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Abstract
Aims/hypothesis This study aimed to compare the increase in plasma glucose after a subcutaneous injection of 200 μg glucagon
given after 45min of cycling with resting (study 1) and to investigate the effects of glucagon when injected before compared with
after 45 min of cycling (study 2). We hypothesised that: (1) the glucose response to glucagon would be similar after cycling and
resting; and (2) giving glucagon before the activity would prevent the exercise-induced fall in blood glucose during exercise and
for 2 h afterwards.
Methods Fourteen insulin-pump-treated individuals with type 1 diabetes completed three visits in a randomised, placebo-con-
trolled, participant-blinded crossover study. They were allocated by sealed envelopes. Baseline values were (mean and range):
HbA1c 54 mmol/mol (43–65 mmol/mol) or 7.1% (6.1–8.1%); age 45 years (23–66 years); BMI 26 kg/m2 (21–30 kg/m2); and
diabetes duration 26 years (8–51 years). At each visit, participants consumed a standardised breakfast 2 h prior to 45 min of
cycling or resting. A subcutaneous injection of 200 μg glucagon was given before or after cycling or after resting. The glucose
response to glucagon was compared after cycling vs resting (study 1) and before vs after cycling (study 2).
Results The glucose response to glucagon was higher after cycling compared with after resting (mean ± SD incremental peak:
2.6 ± 1.7 vs 1.8 ± 2.0 mmol/l, p = 0.02). As expected, plasma glucose decreased during cycling (−3.1 ± 2.8 mmol/l) but less so
when glucagon was given before cycling (−0.9 ± 2.8 mmol/l, p = 0.002). The number of individuals reaching glucose values
≤3.9 mmol/l was the same on the 3 days.
Conclusions/interpretation Moderate cycling for 45 min did not impair the glucose response to glucagon compared with the
glucose response after resting. The glucose fall during cycling was diminished by a pre-exercise injection of 200 μg glucagon;
however, no significant difference was seen in the number of events of hypoglycaemia.
Trial registration Clinicaltrials.gov NCT02882737
Funding The study was funded by the Danish Diabetes Academy founded by Novo Nordisk foundation and by an unrestricted
grant from Zealand Pharma
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Abbreviations
ALAT Alanine aminotransferase
CGM Continuous glucose monitor
GPPAQ General Practice Physical Activity Questionnaire
HR Heart rate
HRmax HR reserve calculated as 220 – age
HRrest HR at resting
HRstudy HR during cycling calculated as 50% ×

(HRmax −HRrest) + HRrest

PLGM Predictive low glucose management
tAUC Total AUC
VAS Visual analogue scale

Introduction

Exercise can be challenging for individuals with type 1 diabe-
tes. There is an increased risk of hypoglycaemia during the
activity and for several hours afterwards, and the increased
risk of nocturnal hypoglycaemia can persist for days [1].
Aerobic exercise also reduces total sleep duration the follow-
ing night by an average of 70 min, probably because of noc-
turnal hypoglycaemia [2].

The increased risk of hypoglycaemia during exercise is
multifactorial. Exercise increases glucose uptake into mus-
cle cells independently of insulin [3]. In healthy individuals,
the subsequent decrease in plasma glucose mediates a re-
duction in insulin secretion and an increase in glucagon
levels [4]. The resulting change in the insulin/glucagon ratio
in the portal vein is important for hepatic glucose output,
which increases and matches the exercise-induced glucose
uptake [5]. In individuals with type 1 diabetes, insulin is

provided exogenously, and physiological downregulation
of insulin secretion cannot occur. This leaves individuals
in an unwanted hyperinsulinaemic state. Furthermore, their
glucagon response to exercise and hypoglycaemia is atten-
uated [6, 7]. Moreover, in individuals with type 1 diabetes,
the sympathoadrenal response is also attenuated and is fur-
ther reduced after exercise [7].

Guidelines for avoiding hypoglycaemia during exercise
include carbohydrate intake and reduction of bolus and/or
basal insulin before, during and after exercise [8, 9]. The
exact adjustments needed in relation to exercise are com-
plex, individual and need to be implemented well in ad-
vance to allow for circulating insulin levels to drop by the
start of exercise [10].

While mild hypoglycaemia may be prevented and treated
by intake of carbohydrates, an injection of 1 mg glucagon
treats severe hypoglycaemia effectively [11]. Lower doses of
subcutaneous glucagon have also been shown to treat mild
hypoglycaemia effectively [12, 13] and also to manage chil-
dren with type 1 diabetes during episodes of impending
hypoglycaemia due to gastroenteritis or poor oral intake of
carbohydrates [14]. A recently published study found that an
injection of 150 μg glucagon may be more effective than
insulin reduction for preventing exercise-induced
hypoglycaemia and may also result in less post-intervention
hyperglycaemia (i.e. less time spent in hyperglycaemia and
fewer hyperglycaemic episodes) than ingestion of carbohy-
drates [15]. Currently, the use of low doses of glucagon to
manage mild hypoglycaemia is not recommended by official
guidelines for type 1 diabetes. The main obstacle is that glu-
cagon for injection is currently available in a powder form that
needs to be reconstituted immediately before use. However,
pharmaceutical companies are now developing more conve-
nient glucagon formulations, including powder for nasal
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administration and soluble formulations for injecting [16,
17]. Another obstacle is that lower doses of glucagon have
shown to be less effective for treating hypoglycaemia in
adults eating a low-carbohydrate diet compared with those
eating a high-carbohydrate diet [18]. One study concluded
that the ability of lower doses of glucagon to treat mild
hypoglycaemia persisted with preceding ethanol intake, al-
though it tended to be attenuated [19]. Other factors that
may affect the efficacy of low doses of glucagon need fur-
ther exploration.

In this in-clinic study, we compared the glucose-elevating
effect of low-dose subcutaneous glucagon given before and
after moderate aerobic exercise (cycling) and after resting in
individuals with type 1 diabetes. We hypothesised that: (1) the
glucose response to glucagon would be similar after cycling
and resting; and (2) the exercise-induced fall in blood glucose
would be prevented during and for 2 h after exercise with
glucagon given before the activity.

Methods

A randomised, placebo-controlled, single-blinded, cross-
over study was performed. Study participants gave in-
formed consent before inclusion. The study involved two
substudies; one comparing the glucose response to gluca-
gon after cycling vs after resting (primary study; study 1);
and another comparing the glucose response to glucagon
before or after cycling (study 2). The study was monitored
by the Good Clinical Practice Unit at Copenhagen
University Hospital Bispebjerg, Denmark and approved
by the Danish Health and Medicines Authority (EudraCT
2016-002127-28), the Regional Committee on Health
Research Ethics (H-16016762) and the Danish Data
Protection Agency (2012-58-0004). It was conducted in
accordance with the Helsinki Declaration and was regis-
tered (Clinicaltrials.gov registration no. NCT02882737).

Recruitment

Participants were recruited from the outpatient diabetes clinic
at Copenhagen University Hospital Hvidovre in the period
September 2016 to May 2017. The inclusion criteria were:
age 18–70 years; BMI 20–30 kg/m2; HbA1c ≤69 mmol/mol
(≤8.5%); duration of type 1 diabetes ≥2 years; insulin pump
treatment ≥1 year; self-reported hypoglycaemia awareness;
use of carbohydrate counting for all meals; and use of the
insulin pump bolus calculator for all meals. Participants were
excluded if they were known to be intolerant to glucagon or
lactose, were pregnant or breastfeeding, performed vigorous
intense aerobic exercise for more than 3 h per week or used
medication influencing glucose metabolism (in addition
to insulin).

The study was conducted at the research unit at the
Department of Endocrinology at Copenhagen University
Hospital Hvidovre. The participants went through a screening
day, a run-in period and then, in random order, three different
visits.

Screening

The screening was performed after an overnight fast.
Information was collected on sex, age, race, diabetes duration,
allergies, medical history and medications. Height, weight,
blood pressure and heart rate were measured; questionnaires
to identify hypoglycaemia unawareness [20, 21] were filled
out and a 12-lead electrocardiogram was performed. The
duration of insulin pump use, insulin pump settings and total
daily insulin dose were recorded. Orthostatic hypotension and
beat-to-beat variations were determined [22]. Residual beta
cell function was assessed with an intravenous glucose gluca-
gon test [23]. Information about the participants’ current ex-
ercise habits was obtained using the General Practice Physical
Activity Questionnaire (GPPAQ) [24]. Prior to visits, partici-
pants’ insulin pump settings (basal settings, carbohydrate-to-
insulin ratios, insulin sensitivities and insulin action time)
were adjusted systematically over a 2–3 week period [25].
Around 48 h before the visits, a continuous glucose monitor
(CGM) (Dexcom G4, Platinum, San Diego, CA, USA) was
placed on the abdominal wall at least 7 cm from the site of the
insulin pump infusion set. The CGM results were used to
exclude any episode of hypoglycaemia (≤3.9 mmol/l) for
12 h before the visit. Avoidance of hypoglycaemia during
the night preceding a visit was secured by CGM and self-
monitoring of blood glucose. If a sensor value fell below
3.9 mmol/l an alarm would be activated, but, in all cases,
self-monitoring of blood glucose confirmed values higher
than 3.9 mmol/l. Further, pedometers were provided (Omron
Walking Style Pro 2.0 HJ-322 U-E, Omron Dalian, Dalian,
China) to estimate participants’ activity level 2 days prior to
each visit. All participants used their own insulin pump and
did not change their pump settings between visits. The abdom-
inal wall was chosen for the insulin pump infusion sites.
Glucagon was injected subcutaneously in the abdominal wall
at least 6 cm from the CGM and insulin infusion site.

Visits

The study design is summarised in Fig. 1. At all visits,
participants arrived at 08:00 hours after an overnight fast.
They were instructed to aim for plasma glucose close to
6.0 mmol/l on arrival. They measured capillary blood glucose
at 03:00 hours to decide on a last bolus/carbohydrate intake at
that time. An antecubital vein catheter was positioned and
covered with a heating pad. Before the study started, initial
blood and urine samples were taken to measure plasma
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glucose, plasma glucagon, plasma ketones, serum NEFA,
serum triacylglycerols and, for fertile women, urine human
chorionic gonadotropin. Participants were served a meal
counting 40 g carbohydrates (30 g carbohydrates from rye
bread with butter and cheese and 10 g carbohydrates from
milk or juice). Before starting the meal, participants used their
insulin pump to calculate and administer a meal bolus (correc-
tion insulin included, blood glucose target 5.0 mmol/l) (t = 0).
After 130 min, participants were instructed to either cycle
(two visits) or rest (one visit) for 45 min or until a plasma
glucose ≤3.9 mmol/l was reached. There were at least 6 days
between visits.

Visits with exercise Participants cycled with a heart rate equal
to 50% of their heart rate reserve (HRmax). HRmax was calcu-
lated as 220 − age. We chose 50% HRmax to standardise exer-
cise between the visits and to ensure that the individuals per-
formed aerobic exercise. The heart rate levels were calculated
using the formula of Karvonen et al [26]: HRstudy =
50% × (HRmax − HRrest) + HRrest. The heart rate was mea-
sured continuously with a heart rate monitor (Polar Wearlink
RS300X, Polar Electro, Kempele, Finland). The resistance of
the ergometer was adjusted to reach HRstudy. Subcutaneous
injections of either 0.2 ml isotonic saline (154 mmol/l NaCl)
or 200μg glucagonwere given in random order before or after
cycling. The choice of a fixed dose of 200 μg was made
because of the desire to increase participants’ blood glucose
levels by 3–5 mmol/l and, further, there would be no effect of
body weight on the glucose-increasing effect of glucagon

[13]. If the individual reached plasma glucose ≤3.9 mmol/l
during cycling then the cycling was stopped and the individual
was given either a glucagon or saline injection.

Visits with resting Participants rested on a hospital bed. A
subcutaneous injection of 0.2 ml isotonic saline was given
before resting for 45 min and a 200 μg glucagon injection
was given afterwards. If an individual’s plasma glucose fell
to ≤2.5 mmol/l then the study day was stopped and carbohy-
drates given.

Measurements Blood samples were analysed for plasma
glucose, plasma lactate, plasma glucagon, plasma ketones,
serum insulin aspart, serum NEFA and serum triacylglyc-
erol, as described previously [13, 18]. We measured the
total insulin concentration without antibody precipitation.
We monitored the blood pressure and heart rate, made
clinical assessments and further assessed adverse events
(nausea, stomach pain, headache, dizziness and hunger)
using a 100 mm visual analogue scale (VAS) with ex-
tremes at each end. Vomiting, palpitation or sweating
events were also recorded.

Randomisation and blinding

Participants were randomly assigned to one of six different
study sequences (a = glucagon after resting, b = glucagon after
cycling, c = glucagon before cycling: abc, acb, bca, etc.) by
opening a sealed envelope containing a randomisation code.

40g carbohydrates Observation Placebo Resting 45 min Glucagon Observation

40g carbohydrates Observation Placebo Cycling 45 min Glucagon Observation

40g carbohydrates Observation Glucagon Cycling 45 min Placebo Observation

a

b

c

Fig. 1 The experimental design. A randomised, placebo-controlled, par-
ticipant-blinded crossover study. Participants went through three visits at
which they consumed a standardised breakfast and were observed for
130 min. The first bolus of either saline (placebo) or glucagon (200 μg)
was injected subcutaneously before 45 min of cycling or resting.

Thereafter, the second bolus of either glucagon or placebo was given
and participants then rested for 120 min. Study 1: glucagon after cycling
(b) vs glucagon after resting (a). Study 2: glucagon after cycling (b) vs
glucagon before cycling (c)
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The sealed envelopes had been prepared by a person not oth-
erwise involved in the study. On each visit, 5–15 min before
the cycling and resting periods, the primary investigator pre-
pared a syringe containing either 0.2 ml (200 μg) glucagon or
0.2 ml saline. The participants were blinded to the injections
on cycling visits but not on resting visits.

Study outcomes

The primary endpoint was the difference in incremental
plasma glucose peak after 200 μg subcutaneous glucagon
given after either cycling or resting. Secondary endpoints
were difference in plasma glucose change during cycling
with or without pre-cycling glucagon, difference in time-
to-plasma glucose peak after glucagon injection with or
without cycling, the total (t)AUC after each glucagon in-
jection, biochemical changes after each glucagon injection
(ketones, lactate, glucagon, NEFA and triacylglycerols)
and number of events of hypoglycaemia (plasma glucose
≤3.9 mmol/l during and 2 h after exercise and resting) in
the three study groups.

Statistical analysis

The primary aim was to compare the incremental peak
plasma glucose produced by glucagon after exercise vs
after resting. In the third study arm, glucagon was given
before these activities, which we consider a separate ex-
periment. Therefore, we chose to perform a power calcu-
lation based on the post-exercise/resting arms. According
to our calculations, fourteen participants should be includ-
ed (Student’s t test) to be able to detect a difference in
incremental peak plasma glucose (primary outcome) be-
tween the two study arms of 1.0 mmol/l with 80% power,
a 5% significance level and a 0.8 mmol/l (within and
between variation) standard deviation. The sample size
calculation was based on data obtained from a previous
study of low-dose glucagon administration in a similar
population [18]. The data on incremental peak plasma
glucose after glucagon injection were logarithmically
transformed to obtain normal distribution. A paired
Student’s t test was used to compare the logarithmic in-
cremental peak plasma glucose levels after cycling and
after resting. For comparisons of secondary outcomes be-
tween the three study arms, a repeated-measurement
ANOVA (RM-ANOVA) was used and multiple compari-
sons were Bonferroni adjusted. We used SAS 9.4 (SAS
Institute, NC, USA) and GraphPad Prism 7.0 (GraphPad
Software, CA, USA) for the statistical analyses and con-
sidered p < 0.05 as statistically significant. If not other-
wise stated, calculated data are presented as mean
(SEM) and baseline characteristics as median (range).

Results

Participants

Eighteen individuals participated in a screening visit, but
four withdrew from the study because of a lack of time to
complete the subsequent visits. Fourteen individuals per-
formed the two visits needed for the primary data analy-
sis. One participant became pregnant before the visit at
which glucagon was to be given before cycling and was
excluded from the secondary data analysis.

Baseline data

The 14 participants (six women) were 47 years of age (23–
66 years), had had type 1 diabetes for 26 years (8–51 years),
had an HbA1c of 54 mmol/mol (43–65 mmol/mol) or 7.1%
(6.1–8.1%), BMI 26 kg/m2 (21–30 kg/m2), used insulin
pumps for 7 years (1–35 years) and had a total daily insulin
dose of 34 U (16–57 U). The basal insulin dose was 55% of
the total daily dose and the bolus insulin dose was 45% of the
total daily dose. The participants used their own insulin pumps
throughout the study and did not change insulin pump settings
between visits. One participant was Asian and the others were

Table 1 Baseline characteristics for the participants

Variable Median (range)

Weight (kg) 79 (52–100)

Height (cm) 174 (158–186)

BMI (kg/m2) 26 (21–30)

Type 1 diabetes duration (years) 25 (8–51)

Insulin pump duration (years) 7 (1–35)

Age (years) 48 (23–66)

Systolic BP (mmHg) 129 (104–143)

Diastolic BP (mmHg) 76 (46–106)

Heart rate (beats/min) 64 (49–82)

HbA1c (mmol/mol) 54 (43–65)

HbA1c (%) 7.1 (6.1–8.1)

Haemoglobin (mmol/l) 9 (8–10)

Creatinine (μmol/l) 79 (54–101)

GFR (ml min−1 1.73 m−2) 90 (62–90)

Sodium (mmol/l) 140 (139–142)

TSH (10−3 IU/l) 1.8 (0.7–2.9)

ALAT (U/l) 22.5 (16–36)

Cholesterol (mmol/l) 4.4 (2.5–5.1)

HDL-cholesterol (mmol/l) 1.9 (1.4–2.7)

LDL-cholesterol (mmol/l) 2.1 (0.7–2.8)

VLDL (mmol/l) 0.3 (0.2–0.7)

TDD (U) 34 (16–57)

ALAT, alanine aminotransferase; TDD, total daily insulin dose; TSH,
thyroid-stimulating hormone
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white. Partial hypoglycaemia unawareness was identified for
three participants by Gold’s methods [20] and six participants
by Clarke’s method [22]. One participant was identified as
physically inactive, four were moderately inactive, six mod-
erately active and three were active by GPPAQ [24]. No par-
ticipants had orthostatic hypotension, but nine participants had
impaired beat-to-beat variation. Residual beta cell function
was negligible in 13 participants (stimulated C-peptide level
<60 pmol/l) but one participant had a stimulated C-peptide
level of 74 pmol/l. Biochemical and haematological markers
were within normal range at screening (Table 1). The number
of steps performed 24 h before the visits did not differ between
the three visits (glucagon after resting 6454 steps, glucagon
after cycling 7071 steps and glucagon before cycling 7034
steps; p = 0.44).

Plasma glucose

The fastingmean plasma glucose did not differ between the visits
with glucagon before cycling, glucagon after cycling and gluca-
gon after resting (8.1 ± 2.2 vs 8.8 ± 3.6 vs 9.3 ± 2.6 mmol/l, re-
spectively; p = 0.57). There was a higher incremental plasma
glucose peak when glucagon was given after 45 min of cycling
compared with after resting (2.6 ± 1.7 vs 1.8 ± 2.0 mmol/l, re-
spectively; p = 0.02) (Fig. 2a, Table 2). The time to peak (36.4 vs
42.5 min) and the tAUC (1465.2 vs 1786.1 mmol/l ×min) were
similar from 0 to 120 min after the glucagon injections on both
visits (all p > 0.05). Plasma glucose levels decreased less during

cycling when glucagon was given before cycling compared with
saline (visit with glucagon after cycling) (−0.9 ± 2.8 vs −3.1 ±
2.8 mmol/l; p = 0.002).

There was no significant difference in the number of events
of plasma glucose ≤3.9 mmol/l between the two cycling visits
during and in the observation period after cycling, whether
glucagon was given before or after cycling (in total 6 vs 4,
p = 0.41). On the resting visit, two participants experienced
plasma glucose ≤3.9 mmol/l (p = 0.14 compared with the cy-
cling visits). The duration of cycling before plasma glucose
≤3.9 mmol/l was longer when glucagon was given before
compared with after cycling (p = 0.0065).

Plasma glucagon

Fasting glucagon levels did not differ between visits (p =
0.29). There were no differences between visits regarding
peak glucagon levels (p = 0.29) or time to peak after the glu-
cagon injection (p = 0.21) (Fig. 2b, Table 2). The change in
endogenous glucagon levels did not differ during cycling
compared with resting (p = 0.5) (electronic supplementary
material [ESM] Fig. 1).

Serum insulin aspart

Fasting serum insulin levels were higher on the day glucagon
was given before compared with after cycling and after resting
(89.6 ± 11.1 vs 63.2 ± 10.4 pmol/l, p = 0.01, and 74.3 ±
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and serum insulin aspart (c). Data
are presented as mean ± SEM for
three visits starting with a
postprandial period of 130 min,
followed by glucagon before
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period. Glucagon resulted in a
higher incremental plasma
glucose peak when given after
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were no differences between
visits in peak glucagon levels
(p = 0.29). There were no
differences in peak serum insulin
aspart levels (p = 0.43)
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13.2 pmol/l, p = 0.04; overall p = 0.04). Insulin doses given at
breakfast did not differ between visits (p = 0.93). There were no
differences in peak insulin levels (p = 0.43) or time to peak after
insulin injections in all three visits (p = 0.24) (Fig. 2c, Table 2).
Serum insulin aspart levels tended to decrease less during cy-
cling than during resting (p = 0.07) (ESM Fig. 1).

Plasma lactate

Fasting plasma lactate levels did not differ between visits (p =
0.94). Peak plasma lactate levels were significantly higher on
both cycling visits compared with the resting visit
(p < 0.0001) (Fig. 3a, Table 2). However, no differences were
seen between the cycling visits (p = 0.99).

Plasma ketones

Fasting plasma ketone levels were similar between visits (p =
0.26) (Fig. 3b). Plasma ketones were similar during cycling

compared with resting (p = 0.18) but became significantly
higher 2 h after cycling compared with resting (p < 0.001).

Serum triacylglycerols

Serum triacylglycerol levels over time did not differ between
visits (p = 0.28; Fig. 3c).

Serum NEFA

Fasting serum NEFA levels were similar between visits (p =
0.07; Fig. 3d). Serum NEFA level after the resting session was
lower than after the two cycling sessions (p= 0.02) and remained
lower 2 h after resting compared with cycling (p < 0.0001).

Adverse events

There was no difference in VAS score for nausea over time
between visits (p = 0.6). However, one participant consistently

Table 2 Main findings of the
study Mean (SEM) Study intervention p value

Glucagon before
cycling

Glucagon after
cycling

Glucagon after
resting

Fasting plasma glucose (mmol/l) 8.1 ± 2.2 8.8 ± 3.6 9.3 ± 2.6 0.57

Incremental peak plasma glucose
(mmol/l)

0.7 ± 0.5 2.6 ± 1.7 1.8 ± 2.0 0.02a

Plasma glucose change during cycling
(mmol/l)

−0.9 ± 2.8 −3.1 ± 2.8 NA 0.002b

Plasma glucose ≤3.9 mmol/l (events) 6 4 2 0.41

Fasting plasma glucagon (pmol/l) 3.0 ± 0.7 4.4 ± 0.9 2.6 ± 1.4 0.29

Peak plasma glucagon (pmol/l) 215 ± 19 205 ± 19 194 ± 16 0.29

Time to peak after the glucagon injection
(min)

12 ± 1 14 ± 1 12 ± 1 0.21

Fasting serum insulin (pmol/l) 89.6 ± 11.1 63.2 ± 10.4 74.3 ± 13.2 0.04

Insulin dose given at breakfast (U) 5.3 ± 1.8 5.6 ± 2.3 5.5 ± 1.7 0.93

Peak insulin (pmol/l) 270.2 ± 17.4 245.2 ± 31.3 260.4 ± 30.6 0.43

Time to peak after insulin injection (min) 69 ± 11 50 ± 9 51 ± 6 0.24

Fasting plasma lactate (mmol/l) 0.80 ± 0.09 0.76 ± 0.02 0.76 ± 0.08 0.94

Peak plasma lactate (mmol/l) 2.6 ± 0.3 2.6 ± 0.4 0.8 ± 0.03 <0.0001

Fasting plasma ketones (μmol/l) 358 ± 101 502 ± 99 332 ± 68 0.26

Plasma ketones decrease during cycling
and resting (μmol/l)

30 ± 16 30 ± 9 6 ± 8 0.18

Plasma ketones 2 h after cycling and
resting (μmol/l)

398 ± 73 223 ± 51 83 ± 28 <0.001

Fasting NEFA (mmol/l) 0.56 ± 0.08 0.78 ± 0.09 0.59 ± 0.07 0.07

NEFA after the cycling/resting session
(mmol/l)

0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.03 0.02

At each visit, participants consumed a standardised breakfast 2 h before 45 min of cycling or resting. A subcu-
taneous injection of 200 μg glucagon was given before cycling (glucagon before cycling), after cycling (glucagon
after cycling) or after resting (glucagon after resting). Repeated-measures ANOVA (RM-ANOVA) was used and
multiple comparisons ware Bonferroni adjusted
a Paired Student’s t test between the visits with glucagon after cycling and glucagon after resting
b Paired Student’s t test between the visits with glucagon before cycling
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reported nausea (mean VAS increase 2.83 cm) after glucagon
injection in all three visits. No participants reported vomiting,
palpitation or excessive sweating.

Discussion

To our knowledge, this is the first study comparing the glucose
responses to glucagon given after cycling and after resting.We
found that the maximal glucose response after 200 μg gluca-
gon was highest when given after 45 min of cycling compared
with after 45 min of resting.

The difference might be related to an exercise-induced in-
crease in gluconeogenic precursors. Central in gluconeogene-
sis is lactate, the levels of which were elevated equally and by
a factor of three after the two exercise sessions. Other possible
gluconeogenic precursors are glycerol, alanine and glutamine
[27], which are most likely increased by exercise but were not
measured in the present study. However, the increase in ke-
tones and NEFA levels documented during both exercise days
are likely to parallel glycerol levels. Another explanation for
the increased response to glucagon after exercise may be an
increased absorption of glucagon due to increased subcutane-
ous blood flow during exercise compared with during resting.
The overall glucose response to glucagon, measured as tAUC,
did not differ between the visits, leading to the conclusion that
glucose response to low-dose glucagon is preserved after
moderate exercise compared with resting conditions.
Exercise diminishes liver glycogen stores by similar rates in

healthy individuals and those with type 1 diabetes [28].
Because the duration of cycling was relatively small and con-
sidering the intake of breakfast 2 h prior to cycling, the risk of
depletion of liver glycogen is likely to have been small [29,
30]. Measurements of hepatic glycogen stores would have
been valuable for a full explanation of our results. Among
other explanations for this finding could be an exercise-
induced increase in glucagon sensitivity by upregulation of
the liver glucagon receptors as described in animal studies
[31, 32].

We found no increase in endogenous glucagon levels dur-
ing cycling compared with resting, which may partly explain
the increased risk of hypoglycaemia during exercise for indi-
viduals with type 1 diabetes. Furthermore, a brief initial in-
crease in insulin aspart levels was observed during the cycling
period during both visits with cycling and this could also
explain the increased risk of hypoglycaemia [33].

We did not see a significant difference in the serum con-
centrations of insulin aspart between resting and cycling visits
that could have been responsible for a different glucose re-
sponse to glucagon. Presumably, exercise increases the ab-
sorption of subcutaneous insulin delivery through minor me-
chanical displacements or increased blood flow in the subcu-
taneous tissue during exercise [8]. Inappropriate glucagon and
insulin excursions during exercise have previously been dem-
onstrated in individuals with type 1 diabetes [6]. Because of
this, administration of glucagon before exercise might be ex-
pected to prevent or reduce hypoglycaemia. Indeed, the glu-
cagon injection markedly reduced the exercise-induced
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decrease in plasma glucose. There was no statistical
difference in the rates of hypoglycaemia between the three
visits, regardless of giving glucagon before or after the
cycling. The number of hypoglycaemic events was, how-
ever, small, which is why a larger study with enough power
to compare the hypoglycaemia rates between the visits is
needed. Moreover, the pre-exercise plasma glucose values
were, for unknown reasons, significantly lower on the day
with pre-exercise glucagon, which probably affected the
number of readings at 3.9 mmol/l.

The pre-exercise prandial insulin bolus dose was not
reduced as stated in international guidelines [8]. This
approach was chosen to study the effects of glucagon in
case of unplanned exercise. Therefore, the active muscula-
ture was exposed to relative hyperinsulinaemia. Even
though glucose disposal during exercise is higher than
during resting, glucagon still managed to produce similar
incremental plasma glucose after exercise and resting. We
chose the subcutaneous insulin method to better simulate
real-life events, but using an i.v. clamp method could have
avoided this bias [34]. Recently, results were published
from a study in a similar group of individuals performing
45 min of exercise at four different sessions under condi-
tions of: (1) no intervention; (2) 50% basal insulin reduc-
tion; (3) 40 g oral glucose tablets; or (4) after injections of
150 μg glucagon [15]. In contrast to our study, the investi-
gators found that none of the participants receiving gluca-
gon before exercise experienced hypoglycaemia. In that
study, several conditions differed from ours: the partici-
pants had higher plasma glucose before the exercise ses-
sion; they did not eat breakfast 120 min before exercise;
another type and dose of glucagon was used; and the
glucagon was given 5 min before the exercise started, while
we gave glucagon immediately before cycling. Based on
their result, Rickels and co-workers concluded that gluca-
gon injections may be more effective than insulin reduction
for preventing exercise-induced hypoglycaemia. Our data
support the possibility of using glucagon to prevent the
decrease in plasma glucose during exercise.

Our study had limitations. It was conducted in a controlled
inpatient environment; therefore, future trials in real-life set-
tings will be needed to confirm our results. Further, our data
are based on individuals with longstanding type 1 diabetes and
near-normal glucose control. The glucagon effect on plasma
glucose might have been different in individuals performing
anaerobic exercise or aerobic exercise for different durations
or intensities. Furthermore, individuals with other exercise
habits—athletes or wholly sedentary individuals—may re-
spond differently to glucagon after exercise. We used a rather
crude estimate of Vmax (heart rate) but found no difference in
peak lactate between the two exercise visits, indicating that the
exercise intensities were similar. A single dose of 200 μg glu-
cagon was used in this study. One could argue as well for other

doses of glucagon before exercise to find the best dose to
prevent hypoglycaemia during cycling [13]. Another limita-
tion is that insulin resistance mediated by catecholamines and
cortisol release in response to exercise may have enhanced the
glucose response to glucagon administration as well as direct-
ly increasing the release of gluconeogenic precursors.
However, these counter-regulatory hormones were not
measured.

The strongest barrier to regular exercise in adults with
type 1 diabetes is the fear of hypoglycaemia [35]. Several
strategies are available to prevent exercise-induced
hypoglycaemia: carbohydrate intake; reduction in meal in-
sulin bolus before exercise [8]; manual reduction of basal
insulin infusion before exercise [36]; and using a sensor-
augmented insulin pump with predictive low glucose man-
agement (PLGM) that allows for automated suspension of
basal insulin delivery in response to a CGM-predicted low
glucose level [37]. Our study points to other possibilities
for hypoglycaemia prevention and treatment during exer-
cise. A possible strategy for avoiding exercise-induced
hypoglycaemia could be the combined use of mini-dose
glucagon together with insulin pumps with PLGM or insu-
lin pens with CGMs. Earlier studies have shown that low-
dose glucagon is effective in treating hypoglycaemia as an
add-on to insulin in both open-loop [13] and closed-loop
settings [38]. Our data further indicate that moderate exer-
cise of 45 min does not impair the glycaemic response of
low-dose glucagon. We could not, however, demonstrate a
significant reduction in hypoglycaemic events by using
pre-exercise glucagon injections compared with post-
exercise glucagon injections.

In conclusion, the glucose response to glucagon after
45 min cycling was preserved and, surprisingly, even
greater compared with the glucose response after resting.
The decrease in blood glucose during cycling was slightly
diminished by adding a glucagon injection before 45 min
cycling, but the occurrence of hypoglycaemic events dur-
ing and after cycling was not prevented in the current
study. The preserved effect on glucose suggests that low-
dose glucagon should be studied in real-life setting for the
effectiveness in treating mild hypoglycaemia in the hours
following moderate exercise.
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