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Abstract
Aims/hypothesis IL-6 is a cytokine with various effects on metabolism. In mice, IL-6 improved beta cell function and glucose
homeostasis via upregulation of glucagon-like peptide 1 (GLP-1), and IL-6 release from muscle during exercise potentiated this
beneficial increase in GLP-1. This study aimed to identify whether exercise-induced IL-6 has a similar effect in humans.
Methods In a multicentre, double-blind clinical trial, we randomly assigned patients with type 2 diabetes or obesity to intrave-
nous tocilizumab (an IL-6 receptor antagonist) 8 mg/kg every 4 weeks, oral sitagliptin (a dipeptidyl peptidase-4 inhibitor) 100 mg
daily or double placebos (a placebo saline infusion every 4 weeks and a placebo pill once daily) during a 12 week training
intervention. The primary endpoints were the difference in change of active GLP-1 response to an acute exercise bout and change
in the AUC for the concentration–time curve of active GLP-1 during mixed meal tolerance tests at baseline and after the training
intervention.
Results Nineteen patients were allocated to tocilizumab, 17 to sitagliptin and 16 to placebos. During the acute exercise bout
active GLP-1 levels were 26% lower with tocilizumab (multiplicative effect: 0.74 [95% CI 0.56, 0.98], p = 0.034) and 53%
higher with sitagliptin (1.53 [1.15, 2.03], p = 0.004) compared with placebo. After the 12 week training intervention, the active
GLP-1 AUC with sitagliptin was about twofold that with placebo (2.03 [1.56, 2.62]; p < 0.001), while GLP-1 AUC values
showed a small non-significant decrease of 13% at 4 weeks after the last tocilizumab infusion (0.87 [0.67, 1.12]; p = 0.261).
Conclusions/interpretation IL-6 is implicated in the regulation of GLP-1 in humans. IL-6 receptor blockade lowered active GLP-
1 levels in response to a meal and an acute exercise bout in a reversible manner, without lasting effects beyond IL-6 receptor
blockade.
Trial registration Clinicaltrials.gov NCT01073826.
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Abbreviations
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DPP-4 Dipeptidyl peptidase-4
GIP Glucose-dependent insulinotropic peptide
GLP-1 Glucagon-like peptide-1
MMTT Mixed meal tolerance test
PYY Peptide YY

Introduction

Exercise has the potential to improve glucose homeostasis and
influence nearly all stages of type 2 diabetes. It can delay and
prevent the onset of the disease [1], improve glycaemic
control [2] and replace glucose-lowering medication [3].
How exercise improves glucose homeostasis in humans is
not fully understood; in particular, beta cell adaptations to
exercise remain to be clarified.

IL-6 is a pleiotropic cytokine that affects metabolism
[4]. Moreover, IL-6 is a myokine produced by skeletal

muscle and is released into the circulation in response to
exercise [5, 6]. Systemic concentrations of IL-6 increase
acutely following an exercise bout [6]. Levels of the
incretin hormone glucagon-like peptide-1 (GLP-1) have
also been reported to increase acutely in response to an
exercise bout [7]. Classically, however, GLP-1 secretion
is stimulated by nutrients when these reach the intestinal
L cells [8]; biologically active GLP-1 subsequently acts on
pancreatic beta cells to potentiate insulin secretion [9] and
on pancreatic alpha cells to inhibit glucagon secretion [10].
It has been suggested that exercise training can improve the
secretory capacity of L cells [11, 12].

Our own rodent studies have highlighted a skeletal muscle/
intestinal crosstalk and revealed that exercise-induced GLP-1
secretion requires IL-6 [13]. Furthermore, both in mice and
humans, an acute increase in systemic IL-6 (following
administration of IL-6) improved glucose tolerance, and IL-6
improved glucose tolerance through GLP-1-dependent stimula-
tion of insulin secretion in mice [13]. In humans, IL-6 improved
postprandial glycaemia via inhibition of gastric emptying [14].
Whether endogenous IL-6 is involved in skeletal muscle/
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intestinal crosstalk in humans has yet to be determined. We
hypothesised that exercise-induced GLP-1 is dependent on IL-6
and, moreover, that exercise-induced GLP-1 may have lasting
effects on beta cell function following a training intervention.
Furthermore, we hypothesised that combining exercise with a
dipeptidyl peptidase-4 (DPP-4) inhibitor will prolong the half-
life of exercise-induced GLP-1, thereby potentiating the effect
of GLP-1, leading to beta cell adaptations superior to those
achieved by exercise alone. We therefore tested whether a single
bout of exercise and a training intervention enhances GLP-1
secretion, and whether this upregulation is dependent on IL-6.
Obese individuals and individuals with type 2 diabetes performed
an acute exercise bout followed by a 12 week physical training
intervention, during which time they received an IL-6 receptor
antagonist (tocilizumab), a DPP-4 inhibitor (sitagliptin) or
placebo.

Methods

Study design and participants

This randomised, placebo-controlled, double-blind,
multicentre study included 54 individuals with either type 2
diabetes mellitus or obesity. From February 2010 to
November 2015 participants were enrolled at the University
Hospitals of Basel and Zurich, Switzerland, and at the Centre
of Inflammation and Metabolism (CIM), Centre for Physical
Activity Research (CFAS), Rigshospitalet, University of
Copenhagen, Denmark. The main study personnel at all study
centres were trained at University Hospital Zurich to ensure
similar performance across all three trial centres.

Participants were eligible if they were aged 18–75 years,
were obese (BMI ≥30 and ≤40 kg/m2) and non-diabetic or had
a diagnosis of type 2 diabetes according to ADA criteria for at
least 3 months. Key exclusion criteria were glucose-lowering
drugs other than metformin, diabetes duration ≥5 years, any
inflammatory, infectious or immunosuppressive disease, treat-
ment with corticosteroids, nonsteroidal anti-inflammatory
drug or aspirin, pregnancy or breastfeeding. All participants
provided written informed consent.

The study was approved by the Swiss ethical committees of
the participating hospitals, Swissmedic and the regional ethics
committee, Copenhagen, Denmark (H-4-2013-098), and was
conducted in accordance with the guidelines for Good Clinical
Practice and the Declaration of Helsinki. The results have
been reported in accordance with the CONSORT guidelines
and the trial is registered at Clinicaltrials.gov NCT01073826.

Randomisation and treatment

Participants were randomised in a simple 1:1:1 ratio, stratified
according to whether they were diabetic or obese, to receive

either tocilizumab (RoActemra, Roche Pharma), an IL-6
receptor antibody, 8 mg/kg body weight administered i.v.
every 4 weeks, or sitagliptin (Januvia, MSD Merck Sharp &
Dohme), a DPP-4 inhibitor, 100 mg taken orally once daily, or
placebos (a placebo infusion every 4 weeks and a placebo pill
once daily). To mask treatment allocation, participants in the
sitagliptin group were given a placebo infusion every 4 weeks,
those receiving tocilizumab had a placebo pill once daily, and the
placebo group received both placebos.An equal number of partic-
ipants with type 2 diabetes and obese participants were
randomised into each of the three study arms. Randomisation
was performed by an external statistician. Participants as well as
study personnel were blinded to the medication allocation.
Participants performed an initial exercise bout (60 min) followed
by a 12 week training intervention.

Study assessment

All participants had a screening visit, followed by five study
visits. The study design is depicted in Electronic supplemen-
tary material (ESM) Fig. 1. At baseline a standardised mixed
meal tolerance test (MMTT) was performed after an overnight
fast. Baseline blood samples were taken before and during a
2 h MMTT with 360 ml of Boost containing 62 g carbohy-
drates, 15 g protein and 6 g fat (Nestlé, Switzerland).
Afterwards, a bicycle ergometer test was performed to deter-
mine maximum oxygen consumption (V̇O2max ). One week
later, participants returned to the research facilities after an
overnight fast. Fasting blood samples were taken before the
study drugs were given. At the end of a 1 h i.v. infusion of the
study drug, blood sampling was repeated before participants
ingested a mixed meal (360 ml of Boost). One hour after meal
ingestion participants performed an acute exercise bout for
60 min on a bicycle ergometer at 75% of V̇O2max. Further
blood samples were taken every 10 min during the exercise
bout. Blood sampling was continued for another 30 min after
completion of the exercise bout. Participants were then given
instructions for unsupervised bicycle training consisting of a
5 min warm up followed by 45 min at 75% V̇O2max three to
five times a week. Heart rate monitors (Polar Watch, Polar,
UK) and training diaries were dispensed, and participants
were asked to take one tablet of study drug once a day. After
4 and 8 weeks, participants returned to the research facilities
for infusion of the study drug, as well as for safety and compli-
ance assessments. After completing the 12week training inter-
vention, the same assessments as performed at the baseline
visit were repeated.

All blood samples analysed for gastrointestinal hormones
were treated identically at all three trial centres andwere centrally
measured by Roche Diagnostics. Active GLP-1 [(7-36) NH2],
inactive and total glucose-dependent insulinotropic peptide (GIP)
and peptide YY [PYY; PYY (1-36)] were measured using the
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IMPACTchip (RocheDiagnostics, Bernried amStarnberger See,
Germany). Glucagon, insulin, proinsulin, and C-peptide were
assessed using ELISA assays (Mercodia, Sweden). IL-6, IL-8,
TNF-α were measured using commercially available assays
(Meso Scale Diagnostics, USA), IL-1 receptor antagonist (IL-
1Ra) using an ELISA assay (R&D Systems, Minneapolis, MN,
USA). Apart from the gastrointestinal peptides, all the above-
mentioned parameters including high-sensitivity C-reactive
protein (hs-CRP) and cortisol were centrally measured at the
routine laboratory, Department of Clinical Biochemistry,
Rigshospitalet Copenhagen University Hospital. Glucose,
HbA1c, lipids and safety blood parameters (blood counts, liver
and kidney function tests) were analysed in the routine central
laboratory units of the University Hospitals in Basel and Zurich,
Switzerland, and at the department of Clinical Biochemistry,
Rigshospitalet, Denmark. The reported HOMA index was calcu-
lated according to the method of Matthews et al [15], while
insulin secretion index was derived from the method of Phillips
et al [16]. DPP-4 activity was assessed using a previously
described assay [17] and DPP-4 protein concentrations using a
commercially available assay (catalogue no. DC260B, R&D
Systems).

Study endpoints

The primary outcomes were the change of active GLP-1 in
response to an acute exercise bout and the change in the AUC

for the concentration–time curve of active GLP-1 during an
MMTT at baseline and after a 12 week training intervention.
Predefined secondary endpoints were beta cell function,
glucose homeostasis, total and inactive GIP, PYY, glucagon,
insulin, cortisol, IL-6, IL-8, IL-1Ra, TNF-α and hs-CRP
during an acute exercise bout as well as the change from
baseline to 12 weeks’ training. Additional secondary
endpoints were change in creatine kinase, fasting lipid profile
and liver values between baseline and after 12 weeks of
training.

Statistical analysis

The full analysis set included all participants to whom a treat-
ment group was randomly assigned. The per protocol set
included all individuals of the full analysis population set
who had both baseline and 12 week GLP-1 AUC values and
had no critical protocol violations. Critical protocol violations
were defined as failure to attend for infusion of study drug or
placebo, failure to attend the MMTT at the end of the
12 weeks, fewer than 26 training sessions or failure to take
oral study drug (sitagliptin) on more than 12 days.

The analysis of active GLP-1 levels during the acute exer-
cise bout was performed using a linear mixed-effects model.
Participant ID and a random slope were included as random
effects to account for intra-patient correlation. As fixed predic-
tors, the model included time, treatment group and the

17 sitagliptin
8 diabetic/9 obese

65 screened

8 excluded
3 withdrew

54 randomised
26 diabetic/28 obese

16 placebo
8 diabetic/8 obese

19 tocilizumab
9 diabetic/10 obese

8 excluded:
7 lack of training 

compliance
1 lack of medication 

compliance

11 tocilizumab
5 diabetic/6 obese

14 placebo
8 diabetic/6 obese

2 excluded:
1 lack of training 

compliance
1 lack of medication 

compliance

16 sitagliptin
8 diabetic/8 obese

1 excluded:
1 lack of training 

compliance

2 withdrew   
consent

Full analysis set
(n=52)

Per protocol set
(n=41)

12 weeks’ training
26 diabetic/28 obese

Fig. 1 Flow chart of enrolment, randomisation and treatment
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interaction between time and treatment group. The interaction
was removed from the model if it was not significant
(p < 0.05) to improve interpretability of main effects. To test
for differences in active GLP-1 levels over time between
participants with type 2 diabetes and obese participants, the
model was fitted once again, this time including an interaction
term between time and participant type. Active GLP-1 levels
in response to the study drug before the exercise bout were
compared using an ANCOVA model with baseline levels as
covariate. Active GLP-1 levels in response to a meal before
the exercise bout and during a resting period after the exercise
were analysed using linear models with treatment group and
time, and interaction between treatment group and time as
predictors.

The change in GLP-1 AUC after a 12 week training inter-
vention was compared between study arms using an analysis
of covariance approach with baseline GLP-1 AUC as covari-
ate. AUCs were calculated based on the trapezoid rule. For all
analysis the natural logarithm of AUC values was taken. The
main analysis was performed using the full analysis set, with
multiple imputations based on chained equations used to
account for missing AUC values. To examine the sensitivity
of the results to the missing values mechanism the analysis
was repeated on the per protocol set. The appropriateness of
the imputed data was examined before analysis. Differences in
treatment effect between participant types, i.e. diabetic and
obese participants, were examined by adding an interaction
term between participant type and treatment group to the
primary model. A subgroup analysis was done in the per
protocol set, where the primary model (ANCOVA) was
repeated once for diabetic and once for obese participants
only. For all secondary endpoints, summary statistics are
reported. Results are expressed as estimates of the group
differences in change from baseline with a 95% CI. For
descriptive statistics we summarise categorical variables as
counts (percentages) and continuous variables as mean ±
SD. For the two main outcomes, multiple comparisons
between study arms are performed and adjusted p values
reported using Holm’s correction [18].

For the main analysis a p value of <0.05 was considered
significant. Data were analysed using R version 3.3.3 (R
Software Foundation, Vienna, Austria) for mixed effect
models; the nlme package (version nlme 3.1.131) was used
[19].

Results

Between February 2010 and November 2015, 54 participants
were enrolled in the study. Seven patients were enrolled at the
University Hospital Zurich, 29 at the University Hospital
Basel and 18 at the Rigshospitalet, Denmark. Of these 54,
two participants (one obese, one with diabetes) withdrew their

consent after randomisation. Of the remaining 52 participants,
27 participants were obese but did not have diabetes and 25
participants had a diagnosis of type 2 diabetes. The 52 partic-
ipants were allocated to tocilizumab (n = 19), sitagliptin (n =
17) or placebo (n = 16) and were included in the full analysis
set (Fig. 1). A total of 41 participants completed the study
without critical protocol violations and were included in the
per protocol set. Of note, seven participants in the tocilizumab
group were excluded before unblinding due to lack of compli-
ance to training, whereas in the placebo and sitagliptin groups
one participant per group was excluded due to lack of training
compliance. Baseline characteristics were similar between
treatment groups (Table 1). Baseline characteristics according
to participant group (obese or diabetic) are presented in ESM
Table 1. HbA1c levels were 35.83 ± 3.65 mmol/mol (5.43 ±
0.33%) in obese participants and 49.48 ± 9.39 mmol/mol
(6.68 ± 0.68%) in patients with type 2 diabetes. There were
14 participants on metformin (dose: 1.83 ± 0.5 mg) and these
were evenly randomised to the three study arms (placebo 5,
tocilizumab 5, sitagliptin 4).

Exercise bout

During exercise bout The development of active GLP-1 over
exercise time did not depend on treatment arm, since the inter-
action between time and treatment group was not significant
(p = 0.315); this interaction was therefore subsequently
removed from the model. Active GLP-1 values during the
exercise bout were 26% lower in the tocilizumab group
(multiplicative effect: 0.74 [95% CI 0.56, 0.98], p = 0.034)
and 53% higher in the sitagliptin group (1.53 [1.15, 2.03],
p = 0.004) compared with the placebo group (Fig. 2a, ESM
Table 2). In addition, the effect of time was small, with a
multiplicative effect of 10 min being almost 1 (0.99 [0.97,
1.01], p = 0.303). However, the development of active GLP-
1 during exercise did differ between obese patients and those
with type 2 diabetes (p-interaction <0.001), but there was no
strong change in the effects of treatment groups (Fig. 2b, c).
Whereas active GLP-1 levels slightly reduced over time (0.95
[0.93, 0.98], p < 0.001) in participants with type 2 diabetes,
the effect in obese participants was a slight increase in GLP-1
levels, indicated by the interaction (1.08 [1.04, 1.12],
p < 0.001).

Before and after the acute exercise period In the time period
between receiving the study drug (−120 min) and having the
meal (−60 min) the change in active GLP-1 levels differed
between treatment groups, as indicated by the significant
interaction term (p < 0.001). Active GLP-1 levels decreased
in a similar way in the placebo group (multiplicative effect:
0.79 [95% CI 0.69, 0.90]) and the tocilizumab group (0.80
[0.72, 0.90]; interaction test p = 0.831). In contrast, in the
sitagliptin group the change in active GLP-1 level differed
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significantly (interaction test p < 0.001) from that in the place-
bo group, with an overall increase in active GLP-1 levels
(multiplicative effect: 1.42 [1.25, 1.61]) (Fig. 2a). In response
to the meal (−60 to 0 min) the effect of treatment with
sitagliptin was a further increase in active GLP-1 (treatment
effect × time effect: 2.25 × 1.51 = 3.398), while tocilizumab
was shown to further inhibit the increase in active GLP-1
(0.82 × 2.25 = 1.845) compared with placebo. There was no
evidence that the change in active GLP-1 was dependent on
time (interaction test p = 0.9). Interestingly, participants with
type 2 diabetes receiving placebo showed a blunted increase
in active GLP-1 levels in response to the meal compared with
their obese counterparts (Fig. 2b, c); these findings were not
tested for statistical significance. During the resting period
after the exercise bout (60–90 min), active GLP-1 levels
initially increased in all treatment groups (time point at
75 min: 1.16 [1.03, 1.31], p = 0.014) before returning to levels
similar to those measured at the end of the exercise (time point
at 90 min: 0.93 [0.83, 1.05], p = 0.244); data are multiplicative
effects with respect to baseline for all patients (interaction test
p = 0.453). Participants treated with sitagliptin showed 43%
higher levels of active GLP-1 compared with those who
received placebo (1.43 [1.10, 1.87], p = 0.01), whereas partic-
ipants treated with tocilizumab showed a 23% reduction in
active GLP-1 levels compared with those in the placebo group
(0.77 [0.60, 1.01], p = 0.061), but this difference did not reach
significance. Descriptive summary statistics and figures for all
the following secondary endpoints measured during the exer-
cise bout are shown in ESM Figs 2 and 3. During the exercise
bout, PYY behaved like active GLP-1, i.e. it was higher with
sitagliptin and lower with tocilizumab, but this was not tested

for statistical significance. Interestingly, this effect was again
observed in the obese participants rather than in the partici-
pants with type 2 diabetes (ESM Fig. 2). Whereas inactive
GIP appeared to rise during the meal and exercise bout in
the placebo and tocilizumab groups, inactive GIP remained
low in the sitagliptin group (ESM Fig. 2).

No obvious differences could be seen in the shape of the
curves of glucose, insulin and C-peptide between treatment
groups (Fig. 3a–f). Neither did the distribution of the curves
of glucagon and cortisol suggest any distinct difference
between treatments (Fig. 3g–j). On visual inspection of the
data from the two participant subgroups, participants with
type 2 diabetes responded to sitagliptin with an increase in
insulin and C-peptide as well as glucagon, while cortisol
levels were lower than those with type 2 diabetes who
received tocilizumab or placebo; these findings were not test-
ed for statistical significance. IL-6 levels were overall higher
with tocilizumab and increased in response to exercise in all
groups (ESM Fig. 4a, b). There was no apparent difference in
IL-8, TNF-α, IL-1Ra between the three treatment groups
(ESM Fig. 4c–e). Protein levels of DPP-4 and DPP-4 activity
were assessed in plasma samples from n = 3 obese partici-
pants. The plasma concentration of DPP-4 protein was unaf-
fected by time or treatment. DPP-4 activity also remained
unchanged in the placebo and tocilizumab groups and was,
as expected, reduced in the sitagliptin group (ESM Fig. 5).

Training intervention

In the full analysis set, the increase in active GLP-1 AUC from
baseline to 12 weeks in the sitagliptin group was about

Table 1 Baseline characteristics.
Data based on available data from
the full analysis set (n = 52)

Characteristic Placebo (n = 16) Sitagliptin (n = 17) Tocilizumab (n = 19)

Age (years) 51.6 (±14.96) 50.0 (±16.6) 44.3 (±15.88)

Female sex (%) 50.0 64.7 47.4

BMI (kg/m2) 29.6 (±4.3) 31.6 (±6.3) 33.5 (±5.2)

Systolic BP (mmHg) 131.6 (±16.6) 135.1 (±15.8) 131.2 (±16.5)

Diastolic BP (mmHg) 79.7 (±10.2) 83.8 (±12.5) 82.4 (±12.8)

V
:
O2max (ml min−1 kg−1) 25.1 (±6.7) 24.6 (±6.5) 25.2 (±6.6)

HbA1c (mmol/mol) 44.36 (±12.0) 41.08 (±7.9) 41.85 (±9.5)

HbA1c (%) 6.21 (±1.10) 5.91 (±0.72) 5.98 (±0.87)

Total cholesterol (mmol/l) 4.63 (±0.94) 4.64 (±0.99) 4.51 (±0.64)

LDL-cholesterol (mmol/l) 2.75 (±0.84) 2.88 (±0.9) 2.60 (±0.62)

HDL-cholesterol (mmol/l) 1.34 (±0.41) 1.24 (±0.21) 1.05 (±0.24)

Triacylglycerol (mmol/l) 1.34 (±0.55) 1.24 (±0.75) 1.73 (±0.98)

hs-CRP (nmol/l) 20.6 (±13.6) 26.8 (±25.3) 31.8 (±28.5)

HbA1c (mmol/mol) in type 2 diabetes 53.65 (±11.6) 45.88 (±7.5) 49.39 (±8.6)

HbA1c (%) in type 2 diabetes 7.06 (±1.06) 6.35 (±0.69) 6.67 (±0.79)

HbA1c (mmol/mol) in obesity 36.27 (±3.5) 35.06 (±3.2) 36.16 (±4.6)

HbA1c (%) in obesity 5.47 (±0.32) 5.36 (±0.29) 5.46 (±0.42)
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twofold that in the placebo group (multiplicative effect: 2.03
[95% CI 1.56, 2.62]; p < 0.001) (ESM Table 3). In contrast,
active GLP-1 AUC values showed a small non-significant
decrease of 13% in the tocilizumab group compared with the
placebo group (0.87 [0.67, 1.12]; p = 0.261). The effect of
treatment was not influenced by baseline active GLP-1 AUC
values (interaction test p = 0.285). Analysis in the per protocol
set produced similar results (ESM Table 4).

The effects of treatment with sitagliptin and tocilizumab
were similar for participants with type 2 diabetes and obese
participants (interaction test p = 0.777). In both participants
with type 2 diabetes and in obese participants, the increase
in log-transformed active GLP-1 AUC at 12 weeks in the
sitagliptin group was about twofold that in the placebo group
(obese group: 2.11 [1.34, 3.34], p = 0.003; type 2 diabetic

group: 2.03 [1.51, 2.72]; p < 0.001). There was no significant
change in response to tocilizumab treatment in both subgroups
(obese group: 0.84 [0.51, 1.36], p = 0.452; type 2 diabetic
group: 1.12 [0.80, 1.56]; p = 0.493). Subgroup analysis was
performed in the per protocol set (ESM Table 5). Time–
concentration curves for active GLP-1 in response to the
mixed meal are shown in Fig. 4. There was no evidence that
male or female sex affected GLP-1 secretion (data not shown).

Descriptive summary statistics and figures are shown in
ESM Figs 6 and 7. As in the exercise bout, inactive GIP
seemed lower with sitagliptin treatment after 12 weeks of
training, while remaining stable in the placebo and toci-
lizumab group. On visual inspection, total GIP and PYY were
similar between groups. PYY levels appeared to be lower in
the obese participants; however, these findings were not tested
for statistical significance.

No obvious differences between groups were observed in
glucose homeostasis when comparing glucose (Fig. 5a, b),
insulin (Fig. 5c, d), C-peptide (Fig. 5e, f), and glucagon
(Fig. 5g, h). All groups lost weight (ESM Table 6), but chang-
es in body weight were not tested for statistical significance.

HbA1c was lower in obese participants compared with indi-
viduals with type 2 diabetes, but there was no obvious differ-
ence between treatment groups. Moreover, both insulinogenic
index and HOMA-IR remained unchanged in the obese group
(Fig. 5i,k, ESM Table 7) as well as in patients with type 2
diabetes (Fig. 5 j,l, ESM Table 7).

On visual inspection IL-6 increased with tocilizumab,
while other cytokines (IL-8, TNF-α, IL-1Ra) apparently did
not change between groups (ESM. Fig. 7); however, this was
not tested for statistical significance.

Descriptive summary statistics of hs-CRP, creatine kinase,
lipid profile and liver values before and after the 12 week
training period did not indicate any differences on visual
inspection (data not shown).

V
:
O2max increased from 25.1 (±6.7) to 26.5 (±7.2)

ml kg−1 min−1 in the placebo group, from 24.6 (±6.5) to
27.0 (±6.6) ml kg−1 min−1 with sitagliptin and from 25.2
(±6.6) to 28.2 (±7.9) ml kg−1 min−1 with tocilizumab,
respectively.

Adverse events

Overall 116 adverse events occurred (ESM Table 8). In
addition, in the tocilizumab group one participant devel-
oped a seronegative rheumatoid arthritis, which was
considered a serious adverse event but unlikely to be
due to study medication. An adverse event was experi-
enced by 70.6% of participants in the placebo group,
64.7% in the sitagliptin group and 77.8% in the toci-
lizumab group. There was no significant association
between groups and presence of adverse events (p ~ 1).
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Fig. 2 DPP-4 inhibition (with sitagliptin) and IL-6 receptor antagonism
(with tocilizumab) differentially regulate active GLP-1 during an acute
exercise bout. (a) Active GLP-1 values during the exercise bout are 26%
lower with tocilizumab (multiplicative effect: 0.74 [95% CI 0.56, 0.98],
p = 0.034) and 53% higher with sitagliptin (1.53 [1.15, 2.03], p = 0.004)
compared with placebo (obese participants and participants with type 2
diabetes combined). (b) In obese participants active GLP-1 levels slightly
increase (1.08 [1.04, 1.12], p < 0.001) during exercise, compared with
baseline. (c) In participants with type 2 diabetes, active GLP-1 decreased
over time (0.95 [0.93, 0.98], p < 0.001) compared with baseline. Data
represent mean values, error bars indicate SEM based on the full analysis
set
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Discussion

In the present study we show that IL-6 is implicated in the
regulation of GLP-1. Tocilizumab, an IL-6 receptor antago-
nist, used to treat patients with rheumatoid arthritis, lowered
active GLP-1 concentrations in response to a meal and an
acute exercise bout. In contrast to tocilizumab, sitagliptin led
to a rise in active GLP-1 levels in response to a meal, while no

further increase was observed during exercise. These findings
indicate that in this acute setting, levels of active GLP-1 are
partly dependent on IL-6 but are not necessarily enhanced by
exercise.

Upon secretion, active GLP-1 is rapidly inactivated by
DPP-4 [20]. In addition to changes in activity, the amount of
DPP-4 is also variable [21]. Tocilizumab did not affect DPP-4
activity or the amount of DPP-4 protein in plasma, so the
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Fig. 3 Effects of DPP-4
inhibition (with sitagliptin) and
IL-6 receptor antagonism (with
tocilizumab) on blood glucose
and pancreatic hormones during
an acute exercise bout. No
differences between treatment
groups were seen for (a, b) blood
glucose, (c, d) insulin, (e, f) C-
peptide, (g, h) glucagon and (i, j)
cortisol in obese participants (a, c,
e, g, i) and participants with type 2
diabetes (b, d, f, h, j). Data
represent mean values, error bars
indicate SEM based on the full
analysis set
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question remains as to whether the effect of tocilizumab on
active GLP-1 is an effect on secretion or interaction with other
proteases involved in the degradation of GLP-1 [22].

Subgroup analysis of the acute exercise bout showed that the
treatment effects in obese participants and patients with type 2
diabetes were comparable, i.e. tocilizumab lowered and
sitagliptin enhanced active GLP-1, but there was an overall
discrepancy between the diabetes and the obese groups regarding
the regulation of active GLP-1. In participants with type 2 diabe-
tes (on placebo) the increase in activeGLP-1 levels in response to
the meal was blunted; active GLP-1 levels decreased in diabetic
participants during the exercise bout but increased in the obese
individuals. A difference in GLP-1 response between individuals
with type 2 diabetes and obese individuals has previously been
described [23]. Whether this discrepancy is a consequence of
progressive L cell failure is not fully understood. Exercise-
induced IL-6 increased to a similar level in both subgroups and
does therefore not underlie the discrepancy in GLP-1 secretion.

It is noteworthy that PYY, another L cell product and one that
acts as a substrate for DPP-4 [24], was regulated similarly to
active GLP-1. Interestingly, the treatment effect on PYY seemed
more pronounced in obese individuals than in participants with
type 2 diabetes. These findings could indicate a signalling impair-
ment of L cells in individuals with type 2 diabetes. Furthermore,
IL-6 blockade did not seem to influence the K cell-derived
incretin GIP. This supports an L cell-specific effect of IL-6 that
is not limited to active GLP-1.

We recently reported that IL-6 is implicated in the regulation
of gastric emptying rate [14]. IL-6 receptor blockade acutely
increased gastric emptying during a post-exercise meal in
healthy men. This increased gastric emptying was associated
with increased secretion of GLP-1 (total) and GIP (total), prob-
ably a direct consequence of the accelerated gastric emptying
[25]. We did not assess gastric emptying and therefore do not
know whether IL-6 receptor blockade also regulates gastric
emptying in the absence of an exercise bout.

In addition to the acute effect of IL-6 on GLP-1 we inves-
tigated the impact of a 12 week treatment period during a
training intervention. While increased meal-stimulated GLP-
1 secretion following an exercise training intervention has
previously been reported [12], in the present study this was
observed only when combining exercise training and
sitagliptin. Although this effect seems mainly driven by
sitagliptin, given the pharmacokinetics of this DPP-4 inhibitor
[26, 27], we cannot exclude the possibility that a mild
exercise-driven effect is emphasised in the presence of
sitagliptin.

Overall, IL-6 receptor antagonism had no clinically rele-
vant effects on glycaemia. Keeping in mind the multiple meta-
bolic effects of IL-6 that may increase or decrease glycaemia,
it is conceivable that the resulting effect is neutral. However,
in some individuals with more pronounced defects in insulin
secretion or sensitivity, one or the other effect of IL-6 may
have a dominating effect. Supporting this hypothesis,
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Fig. 4 Effect of training in combination with DPP-4 inhibition (with
sitagliptin) or IL-6 receptor antagonism (with tocilizumab) on active
GLP-1. Measurements during an MMTT before and after a 12 week
training intervention (time point 0 represents the time right before the
meal). The increase in active GLP-1 AUC from baseline to 12 weeks is
higher with sitagliptin comparedwith placebo (p < 0.001), and lower with
tocilizumab compared with placebo (although this was not significant;
p = 0.261) (see ESM Table 3). AUC values were calculated from

measurments during the MMTT. For obese participants (a–c) and partic-
ipants with type 2 diabetes (d–f) the treatment effect of sitagliptin and
tocilizumab onmeal-induced levels of activeGLP-1 is similar (interaction
test, p = 0.777) (see also ESM Table 5). Black data points (a, d), placebo;
green data points (b, e), sitagliptin; blue data points (c, f), tocilizumab.
Data represent mean values, error bars indicate SEM based on the full
analysis set
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tocilizumab numerically slightly impaired glucose homeosta-
sis in obese individuals, while it improved it in individuals
with type 2 diabetes, although these findings were not tested
for statistical significance.

Following 12 weeks of exercise under IL-6 blockade, we
did not observe an effect on meal-induced active GLP-1.
Since the post-intervention tests were performed more than
4 weeks after the last infusion of tocilizumab it can be
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Fig. 5 Effect of training in combination with DPP-4 inhibition (with
sitagliptin) or IL-6 receptor antagonism (with tocilizumab) on glycaemic
control. (a–h)Measurements during anMMTTbefore and after a 12week
training intervention in the whole population (full analysis set) are similar
in participants with obesity (a, c, e, g) and in those with type 2 diabetes (b,
d, f, h) for blood glucose (a, b), insulin (c, d), C-peptide (e, f) and

glucagon (g, h). (i–l) Measurements of insulinogenic index (i, j) and
HOMA-IR (k, l) before and after a 12 week training intervention in
participants with obesity (i, k) and participants with type 2 diabetes (j,
l). Data represent mean values, error bars indicate SEM based on the full
analysis set. Black data points, placebo; green data points, sitagliptin; blue
data points, tocilizumab
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assumed that IL-6 was no longer antagonised [28]. Thus, the
consequences of 12 weeks of IL-6 blockade combined with
exercise do not have a lasting influence on active GLP-1 or
insulin.

The acute inhibitory effect of tocilizumab and the stimula-
tory effect of sitagliptin on active GLP-1 are likely to occur in
response to every meal and every bout of exercise throughout
the 12week training intervention. It is therefore surprising that
no clear effect on beta cell function (insulinogenic index) was
observed. Yet, the proinsulin/insulin ratio, which is a good
measure of beta cell health [29], improved with sitagliptin.
Participants with type 2 diabetes also showed an improved
proinsulin/insulin ratio following tocilizumab (not tested for
statistical significance); this was in contrast to the findings in
obese participants. In general, subgroup analysis seems to
reveal a distinct effect of tocilizumab on a variety of variables
related to postprandial blood glucose; however, further studies
are needed as the present study was not sufficiently powered
for subgroup analysis.

V
:
O2max improved both in obese and type 2 diabetic partic-

ipants;, however, the improvements were rather limited. On
average, participants trained 2.75 times per week and it is
known that for some individuals four to five times per week
is required to obtain cardiorespiratory improvements [30].
Training compliance was lower in the tocilizumab group
compared with the placebo and sitagliptin groups. Blocking
IL-6 signalling may reduce exercise capacity in humans, simi-
lar to what has been reported in whole body IL-6 knockout
mice [31]. However, a recent study has shown that adaptations
to an exercise training intervention in obese people on toci-
lizumab were similar to those in people on placebo [32].

In conclusion, this study demonstrates that IL-6 acutely
regulates active GLP-1 in obese individuals and individuals
with type 2 diabetes. Furthermore, IL-6 antagonism may have
distinct effects in obese individuals compared with patients
with type 2 diabetes.

Limitations of the study

The study population, more specifically, the subgroups, could
be viewed as a limitation of the study. The subgroup numbers
are rather low and limit the possibility of drawing strong
conclusions. The absence of no-exercise control groups may
be viewed as a limitation as it hinders conclusions in terms of
distinguishing the effect of training from the effect of the drug.
Along these lines, a prolonged washout period for sitagliptin
might have been an advantage and allowed us to better sepa-
rate the effect of sitagliptin alone from the effect of combining
sitagliptin with exercise training. As metformin has been
shown to increase GLP-1 levels [33], treatment of a subgroup
of patients with metformin could be considered another limi-
tation. However, it is unlikely that metformin affected the

primary outcome, as treatment was initiated before study
enrolment, evenly randomised and not changed over the study
period.
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