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31 August 2007WHAT IS ALREADY KNOWN ABOUT

THIS SUBJECT
• Exercise is known to affect absorption of

other inhaled substances, but so far there
are no reports on the effect of exercise on
the absorption of inhaled insulin in humans.

WHAT THIS PAPER ADDS
• This report is the first to investigate the

effect of exercise on the absorption of
inhaled insulin.

• In this study in healthy volunteers we found
that exercise early after dosing increased
absorption (15–20%) of inhaled insulin over
the first 2 h after start of exercise, with an
approximately 30% increase in maximal
insulin concentration, and unchanged
overall absorption.

AIMS
To investigate the effect of moderate exercise on the absorption of
inhaled insulin.

METHODS
A single-centre, randomized, open-label, three-period cross-over trial
was carried out in 12 nonsmoking healthy subjects. A dose of 3.5 mg
inhaled human insulin was administered via a nebulizer and followed
in random order by either 1) no exercise (NOEX), 2) 30 min exercise
starting immediately after dosing (EX0), or 3) 30 min exercise starting
30 min after dosing (EX30). The study was carried out as a 10 h
euglycaemic glucose clamp (90 mg dl-1 (5.0 mmol l-1)).

RESULTS
The absorption of insulin over the first 2 h after start of exercise was
16% increased for EX0 (ratio (95%CI) 1.16 (1.04, 1.30), P = 0.01) and 20%
increased for EX30 (1.20 (1.05, 1.36), P < 0.01), both compared with
NOEX; the overall insulin absorption during 6 h and 10 h after dosing
was not influenced by exercise. The maximum insulin concentration
(Cmax) increased by 32% for EX0 and 35% for EX30 (both P < 0.01)
compared with NOEX, while the time to Cmax was 31 min faster for EX0
(P < 0.01), but not significantly different after EX30, compared with
NOEX.

CONCLUSIONS
A significant and clinically relevant increase of insulin absorption over
the first 2 h after the beginning of exercise was observed. Until data
from studies using the specific insulin inhalers exists, patients using
inhaled insulin should be made aware of a potential increased
absorption and higher concentration of insulin in connection with
exercise.
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Introduction

Insulin is the cornerstone for the treatment of patients with
type 1 diabetes, and a commonly used treatment for
patients with type 2 diabetes as well. While subcutaneous
(s.c) injection of insulin has been the standard for over
80 years, pulmonary administration is now an alternative
route for insulin delivery with the first product on the
market and several systems in development [1]. Generally,
the pharmacokinetic profile of inhaled human insulin
shows a more rapid absorption and a shorter time to peak
concentration than fast-acting human insulin adminis-
tered s.c. [2–5] and with an onset of action like a rapid-
acting insulin analogue and a duration of action
comparable with s.c. fast-acting human insulin [6, 7].

Regular physical exercise is recommended to all groups
of people with diabetes [8]; information is however, lacking
about the effects of exercise on insulin absorption when
administered via the pulmonary route.

Exercise leads to increased ventilation, as well as to
changes of regional ventilation and perfusion of the lung
[9, 10], and is therefore likely to induce a change in the
absorption pattern. In humans, exercise has been shown to
increase the pulmonary absorption rate of inhaled 99 m-
technetium labelled diethylene triamine penta-acetic acid
(99mTc-DTPA) [11, 12]. In line with this, exercise has been
shown to give a faster absorption as well as an increased
maximum plasma concentration of terbutaline [13], and
increased pulmonary absorption of nedocromil sodium
[14].

In a study in rabbits we have shown that large tidal
volume ventilation (LTVV) for 120 min after inhalation of
human insulin leads to an approximately 150% increase in
insulin absorption [15]. Furthermore, pulmonary function
test manoeuvres (forced expiratory manoeuvres), which
include deep breathing, have been shown to lead to
increased serum concentrations of inhaled human insulin
[16] as well as increased pulmonary absorption of
nedocromil sodium [14]. Thus, exercise and deep ventila-
tion in itself appear to influence absorption of inhaled
substances.

The purpose of this study was to investigate the effect
of moderate exercise on the absorption of inhaled human
insulin in healthy subjects.

Methods

Twelve nonsmoking, healthy male and female subjects
were included in the trial. Inclusion criteria were age
between 18 and 65 years (inclusive), body mass index
(BMI) � 29 kg m-2 and normal pulmonary function,defined
as forced vital capacity (FVC) and forced expiratory volume
in 1 s (FEV1) > 80% and FEV1/FVC � 75% of predicted
values. Subjects with past or present pulmonary disease

were excluded as were subjects with any clinically signifi-
cant findings from a cardiopulmonary exercise test per-
formed at screening.

The study was approved by the Ethics Committee at
Medical University Graz, Graz, Austria where the study was
carried out according to the principles of the Declaration
of Helsinki [17] and Good Clinical Practice [18]. All subjects
gave written informed consent before any trial related
activities.

Procedures
This investigator sponsored, single-centre, open-label, ran-
domized, three-period cross-over, euglycaemic clamp trial,
consisted of five visits: a screening visit (visit 1) to evaluate
the subject’s eligibility for participation in the trial, three
dosing days (visits 2–4), and a follow-up visit (visit 5).

There were three treatments: 1) inhaled insulin and no
exercise, 2) inhaled insulin and 30 min moderate exercise
starting immediately after dosing, and 3) inhaled insulin
and 30 min moderate exercise starting 30 min after dosing.
The time point immediately after dosing was chosen to
match previous studies with exercise [13], while 30 min
after dosing was chosen as the earliest clinically relevant
time of exercise after insulin inhalation. The three treat-
ments were given to all subjects on separate dosing days
in randomized order in accordance with a randomization
list prepared based on the six possible treatment combi-
nations as stated in the protocol. Each treatment sequence
was sealed until randomization.

The subjects attended each dosing day in the morning
in a fasting state, and received a dose of 3.5 mg (emitted
dose) inhaled human insulin (1500 U ml-1 insulin human
inhalation solution, Novo Nordisk A/S, Bagsvaerd,
Denmark) administered by a commercial nebulizer
(MedicAidpro-Jaeger Aerosol Provocation System (APS),
Viasys Healthcare GmbH, Wuerzburg, Germany). As there
was no access to a dedicated insulin inhaler, this nebulizer
system was chosen as the best available alternative. The
dose was delivered during 23 slow,deep breaths from t = 0,
and administered as calculated by the software (Jaeger
APS-Bronchial test V4.65b, Jaeger,Viasys Healthcare GmbH,
Wuerzburg, Germany). Nebulization time per breath was
1 s breath-1, and trigger volume for nebulization was
0.1 l breath-1. The same settings were used for all subjects.
Each subject was trained by administration of isotonic
saline solution.The volume median diameter (VMD) of the
aerosol was 4.4 mm with a span value of 1.6, measured
using a Malvern Insitec laser diffraction instrument
(Malvern/Insitec, California, USA).

Physical activity level was characterized at screening
using the International Physical Activity Questionnaire
(IPAQ) [19]. A cardiopulmonary exercise test was done at
screening to establish each subject’s maximal oxygen
uptake (VO2max). The initial workload was 20 W with 15 W
increments every minute until exhaustion. A constant
workload corresponding to 50% of maximal oxygen
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uptake (VO2max), i.e. moderate exercise [8], was used at the 2
dosing days with exercise,where ergometer exercise with a
pedal intensity of 60–80 min-1 was carried out for 30 min,
followed by a 2 min cool down period at 40 W. Just before
start of exercise and every 10 min thereafter, heart rate,
ventilation rate, tidal volume, minute ventilation and Borg
rating of relative perceived exertion (RPE) [20] were
recorded.

A hand or antecubital vein was cannulated and kept in
a thermo regulated box (approximately 50°C) for the sam-
pling of arterialized venous blood. An antecubital vein on
the contralateral arm was cannulated for the infusion of
glucose.

Arterialized venous blood samples for plasma glucose
measurements were obtained on average every 5–10 min
during the experiment, and plasma glucose was measured
in duplicate using the Beckman Glucose Analyser II
(Beckman Instruments, Fullerton, California, USA). Eugly-
caemia at 90 � 20 mg dl-1 (5.0 � 1.1 mmol l-1) was main-
tained by variable glucose infusion (Glucose 10%; Braun
Infusomat FM, Melsungen, Germany). Except for dosing
and exercise period, the subjects were in a supine position
during the dosing day.

Blood samples for serum insulin were drawn in inter-
vals of 5–60 min, while samples for serum C-peptide for
control of suppression of endogenous insulin were drawn
less frequently (at time points -10, 0, 30, 90, 120, 180, 240,
300, 360 and 600 min). Serum insulin was measured using
Ultrasensitive Insulin Enzyme-Linked Immunosorbent
Assay (ELISA) (Mercodia, Uppsala, Sweden; interassay CV
1.3–7.2%), while C-peptide was measured using Ultrasen-
sitive C-peptide ELISA (Mercodia, Uppsala, Sweden; inter-
assay CV 3.7–8.4%).

Safety assessments included adverse events, pulmo-
nary function tests, physical examination, electrocardio-
gram, vital signs and standard laboratory safety
parameters.

Statistical analysis
The sample size of 12 was based on ability to detect a 30%
treatment difference in area under the curve (AUC) for
serum insulin from 0 to 120 min (AUCins(0,120 min)) with a
two sided significance level of 0.05 and a power of 0.80.
The period of 2 h from start of exercise was chosen as a
period including 30 min exercise as well as a period after
exercise, where an effect of exercise could still be present.

AUCins(0,120 min) was calculated by means of the trap-
ezoidal rule, and was analyzed by an ANOVA, including treat-
ment as fixed effect, the subject as random effect and log-
transformed baseline insulin concentration as covariate.
Baseline insulin concentration was calculated as the
mean of the -10 and the 0 insulin concentrations.
AUCins(0,120 min) was transformed with the natural loga-
rithm prior to analysis.

The maximal insulin concentration, Cmax, was estimated
together with tmax, the corresponding time point. Initial rate

of increase was calculated as the slope of the best fitting
line from 0 to tmax. The terminal rate constant (lz) was esti-
mated by a log-linear regression on the terminal log-linear
part of insulin concentration time curve. Mean residence
time (MRT) was calculated as AUMC/AUC (AUC being the
area under the insulin curve from zero to infinity, and
AUMC being the corresponding area under the moment
curve). AUC and AUMC were calculated with standard
pharmacokinetic formulae. In order to allow a valid inter-
polation of the insulin profiles to infinity, insulin data used
for calculation of MRT and lz were corrected by subtract-
ing the lowest measured insulin value from all values.

The other endpoints, AUCins(30,150 min),
AUCins(0,360 min), AUCins(0,600 min), Cmax, tmax, initial rate of
increase, the terminal rate constant and MRT were ana-
lyzed similar to AUCins(0,120 min), but without baseline
insulin as covariate. All endpoints were calculated from
measured serum insulin, and except tmax and initial rate of
increase, all were transformed with the natural logarithm
prior to analysis.

As control for no systematic difference in endoge-
nous insulin contribution, mean concentration of C-
peptide from 30 to 200 min (C-peptide(30,200 min)) and
C-peptide(0,600 min) were calculated and analyzed
(natural logarithm transformed) in a ANOVA model with
treatment as fixed effect and subject as random. The
period of 30–200 min for mean C-peptide was chosen as
the period best representing insulin concentrations from 0
to 150 min, as the half-life of C-peptide is longer than that
of insulin [21, 22].

The pharmacodynamic endpoints, AUC for the glucose
infusion rate (GIR) from 0 to 120 min (AUCGIR(0,120 min)),
AUCGIR(30,150 min), AUCGIR (0,360 min) AUCGIR(0,600 min)
were calculated and analyzed similar to the corresponding
pharmacokinetic endpoints.

Individual GIR profiles were smoothed using a locally
weighted regression technique as implemented in SAS
proc LOESS. GIRmax and time to maximal glucose infusion
rate (tGIRmax) were calculated from smoothed GIR profiles as
the maximal GIR of the smoothed GIR profile and the cor-
responding time point, and analyzed similar to Cmax and
tmax.

Data from the IPAQ questionnaire were summarized
[23] in categories, and in MET-minutes (MET-min), where
MET-min is approximately equivalent to kilocalories for a
60 kg person.

A significance level of 0.05 was used throughout, and
all tests were made against no exercise treatment.

Results

Fifteen subjects were screened, and 12 subjects (five
women and seven men; all Caucasians), age 28.6 (range
22.7–36.4) years, and BMI 23.2 (range 20.0–28.0) kg m-2
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were randomized in the trial. All subjects completed the
trial and were included in the analyses.

The subjects were generally active with seven subjects
being in the IPAQ ‘Moderate’ activity category, and five
being IPAQ ‘High’ activity category, and with a relative
VO2max of 50 � 9 ml min-1 kg-1 and a total activity score of
2698 (659–11226) MET-min/week (median (minimum -
maximum)). The physiological response to exercise was
reproducible between the 2 exercise days (Table 1).

Pharmacokinetics
The mean insulin concentration profiles are shown in
Figure 1. The absorption of insulin for 2 h after the start of
exercise was increased compared with no exercise. Exer-
cise starting immediately after dosing resulted in a 16%
increase in AUCins(0,120 min) (P = 0.01), and exercise start-
ing 30 min after dosing resulted in a 20% increased in
AUCins(30,150 min) (P < 0.01) (Table 2, Figure 1). The overall
absorption from 0 to 360 or from 0 to 600 min was,
however, not significantly different after exercise (all
P > 0.30).

Exercise also led to an increased Cmax with a 32%
increase for exercise immediately after dosing (P < 0.01)
and a 35% increase for exercise 30 min after dosing
(P < 0.01), both compared with no exercise. For exercise
starting immediately after dosing tmax came 31 min earlier
than with no exercise (P < 0.01), whereas tmax was not sig-
nificantly different after exercise starting 30 min after
dosing (Table 2).

The initial appearance of insulin in serum was signifi-
cantly faster on the exercise days with the initial rate of
increase of serum concentration being significantly higher
for both exercise days compared with the day with no
exercise (P < 0.001 and P = 0.02) (Table 2).

There was no statistical significant effect of exercise on
lz (overall P = 0.68), nor on MRT (overall P = 0.15).

Inspection of the C-peptide profiles confirmed a
suppression of endogenous insulin after 30 min, and no
statistical significant differences in the mean C-peptide
concentrations between treatments were found

(C-peptide(30,200 min): overall P = 0.79; C-peptide
(0,600 min): overall P = 0.11).

Pharmacodynamics
Exercise increased the need for glucose during 2 h after
start of exercise; with 95% increased AUCGIR(0, 120 min) for
exercise starting immediately after dosing (ratio (95% CI)
1.95 (1.32, 2.87), P < 0.01), and 123% increased
AUCGIR(30,150 min) for exercise starting 30 min after
dosing (2.23 (1.44, 3.44), P < 0.001); both compared with no
exercise (Figure 2). The effect of exercise on the overall
need for glucose over 6 and 10 h did not reach statistical
significance for exercise starting immediately after
dosing (AUCGIR(0,360 min) 1.22 (0.73, 2.05), P = 0.43;
AUCGIR(0,600 min) 1.21 (0.71, 2.07), P = 0.47) or for exercise
starting 30 min after dosing (AUCGIR(0,360 min) (mean
(95% CI) 1.54 (0.92, 2.58), P = 0.10; AUCGIR(0,600 min): 1.53
(0.89, 2.61), P = 0.11); both compared with no exercise.

Table 1
Exercise summary

EX0
Before exercise During exercise

EX30
Before exercise During exercise

Work load (W) – 111 � 35 – 111 � 35
Heart rate (beats min-1) 87 � 20 129 � 8 86 � 15 127 � 8

Ventilation rate (min-1) 16 � 4 18 � 5 16 � 3 18 � 6
Tidal volume (l) 1.2 � 0.8 2.2 � 0.7 1.0 � 0.5 2.3 � 0.8

Minute ventilation (l min-1) 18 � 9 38 � 11 16 � 7 40 � 12
RPE (Borg scale) 6 (6–6) 11 (9–12) 6 (6–8) 11 (9–12)

Mean � SD for all except for RPE (median (min–max)). n = 12 for all. Before exercise is just before start of exercise. During exercise represents mean (median) values for the three
time points during the last 20 min of exercise. EX0, exercise starting immediately after dosing; EX30, exercise starting 30 min after dosing; RPE, relative perceived exertion.
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Figure 1
Mean serum insulin concentration curves (mean � SEM). Straight line, no
exercise (NOEX); Dotted line, exercise starting immediately after dosing
(EX0); Dashed line, exercise starting 30 min after dosing (EX30)
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However, as can be seen from the 95% CIs, a great variabil-
ity was observed for test estimates.

GIRmax was increased by 59% by exercise starting imme-
diately after dosing (1.59 (1.10, 2.31), P = 0.02) and by 93%
by exercise starting 30 min after dosing (1.93 (1.33, 2.80),
P < 0.01). The tGIRmax was lower with exercise; 66 min lower
for exercise starting immediately after (difference (95% CI),
-66, (-98, -35) min, P < 0.001), and 38 min lower for exer-
cise starting 30 min after dosing (-38 (-70, -7) min,
P = 0.02).

Safety
A total of 11 adverse events were observed in nine sub-
jects. All were mild, except for one headache that was

severe. No adverse events were judged related to inhaled
insulin,and there were no clinically relevant changes in any
safety parameter.

Discussion

This study investigated for the first time the effect of exer-
cise on the absorption of inhaled insulin in humans. A
significant and clinically relevant increase of insulin
absorption over the first 2 h after begin of exercise was
observed. If confirmed in people with diabetes this finding
may have important impact on the safety and treatment
guidelines of the use of inhaled insulin.

Exercise influenced the insulin profile primarily around
the period of exercise. Based on the insulin profiles, the
primary contribution to the absorption over the first 2 h
after start of exercise appears to come from the increased
plasma concentration reached during the 30 min exercise
period, indicating that an increased absorption is taking
place during exercise, and afterwards the effect decreases.
This would be in line with studies with DTPA showing an
immediate effect on clearance rate of DTPA upon change
of ventilation [24]. There is no indication that the overall
bioavailability was changed due to exercise.

Similar effects of exercise have been shown for other
inhaled drugs, such as terbutaline [13], nedocromil sodium
[14] and 99mTc-DTPA [11], indicating that the effect of exer-
cise on absorption is general for inhaled hydrophilic drugs.
The exercise induced deep ventilation with stretching of
the lung is considered the primary mechanism for the
increased absorption. The mechanism of this is not fully
understood, but stretching of the lung has been shown to
lead to more permeable transcellular pores [25], and
expansion of the surface by stretching of caveolae of the
capillary endothelium and type I cells might also contrib-

Table 2
Pharmacokinetic endpoints

NOEX EX0 EX30
Mean (95% CI) Mean (95% CI) Mean ratio (95% CI) P Mean (95% CI) Mean ratio (95% CI) P

AUCins(0,120 min)
(pmol l-1 min)

11 222 (9 116, 13 814) 13 046 (10 600, 16 055) 1.16 (1.04, 1.30) 0.0121 – – –

AUCins(30,150 min)
(pmol l-1 min)

11 757 (9 505, 14 544) – – – 14 069 (11 373, 17 401) 1.20 (1.05, 1.36) 0.0096

AUCins(0,360 min)
(pmol l-1 min)

25 594 (21 239, 30 841) 24 416 (20 265, 29 419) 0.95 (0.83, 1.09) 0.4756 27 076 (22 469, 32 627) 1.06 (0.92, 1.21) 0.3953

AUCins(0,600 min)
(pmol l-1 min)

31 473 (26 142, 37 892) 29 305 (24 341, 35 277) 0.93 (0.81, 1.07) 0.2983 32 177 (26 726, 38 739) 1.02 (0.89, 1.17) 0.7443

Cmax (pmol l-1) 128 (100, 164) 169 (131, 216) 1.32 (1.10, 1.58) 0.0043 173 (135, 222) 1.35 (1.13, 1.62) 0.0022
tmax (min) 67.1 (51.5, 82.7) 35.8 (20.2, 51.4) 31.3 (10.9, 51.6)a 0.0042 59.2 (43.6, 74.8) 7.9 (-12.4, 28.2)a 0.4279

Initial rate of increase
(pmol l-1 min-1)

1.30 (0.85, 1.99) 3.26 (2.13, 5.00) 2.50 (1.62, 3.85) 0.0002 2.24 (1.46, 3.43) 1.72 (1.11, 2.64) 0.0166

All means are geometric means (exp(Least Squares Means)) based on ANOVA model, except for tmax, which is Least Squares Means. n = 12 for all. All tests are against no exercise.
NOEX, no exercise; EX0, exercise starting immediately after dosing; EX30, exercise starting 30 min after dosing. aFor tmax based on mean difference.
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Figure 2
Mean glucose infusion rate curves (smoothed means). Straight line, no
exercise (NOEX); Dotted line, exercise starting immediately after dosing
(EX0); Dashed line, exercise starting 30 min after dosing (EX30)
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ute [26]. Although the lungs have a high blood flow in
resting state, and solute absorption is not flow-dependent
to an appreciable extent [27–29], a minimal influence of
exercise induced increase in perfusion cannot be ruled out.

The response to exercise is very individual, which is also
reflected in the variability of the pharmacodynamic results.
Generally, people with diabetes are advised to reduce the
meal related insulin dose and/or increase carbohydrate
intake in connection with exercise, but each person has to
find his/her individual response to exercise [30]. Increased
absorption rates of insulin due to exercise is also seen in
connection with s.c. insulin administered in the thigh
[31–33] but not in the abdomen [32]. Even without exer-
cise, the intrasubject variability of s.c. insulin is around
20–25% [34]. Thus any factor that will further increase this
variability should be eliminated where possible. Thus, in
order to remove one source of variation in connection with
exercise, people with diabetes are advised to use the
abdomen as injection site [32]. Change of administration
site is however, not possible for inhaled insulin, and if con-
firmed, the results from this study indicate that patients
using inhaled human insulin and exercising early after
dosing can expect an increased absorption and higher
concentration of insulin during the first 2 h after start of
exercise, but not over 6 or 10 h. Further, it should be noted
that time of exercise, especially very soon after inhaling
insulin, might influence the time of insulin peak concentra-
tion, but if the patient is aware of this, adjustment of insulin
dose and/or carbohydrate intake, to account for this effect,
would be possible.

After this first trial investigating the effect of exercise
on inhaled insulin, there are more clinical questions that
need to be answered. Firstly, this study only investigated
the effect of moderate exercise, as this was evaluated to be
the most relevant for the general population. However, it
can be assumed that more intensive or longer exercise
might further augment the effect of exercise. Secondly, it
cannot be judged from this study what happens if patients
exercise later after dosing. Thirdly, a direct comparison to
s.c. insulin would be advantageous to compare dosing rec-
ommendations. Fourthly, the effects of exercise on absorp-
tion of inhaled insulin should preferably be investigated in
people with diabetes, knowing that this population has a
different exercise response than healthy subjects [35], and
possibly a different lung diffusion response to exercise
[36]. Finally, although the effect of exercise on absorption
of inhaled hydrophilic substances seems to be general,and
the nebulizer system was chosen as the best representa-
tive system, the functionality is different from a handheld
inhaler, and it cannot be ruled out that the response will be
different with different inhalers.Thus, the effect of exercise
should be investigated with the insulin inhaler in question.

In summary, the present study has shown that moder-
ate exercise starting immediately or 30 min after dosing
leads to increased absorption over the first 2 h after start of
exercise, with increased maximal insulin concentration, but

unchanged overall absorption, thereby indicating that
people with diabetes using inhaled insulin, and exercising
shortly after inhaling, might expect an enhanced effect of
the insulin. Further studies in patients with diabetes with
the different insulin inhalers, and possibly also at other
time points after dosing are required. Until results from
such studies exist, health care professionals and patients
using inhaled insulin should be aware of a potential
increased absorption and higher blood concentration of
insulin in connection to exercise.

The authors are grateful to Device Chemistry & Biology, Novo
Nordisk A/S for aerosol characterization. The study was part
of a PhD program supported by Ministry of Science Technol-
ogy and Innovation, Denmark, as well as Novo Nordisk A/S,
Denmark.
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