowering medication was
decided by an endocrinologist in a blinded fashion, following
a pre-specified, treat-to-target algorithm and delivered to the
individuals by the study nurse.

In addition to the standard care the intensive lifestyle group
completed an intervention that consisted of high-volume,
group-based exercise (4–8 individuals), with five to six aero-
bic exercise sessions per week, whereof two to three sessions
per week were combined with resistance exercise. In the
beginning all exercise sessions were supervised, but supervi-
sion gradually decreased over the 12 months [21]. During the
entire year individuals wore a Polar V800 watch (Polar
Electro, Finland), day and night, to objectively register exer-
cise data, including duration. Furthermore, individuals were
encouraged to be physically active corresponding to more
than 10,000 steps per day, which was also tracked with
Polar V800. On the dietary side individual guidance and meal
plans were provided by clinical dietitians aiming at an
intended energy deficit of 2092 kJ (500 kcal) per week, until
a BMI of 25 kg/m2 was reached. Individuals were encouraged
to sleep 7–8 h per night with the aim of adhering to regular
bedtimes throughout the week. The final two components
were self-monitoring and diabetes education/networking.
More detailed information about the intervention is available
[21].

Experimental day An experimental day was completed at
baseline and 12 months’ follow-up. Two days prior to each
experimental day all individuals were instructed to refrain
from moderate to vigorous intensity exercise, to minimise
general physical activity and to pause all glucose-, lipid- and
blood-pressure-lowering medication. Additionally, no alcohol
was permitted, and individuals were encouraged to eat their
habitual diet during the last 24 h. On the experimental day
individuals arrived after a minimum of 8 h overnight fasting.

Anthropometrics, body composition and fitness Body weight
was measured with an electronic scale and height was
measured with a Holtain stadiometer (Holtain, Crymych,
UK) according to standard procedures. Individuals underwent
a dual-energy x-ray absorptiometry scan (Lunar Prodigy
Advance, GE Medical Systems Lunar, USA) with software
(Prodigy, enCORE 2004, version 8.8, GE Lunar Corp, USA)
for measurement of whole-body fat mass, fat-free mass and
regional abdominal fat mass. BMI was calculated as weight in
kg divided by the square of height in meters. Measurement of

maximal oxygen uptake (V̇O2max) was performed using
continuous indirect calorimetric measurements (Quark
CPET, Cosmed, Italy) on a Monarch LC4 bicycle (Monark
Exercise, Sweden). The test was performed with a 5 min
warm-up followed by an increase of 20 watts/min until
exhaustion.
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OGTT Individuals ingested 83 g of glucose dissolved in 300ml
of water for the OGTT (corresponding to 75 g anhydrous
glucose). An antecubital vein catheter was inserted for blood
sampling. Fasting blood samples were taken 10min before the
OGTT (−10) and 15, 30, 60, 90 and 120min during the OGTT
to measure glucose, insulin and C-peptide responses. All
blood samples were centrifuged and stored at −80°C until
further analysis. The Matsuda index, a measure of whole-
body insulin sensitivity, was calculated as 10,000/√[fasting
glucose × fasting insulin] × [mean glucose × mean insulin]
[22] based on OGTT data. The insulinogenic index, the
change in insulin secretion divided by the change in plasma
glucose during the first 30 min of the OGTT, was used as an
estimate of insulin secretion: ΔInsulin30-basal/ΔGlucose30-basal
[23, 24]. The disposition index was calculated as the product
of the Matsuda index and the insulinogenic index. The dispo-
sition index describes the hyperbolic relationship between
insulin-sensitive tissue and pancreatic beta cell secretion, i.e.
beta cell function adjusted for insulin sensitivity [1]. HOMA-
IR was calculated as: fasting insulin × fasting glucose/22.5 and
HOMA-B as: (20 × fasting insulin)/(fasting glucose − 3.5) [25].

Blood analyses Fasting plasma blood samples were analysed
for TNF-α, IL-6, IL-10 and IL-1ra with immunoassay kits
(Mesoscale, V-Plex human proinflammatory panel I and
V-Plex human IL-1ra kit, Meso Scale Discovery, USA).
Glucagon and glucagon-like peptide 1 (GLP-1) were
assessed at 0 min, 30 min and 120 min during the
OGTT and measured respectively with an RIA kit (EMD
Millipore Corporation, USA) and with an in-house RIA
specific for the amidated C-terminal (total GLP-1 assay,
codename 89390). The assay is based on the COOH-
terminus and results therefore reflect the secretion rates
of GLP-1 (7-36NH2 and 9-36NH2) as described previous-
ly [26, 27]. All other blood sample measurements (C-reac-
tive protein (CRP), HbA1c, glucose, insulin, total choles-
terol, LDL- and HDL-cholesterol and triacylglycerol)
we r e ana ly s ed a t t h e Depa r tmen t o f C l i n i c a l
Biochemistry, Rigshospitalet, Denmark.

Study endpoints The primary outcome in this secondary anal-
ysis was the change in the disposition index from baseline to
12 months’ follow-up. Secondary outcomes were the change
in the Matsuda and the insulinogenic indices from baseline to
12 months’ follow-up. Furthermore, we investigated the
change in CRP, TNF-α, IL-6, IL-10 and IL-1ra from baseline
to 12 months’ follow-up. We applied statistical single media-
tion analysis to investigate the association between the change
in the disposition index from baseline to 12months’ follow-up
and the change in one of the following mediators: IL-1ra,

body weight or V̇O2max. Additional single mediation analyses
were performed to assess the association between the change

in IL-1ra and the change in one of the following mediators:

V̇O2max, relative fitness (mlO2 kg−1 min−1), body weight,
fat mass or regional abdominal fat mass. Some of the
included outcome measures have previously been reported;
2 h glucose, HbA1c, fasting glucose, fasting insulin, lipids,
blood pressure, fitness and body composition from base-
line to 12 months’ follow-up [8, 28, 29], but are included
in this sub-study to facilitate the interpretation.

Statistics The analyses were performed according to the
intention-to-treat principle. Some outcomes were collected at
baseline and 12 months’ follow-up, while other outcomes
were collected at baseline, 3-, 6-, 9- and 12-months’
follow-up. Outcomes were analysed using linear mixed
models and repeated measures linear mixed models. An
ANOVA was carried out that included group (two levels),
time (four levels), sex (two levels) and the possible inter-
action between group and time as fixed effects, and with
baseline value as a covariate and the unique patient iden-
tifier as a random effect. Data are presented as mean differ-
ence in change with 95% CI, unless stated otherwise. The
natural logarithmic transformation was applied to obtain
normality when appropriate. The differences in mean
change from log-transformed data were exponentiated
and data are expressed as the ratio of the geometric mean
change (RGM) within and between groups, allowing us to
present data as the per cent change. Incremental AUC
(iAUC) and total AUC (tAUC) were calculated using the
trapezoidal method [30]. tAUC was defined as the area
above concentrations of zero and iAUC was defined as
the area above fasting concentration. Model assumptions
were investigated through the predicted values and the
standardised residuals. Single mediation analysis was
performed according to Baron and Kenny [31], which is a
series of regression models fitted to the changes of an inde-
pendent variable (groupwith two levels), a dependent variable
and a mediator. One model regressed the dependent variable
with the independent variable (path c, total effect) and another
regressed the mediator on the independent variable (path a).
Finally, a model regressed the dependent variable on both the
independent variable (direct effect, path c´) and mediator (path
b). A bootstrapping approach (5000 bootstrap resamples) was
used to obtain bias-corrected 95% CIs. The proportion of
mediation was quantified by dividing the mediation effect
(path a × b) with the total effect (path c). Analyses of average
(mean) exercise volume (aerobic and strength, min/week)
across 12 months and the indices (Matsuda, insulinogenic
and disposition) were based on linear regression. The signifi-
cance level was set to p < 0.05 (two-tailed). All statistical
calculations were performed using Stata IC/SE 13.1
(StataCorp, USA).
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Results

We enrolled 98 individuals in the study. The flow chart has
been published previously [8]. Ninety-five individuals, who
completed the 2 h OGTT at baseline, were included in the
intention-to-treat analysis with 33 individuals in the standard
care group and 62 individuals in the intensive lifestyle group.
At baseline, individuals were 54.8 years (SD 8.9), 47%women,

the duration of type 2 diabetes was 5 years (IQR 3–8) and
HbA1c 49.3 mmol/mol (SD 9.2); 6.7% (SD 0.8) (Table 1).
From baseline to 12 months’ follow-up the intensive lifestyle
group lost more weight than the standard care group (between-
group difference −4.14 kg [95% CI −6.79, −1.48]; p = 0.002)
and V̇O2max (mlO2/min) increased by 427.3 mlO2/min [95%CI
255.0, 599.5] (p < 0.001) more in the intensive lifestyle group
compared with the standard care group (Table 2).

Table 1 Baseline characteristics

Characteristic Standard care group
n = 33

Intensive lifestyle group
n = 62

Total
n = 95

Age (years) 56.8 (8.2) 53.8 (9.2) 54.8 (8.9)
Sex (no. male/no. female) 17/16 33/29 50/45
Type 2 diabetes duration (years)a 6 (3–9) 5 (3–7) 5 (3–8)
Glycaemic control—stimulated
Disposition indexa 0.42 (0.26–0.75) 0.56 (0.36–0.89) 0.53 (0.32–0.81)
Matsuda indexa 2.03 (1.40–3.54) 2.12 (1.57–2.83) 2.11 (1.56–2.87)
Insulinogenic indexa 0.20 (0.12–0.35) 0.31 (0.18–0.42) 0.26 (0.16–0.39)
tAUC glucose (mmol/l × min) 1889.1 (356.5) 1764.5 (364.5) 1807.8 (364.7)
iAUC glucose (mmol/l × min) 803.2 (165.7) 807.3 (204.4) 805.9 (191.0)
tAUC insulin (pmol/l × min) 41,904.6 (31,578.3) 47,686.6 (20,075.9) 45,678.1 (24,671.4)
iAUC insulin (pmol/l × min) 27,816.4 (29,252.2) 33,669.5 (16,988.1) 31,636.3 (22,055.1)
2 h glucose (mmol/l) 16.2 (4.2) 15.4 (4.0) 15.6 (4.1)
Peak glucose (mmol/l) 18.9 (3.5) 17.9 (3.6) 18.2 (3.5)
tAUC glucagon (pg/ml × min)a 13,044 (11,171–15,178) 12,613 (10330–14,189) 12,534 (10,581–14,922)
tAUC GLP-1 (pmol/l × min)a 1650 (1335–2220) 1440 (1020–1860) 1545 (1110–1950)

Glycaemic control—fasting
HbA1c (mmol/mol) 50.2 (9.6) 48.7 (9.0) 49.3 (9.2)
HbA1c (%) 6.7 (0.9) 6.6 (0.8) 6.7 (0.8)
Glucose (mmol/l)a 7.8 (7.0–9.5) 7.1 (6.4–8.4) 7.6 (6.5–8.5)
Insulin (pmol/l)a 116 (65–176) 113 (87–162) 113 (77–166)
GLP-1 (pmol/l)a 6 (4–8) 6 (4–8) 6 (4–8)
Glucagon (pg/ml)a 105.6 (92.9–138.5) 104.1 (90.6–118.7) 104.7 (92.0–122.6)
HOMA-IRa 5.5 (3.2–9.9) 5.3 (4.0–7.4) 5.3 (3.6–8.1)
HOMA-Ba 63.5 (31.8–82.0) 79.0 (55.8–106.1) 69.3 (51.9–100.5)

Inflammation
CRP (mg/l)a 2.0 (1.0–4.0) 2.0 (1.0–3.0) 2.0 (1.0–3.5)
TNF-α (pg/ml)a 1.98 (1.55–2.49), (n = 32) 1.99 (1.63–2.42) 1.99 (1.61–2.48), (n = 94)
IL-6 (pg/ml)a 0.54 (0.36–0.68), (n = 32) 0.52 (0.34–0.70) 0.54 (0.34–0.70), (n = 94)
IL-10 (pg/ml)a 0.20 (0.14–0.26), (n = 32) 0.18 (0.14–0.23) 0.18 (0.14–0.24), (n = 94)
IL-1ra (pg/ml)a 293.71 (213.43–587.40), (n = 32) 287.51 (202.29–447.32) 293.71 (204.92–467.71), (n = 94)

Lipids
Total cholesterol (mmol/l) 4.0 (1.0), (n = 32) 4.2 (0.9) 4.1 (0.9), (n = 94)
HDL-cholesterol (mmol/l) 1.3 (0.3), (n = 32) 1.2 (0.3) 1.3 (0.3), (n = 94)
LDL-cholesterol (mmol/l)a 2.1 (1.8–2.6), (n = 32) 2.4 (1.8–2.9) 2.3 (1.8–2.8), (n = 94)
Triacylglycerol (mmol/l)a 1.5 (0.9–1.9), (n = 32) 1.4 (1.0–1.9) 1.4 (1.0–1.9), (n = 94)

Blood pressure
Systolic (mmHg) 136 (8), (n = 24) 128 (14), (n = 59) 130 (13), (n = 83)
Diastolic (mmHg) 84 (8), (n = 24) 79 (8), (n = 59) 81 (9), (n = 83)

Fitness
V̇O2max (mlO2/min) 2607 (736), (n = 32) 2736 (716) 2692 (722), (n = 94)
Relative (mlO2 kg

−1 min−1) 26.9 (6.3), (n = 32) 28.8 (6.7) 28.2 (6.6), (n = 94)
Body composition
Body weight (kg) 97.1 (14.0) 95.3 (14.1) 95.9 (14.0)
BMI (kg/m2) 32.3 (4.4) 31.5 (3.9) 31.8 (4.1)
Fat-free mass (kg) 60.4 (10.2) 59.2 (10.6) 59.6 (10.4)
Fat mass (kg) 36.1 (11.0) 35.3 (9.2) 36.6 (9.8)
Regional abdominal fat mass (kg) 4.1 (1.2) 4.0 (1.2) 4.0 (1.2)

Data are presented as mean (SD) or median (IQR)a , if not noted otherwise

Where numbers of participants differ from the total for each group, details are included

Baseline characteristics have been published previously [8, 28, 29]
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Beta cell function, insulin sensitivity and insulin secretion
From baseline to 12 months’ follow-up the disposition index
increased 40% more in the intensive lifestyle group compared
with the standard care group (RGM1.40, [95%CI 1.01, 1.94];
p = 0.042) (Table 2, Fig. 1). The Matsuda index increased
23% more in the intensive lifestyle group compared with the
standard care group from baseline to 12 months’ follow-up
(RGM 1.23 [95% CI 1.01, 1.49]; p = 0.039) (Table 2, Fig. 1)
and there was no between-group difference in the
insulinogenic index from baseline to 12 months’ follow-up
(Table 2, Fig. 1). Per protocol analysis supported the observed
findings, where the intensive lifestyle group improved the
disposition index by 62% (RGM 1.62 [95% CI 1.13, 2.31];
p = 0.08) more than the standard care group from baseline to
12 months’ follow-up (Table 3). A positive association was
observed between average exercise volume (aerobic and
strength, min/week) and the disposition index (r = 0.18 and
p < 0.001) and the Matsuda index (r = 0.18 and p < 0.001),
whereas no association was found in relation to the
insulinogenic index (r = 0.002 and p = 0.42) (Fig. 2).

Glucose, insulin, GLP-1 and glucagon Plasma glucose and
insulin levels during the OGTT at baseline and 12 months’
follow-up are depicted in Fig. 3. From baseline to 12 months’
follow-up, blood glucose, expressed as the tAUC0–120min of the
glucose curve during the OGTT was reduced in the intensive
lifestyle group compared with the standard care group
(between-group difference −154.1 mmol/l × min [95% CI
−291.5, −16.7]; p = 0.028) more (Table 2). The between-
group difference in the iAUC0–120min of the glucose curve
was −135.0 mmol/l × min [95% CI −197.5, −72.5]
(p < 0.001) in favour of the intensive lifestyle group (Table 2).
Plasma insulin, GLP-1 and glucagon (tAUC0–120min and
iAUC0–120min) during the OGTT showed no difference in
change between groups (Table 2). Other clinical markers of
glycaemic control are presented in Table 2.

Low-grade inflammation The plasma concentration of IL-1ra
decreased 30%more in the intensive lifestyle group compared
with the standard care group from baseline to 12 months’
follow-up (RGM 0.70 [95% CI 0.58, 0.85]; p < 0.001)
(Table 2). No between-group difference in CRP TNF-α, IL-
6 or IL-10 was observed from baseline to 12 months’ follow-
up (Table 2).

Beta cell function: low-grade inflammation and body weight
Single mediation analysis suggested that IL-1ra levels
accounted for 59% of the total intervention effect on the dispo-

sition index (Table 4). While the intervention effect on V̇
O2max (mlO2/min) was not associated with the intervention
effect on IL-1ra (p = 0.221) the intervention effect on body
weight (p = 0.010), fat mass (p < 0.001), regional abdominal

fat mass (p = 0.001) and relative fitness (mlO2 kg−1 min−1)
(p = 0.003) was (Table 4). In another single mediation analy-
sis, we found that the change in body weight also accounted
for 59% of the total intervention effect on the disposition
index (Table 4).

Discussion

The primary finding of this study was that the intensive life-
style intervention, with high volumes of exercise, improved
the disposition index, owing to an improvement in whole-
body insulin sensitivity rather that an improvement in the
insulin secretion per se. Moreover, we observed that the incre-
ment in the disposition index was associated with the inter-
vention effect on low-grade inflammation and/or bodyweight.

Similar to our findings, Karstoft et al observed that an
exercise-induced improvement in the disposition index was
primarily due to enhanced insulin sensitivity [32]. In addition,
we observed a lowering of glucose tAUC0–120min and
iAUC0–120min during the OGTT in the intensive lifestyle
group compared with standard care, which confirms that the
beta cells were less exposed to glucotoxicity. Since the inten-
sive lifestyle intervention consisted of high volumes of exer-
cise, we explored the isolated role of exercise and found that
the average exercise volume (aerobic and strength, min/week)
was associated with both the Matsuda index and the disposi-
tion index, but also low-grade inflammation and body weight,
which is in line with the primary finding. No association was
observed between the average exercise volume (aerobic and
strength, min/week) and the insulinogenic index, suggesting
that exercise does not modify insulin secretion per se, which is
in line with other findings [32, 33]. In contrast, Dela and
colleagues found that aerobic exercise improved insulin secre-
tion [12]; however, the difference in insulin secretion was only
observed at glucose concentrations of 25 mmol/l during the
hyperglycaemic clamp, in contrast to the more physiological
range in our study. The insulinogenic index was assessed
during the initial 30 min of the OGTT and only a total of three
individuals from the intensive lifestyle group had glucose
levels above 24mmol/l in that period. Thus, it remains unclear
whether we would have observed an association between
average exercise volume (aerobic and strength, min/week)
and the insulinogenic index, if we had exposed the included
individuals to a higher glucose stress. It remains unknown
why the disposition index improved by 35% in the standard
care group, but the individuals in the standard care group may
also have increased their physical activity level and decreased
their energy intake. Although speculative, the improved
disposition index in the standard care group may be due to a
larger proportion receiving GLP-1 receptor agonist at
12 months’ follow-up (42% vs 12%), which is associated with
weight loss [34]. Altogether, this may explain the small
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numerical improvement in both the Matsuda index and the
insulinogenic index and thus the disposition index. We
observed no between-group difference in GLP-1 or gluca-
gon (tAUC0–120 min and iAUC0–120 min) and it is widely
debatable whether lifestyle changes affect GLP-1 and
glucagon, probably due to inadequate study designs in this
area of research.

In line with others, we observed a decrease in low-grade
inflammation [35]. We moreover observed that the intensive
lifestyle intervention effect on IL-1ra was associated with the
improvement in the disposition index. IL-1β is considered a
key mediator of beta cell failure [36, 37] and plasma levels of
the anti-inflammatory cytokine IL-1ra reflect plasma levels of
IL-1β [37]. Although this is speculative, the observed

Table 2 Outcome measurements at 12 months’ follow-up

Measurement Standard care
(change, 95% CI)

Intensive lifestyle
(change, 95% CI)

Between group difference
(95% CI)

p value

n = 27 n = 62 n = 95

Glycaemic control—stimulated state
Disposition indexa 1.35 (1.03, 1.78) 1.90 (1.59, 2.27) 1.40 (1.01, 1.94) 0.042
Matsuda indexa 1.17 (0.99, 1.38) 1.43 (1.29, 1.59) 1.23 (1.01, 1.49) 0.039
Insulinogenic indexa 1.21 (0.98, 1.50) 1.32 (1.15, 1.51) 1.09 (0.84, 1.40) 0.526
tAUC glucose (mmol/l × min) −100.0 (−210.8, 10.8) −254.0 (−334.6, −173.5) −154.1 (−291.5, −16.7) 0.028
iAUC glucose (mmol/l × min) −1.7 (−52.2, 48.8) −136.7 (−173.5, −99.9) −135.0 (−197.5, −72.5) <0.001
tAUC insulin (pmol/l × min) 1450.8 (−5172.4, 8074.0) −3434.0 (−8261.3, 1393.3) −4884.8 (−13,080.7, 3311.2) 0.243
iAUC insulin (pmol/l × min) 4595.0 (−1044.9, 10,234.9) 127.0 (−3983.3, 4237.4) −4468.0 (−11,447.8, 2511.9) 0.210
2 h glucose (mmol/l)c −0.85 (−2.13, 0.43) −2.66 (−3.51, −1.81) −1.81 (−3.35, −0.27) 0.021
Peak glucose (mmol/l) −0.97 (−2.21, 0.27) −2.80 (−3.62, −2.00 −1.83 (−3.31, −0.34) 0.016
tAUC glucagon (pg/ml × min) −678.8 (−1662.5, 304.8) −109.5 (−831.0, 612.0) 569.4 (−652.9, 1791.6) 0.361
iAUC glucagon (pg/ml × min) 28.5 (−351.3, 408.3) 248.8 (−30.1, 527.6) 220.3 (−251.0, 691.6) 0.360
tAUC GLP-1 (pmol/l × min) 171.0 (−63.2, 405.2) 200.7 (29.0, 372.4) 29.7 (−261.7, 321.0) 0.842
iAUC GLP-1 (pmol/l × min) 43.0 (−176.8, 262.7) 80.1 (−81.0, 241.2) 37.1 (−236.0, 310.3) 0.790

Glycaemic control—fasting state
HbA1c (mmol/mol)c −0.5 (−2.7, 1.8) −3.3 (−5.0, −1.7) −2.9 (−5.7, −0.1) 0.042
HbA1c (%)c −0.04 (−0.29, 0.21) −0.30 (−0.48, −0.13) −0.27 (−0.57, 0.04) 0.090
Fasting glucose (mmol/l)c −0.48 (−1.21, 0.25) −0.89 (−1.39, −0.39) −0.41 (−1.50, 0.34) 0.372
Fasting insulin (pmol/l)c −29.65 (−47.41, −11.88) −44.22 (−56.05, −32.39) −14.57 (−36.04, 6.90) 0.183
HOMA-IRa 0.77 (0.62, 0.95) 0.63 (0.55, 0.72) 0.82 (0.64, 1.06) 0.129
HOMA-Ba 1.00 (0.86, 1.17) 0.92 (0.83, 1.02) 0.92 (0.76, 1.11) 0.364

Inflammation
CRP ≤3 (mg/l)b 24 (86) 53 (87) N/A 0.881
TNF-α (pg/ml)a 0.97 (0.91, 1.04) 0.93 (0.89, 0.98) 0.96 (0.88, 1.04) 0.303
IL-6 (pg/ml)a 0.90 (0.74, 1.09) 0.81 (0.71, 0.92) 0.90 (0.72, 1.13) 0.372
IL-10 (pg/ml)a 0.95 (0.83, 1.09) 0.90 (0.82, 0.98) 0.94 (0.80, 1.11) 0.491
IL-1ra (pg/ml)a 0.86 (0.73, 1.01) 0.60 (0.54, 0.67) 0.70 (0.58, 0.85) <0.001

Lipids
Total cholesterol (mmol/l)c 0.51 (0.23, 0.79) 0.50 (0.31, 0.69) −0.01 (−0.35, 0.33) 0.962
HDL-cholesterol (mmol/l)c 0.14 (0.06, 0.22) 0.22 (0.16, 0.27) 0.08 (−0.02, 0.17) 0.111
LDL-cholesterol (mmol/l)c 0.29 (0.04, 0.53) 0.33 (0.17, 0.50) 0.04 (−0.25, 0.34) 0.771
Triacylglycerol (mmol/l)c −0.06 (−0.28, 0.15) −0.22 (−0.37, −0.07) −0.16 (−0.42, 0.11) 0.240

Blood pressure
Systolic (mmHg)c −3.6 (−7.7, 0.5) −1.9 (−4.4, 0.7) 1.7 (−3.1, 6.6) 0.484
Diastolic (mmHg)c −3.3 (−6.3, −0.3) −1.7 (−3.6, 0.2) 1.6 (−2.0, 5.2) 0.392

Fitness
V̇O2max (mlO2/min)c −35.9 (−180.4, 108.7) 391.4 (298.6, 484.2) 427.3 (255.0, 599.5) <0.001
Relative (mlO2 kg

−1 min−1)c −0.10 (−1.91, 1.71) 6.47 (5.31, 7.63) 6.58 (4.42, 8.74) <0.001
Body composition
Body weight (kg)c −1.96 (−4.17, 0.24) −6.10 (−7.58, −4.62) −4.14 (−6.79, −1.48) 0.002
BMI (kg/m2)c −0.69 (−1.41, 0.04) −2.01 (−2.49, −1.52) −1.32 (−2.19, −0.45) 0.003
Fat free mass (kg)c −0.69 (−1.41, 0.03) 0.62 (0.13, 1.10) 1.31 (0.44, 2.18) 0.003
Fat mass (kg)c −1.15 (−2.93, 0.64) −6.12 (−7.32, −4.92) −4.97 (−7.12, −2.82) <0.001
Regional abdominal fat mass (kg)c −0.11 (−0.49, 0.27) −0.81 (−1.06, −0.56) −0.70 (−1.15, −0.24) 0.003

Data are represented as difference in mean change and 95% CI
aNatural logarithmic transformation data was used for the analysis. The regression coefficients and 95% CI were exponentiated and therefore the within-
group and between-group difference from baseline to 12 months’ follow-up are presented as the RGM
bNo. and % of individuals with CRP ≤3
cData have been published previously [8, 28, 29]
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decrease in IL-1ra may reflect a decrease in IL-1β and thus
explain the association between the disposition index and IL-
1ra. We also observed a decrease in TNF-α, IL-6 and IL-10 in
the intensive lifestyle group, but with no between-group
difference. It can be speculated that cytokines such as
TNF-α exert their action locally, while IL-1ra to a larger
extent is considered a circulating cytokine [38]. As IL-1ra is
downstream from IL-1β in the inflammatory cascade, but also
downstream of TNF-α and IL-6, a lowering of IL-1ra may
reflect a decrease in the cumulative inflammatory load from
upstream cytokines. Since TNF-α may cause insulin resis-
tance [19], the previously described within-group effect on
TNF-α may explain why the intensive lifestyle intervention,
with high volumes of exercise, enhanced insulin sensitivity. It
is well described that insulin sensitivity improves with exer-
cise through a range of mechanisms [39], which means that
TNF-α is probably partially responsible for the observed
change in insulin sensitivity. Importantly, while acute exercise
increases the cytokine level, we here observed a decrease.
However, an increase in IL-6 with acute exercise without a
preceding increase in TNF-α and a following increase in IL-
1ra and IL-10 is considered an anti-inflammatory response

[40]. In contrast, regular exercise is associated with a
training-induced reduction in basal levels of IL-6 [19], as
observed here.

Weight loss is often a consequence of a lifestyle interven-
tion with a dietary approach [7], an exercise-based interven-
tion [5] or when exercise and diet are combined [9], the latter
being relevant to our study. Thus, it can be complicated to
interpret the effects of a lifestyle intervention with an associ-
ated weight loss [32, 41]. However, not all exercise-based
interventions that improve beta cell function in type 2 diabetes
are accompanied by weight loss [42, 43], suggesting that beta
cell function may improve despite individuals being weight
stable. To explore the role of weight loss in relation to beta cell
function we performed single mediation analysis and found
that the observed change in body weight was associated with
59% of the intensive lifestyle intervention effect on the dispo-
sition index. In the Diabetes Remission Clinical Trial
(DiRECT) study the diet-induced remission was due to a
reduction in ectopic fat, but dependent upon improved beta
cell function [10]. We did not measure ectopic fat, but we
observed amoderate decrease in fat mass and a large reduction
in regional abdominal fat mass in the intensive lifestyle group
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Fig. 1 Intervention effect on the indices. (a) Δ Matsuda index; (b) Δ
Insulinogenic index; and (c) Δ Disposition index. Data are represented
as median (IQR) from baseline to 12 months’ follow-up with individual

points. *p < 0.05 and ***p < 0.001 within-group difference in mean
change from baseline to 12 months’ follow-up. †p < 0.05 between-group
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Table 3 Per protocol analysis at
12 months’ follow-up Standard care

(change, 95% CI)

Intensive lifestyle

(change, 95% CI)

Between group difference

(95% CI)

p value

n = 24 n = 32 n = 56

Glycaemic control—stimulated state

Disposition index 1.49 (1.14, 1.95) 2.41 (1.92, 3.04) 1.62 (1.13, 2.31) 0.008

Matsuda index 1.15 (0.97, 1.36) 1.68 (1.46, 1.93) 1.46 (1.17, 1.81) 0.001

Insulinogenic index 1.32 (1.07, 1.64) 1.43 (1.19, 1.72) 1.08 (0.81, 1.44) 0.597

The per protocol population was defined as: adherence to pharmacological treatment and medical consultations in
both groups, and in the intensive lifestyle group completion of ≥70% of the prescribed exercise sessions

Natural logarithmic transformation data was used for the analysis. The regression coefficients and 95% CI were
exponentiated and therefore the within-group and between-group difference from baseline to 12 months’ follow-
up are presented as the RGM
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compared with the standard care group. Since low-grade
inflammation is known to be associated with both abdominal
fat mass and fitness [19, 44] we performed single mediation
analyses and found that the intensive lifestyle intervention
effect on IL-1ra was consistently associated with the change
in body weight, fat mass and regional abdominal fat mass,
while no association was observed with the change in

V̇O2max. Our findings suggest that an intensive lifestyle inter-
vention may improve the disposition index, primarily driven

by enhanced insulin sensitivity, and the possible underlying
regulatory mechanism seems to be related to changes in low-
grade inflammation and body weight. However, our study
design and methodology does not allow us to present a hier-
archical order of the suggested mechanisms nor to draw any
causative conclusions. While weight loss may be the natural
first choice, suggesting that this change appeared prior to the
reduction in low-grade inflammation, it has been found that
exercise-induced IL-6 is implicated in the reduction of visceral

a
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fat [45]. This finding suggests that regular exercise may elicit
an anti-inflammatory response that is necessary to obtain a
reduction in visceral fat, which suggests that the improvement
of the disposition index appeared through changes in low-
grade inflammation and/or body weight.

Limitations Our study had some limitations. The derivation
of beta cell function from a meal-stimulated test is based
on the assumption of a hyperbolic relationship between
insulin sensitivity and insulin secretion [1]. While subject
to debate [46, 47], it is widely accepted to incorporate a
measure of insulin sensitivity when assessing beta cell
function to obtain insight of the interaction between insulin
secretion and insulin sensitivity [48] and the hyperbolic
relationship from OGTT-derived data has been validated
across the entire glucose continuum [49, 50]. The use of
indirect measures of beta cell function (Disposition index),
insulin sensitivity (Matsuda index) and insulin secretion
(Insulinogenic index), are not as accurate as various
clamping methods. However, the indices are calculated
based on data acquired under physiological conditions, in
contrast to the supraphysiological conditions of the clamp
methods, which make our findings physiologically relevant.
Another aspect that needs to be considered is the use of
average exercise volume (aerobic and strength, min/week).
To understand the interactions between exercise, body
weight and low-grade inflammation, time course changes
in these variables could have facilitated our findings.
However, we were unable to perform these analyses as
we did not collect meal-stimulated (OGTT) or fasting blood
samples in the intermediate time period from baseline to
12 months’ follow-up. While statistical single mediation
analyses were applied to generate hypotheses regarding
the underlying mechanisms, no causative conclusions can
be drawn. Finally, we observed substantial interindividual
variance regarding indices in both groups, which can be
explained by group heterogeneity, a reflection of the
intention-to-treat study design and/or diabetes duration.
The included individuals were screened prior to baseline
measurement. However, diabetes duration was self-reported,
which is subject to information bias and it is very likely
that a time gap exists between the debut of disease and the
time of diagnosis. This could potentially contribute to some
of the observed interindividual variance of the indices.

In summary a 12 month intensive lifestyle intervention has
the potential to improve beta cell function, as reflected by the
disposition index, more than standard care. The observed
change in the disposition index was mainly driven by an
increase in insulin sensitivity. Furthermore, the intensive life-
style intervention was associated with a decrease in low-grade
inflammation and a moderate weight loss, but their individual
importance for the improvement of the disposition index
needs further elaboration.
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