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Background: Slow insulin absorption prevents the development of a fully automated artificial pancreas 

with subcutaneous insulin delivery. 

Objective: We have hypothesized that glucagon could be used as a vasodilator to accelerate insulin ab- 

sorption in a bihormonal subcutaneous artificial pancreas. The present proof-of-concept study is the first 

study to investigate the pharmacokinetics of insulin after subcutaneous administration of a low dose of 

glucagon at the site of subcutaneous insulin injection. 

Methods: Twelve anesthetized pigs were randomized to receive a subcutaneous injection of 10 IU insulin 

aspart with either 100 μg glucagon or the equivalent volume of placebo (0.9% saline solution) injected 

at the same site. Arterial samples were collected for 180 minutes to determine insulin, glucagon, and 

glucose concentrations. 

Results: Glucagon did not influence the insulin concentration Tmax in plasma. The plasma insulin AUC0–∞ 

was significantly larger after glucagon administration ( P < 0.01). The glucagon group had significantly 

higher glucose concentrations in the first 30 minutes after insulin administration ( P < 0.05). 

Conclusions: This proof-of-concept study indicates that glucagon may increase the total absorption of 

a single dose of subcutaneously injected insulin. This is a novel observation. However, we did not ob- 

serve any reduction in insulin concentration Tmax , as we had hypothesized. Further, glucagon induced a 

significant, undesirable increase in early blood glucose concentrations. 

© 2024 Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction 

A subcutaneous artificial pancreas; that is, a device that auto- 

atically calculates and delivers subcutaneous insulin doses based 

n continuous feedback from a subcutaneous glucose sensor, is a 

romising new treatment option for patients with diabetes melli- 

us type 1 (DM1). Both unihormonal devices, administering only 

nsulin, and bihormonal devices, administering both insulin and 

lucagon, have been developed. 1 However, only unihormonal, hy- 

rid devices that require meal announcements from the user are 

ommercially available. 2 Developing a fully automated subcuta- 

eous artificial pancreas is difficult because the device struggles 
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ith inherent delays, particularly in relation to meals. The major 

imiting factor is the slow absorption of insulin from subcutaneous 

issue resulting in delayed effects on glucose metabolism. 3 Our re- 

earch group (Artificial Pancreas Trondheim) has hypothesized us- 

ng microdoses of glucagon with meal boluses of insulin in subcu- 

aneous artificial pancreas devices to accelerate insulin absorption 

nd conventionally sized doses to treat hypoglycemia. 4 We have 

hown that small doses of glucagon (10 and 100 μg) may cause 

 substantial increase in local subcutaneous blood flow in healthy 

dults. 5 We hypothesized that this effect could be utilized to accel- 

rate insulin absorption in bihormonal subcutaneous artificial pan- 

reata if the tubes delivering insulin and glucagon end at the same 

ubcutaneous site. 4 , 6 

To substantiate our hypothesis, we performed a proof-of- 

oncept study in anesthetized pigs to investigate possible differ- 

nces in insulin pharmacokinetics following subcutaneous admin- 

stration of insulin aspart with either glucagon or placebo. The 
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rimary aim was to investigate the Tmax insulin concentration 

n plasma. Cmax insulin concentration in plasma, T1/2 insulin in 

lasma, AUC0–t plasma insulin concentration, AUC0–∞ 

, plasma in- 

ulin concentration, and effects on glucose metabolism were also 

nalyzed. 

ethods 

thics approval and study design 

The study was preapproved by the Norwegian Food Safety Au- 

horities (FOTS No. 29687), and it complied with the Norwegian 

egulation on the Use of Animals in Research and the 2010/63 EU 

irective on the Protection of Animals Used for Scientific Purposes. 

We conducted an open, randomized, placebo-controlled study 

n anesthetized pigs during August 2022. To detect at least 10 min- 

tes’ difference in Tmax with a power of 80% and an alpha value of 

.05, we included 6 Norwegian domestic pigs ( Sus scrofa domesti- 

us ) in each group. 

nimals and animal handling 

All pigs were acquired from the same local supplier at age ap- 

roximately 12 weeks. Sex was not known before randomization. 

ix males were included in the glucagon group, whereas 2 males 

nd 4 females were included in the placebo group. The mean (SD) 

eight was 42 (7) kg in the glucagon group and 44 (8) kg in the 

lacebo group. 

The animals were monitored continuously during the experi- 

ents. All surgical procedures, drug administrations (other than 

remedication/light sedation), and blood samplings were per- 

ormed under general anesthesia. 

tudy procedure 

remedication and anesthesia 

The pigs were premedicated with an intramuscular injection of 

0 mg/kg Azaperone (Separon vet.; Salfarm Scandinavia AS, Oslo, 

orway) and 10 mg/kg Ketamine (Ketalar; Pfizer AS, Oslo, Nor- 

ay), and an intravenous infusion of 1 mg atropine (Takeda AS, 

sker, Norway). Anesthesia was induced by an intravenous infu- 

ion of 150 to 250 μg fentanyl (Actavis Group, Hafnarfjör ður, Ice- 

and), 75 to 125 mg thiopental (VUAB Pharma AS, Roztoky, Czech 

epublic), and 150 to 250 mg ketamine before intubation. Anes- 

hesia was maintained by continuous intravenous infusion of 0.5 

g/kg/h midazolam (Accord Healthcare Limited, Middlesex, United 

ingdom) and 7.5 μg/kg/h fentanyl, with continuous inhalation of 

.5% to 2% isoflurane (Baxter AS, Oslo, Norway). An intravenous in- 

usion of 2 g Cephalothin (Cefalotin Navamedic; Navamedic ASA, 

slo, Norway) was given as antibiotic prophylaxis immediately af- 

er establishing anesthesia and repeated every third hour. The pigs 

ere humanely killed whilst under general anesthesia at the end 

f the study day with an intravenous infusion of 100 mg/kg phe- 

obarbital (NAF; Apotek, Lørenskog, Norway). 

uppression of endogenous glucagon and insulin secretion 

To suppress endogenous glucagon and insulin secretion, the 

igs received an initial intravenous bolus of 5 μg/kg octreotide 

Sandostatin; Novartis Europharm Limited, United Kingdom) 1 

our before the study intervention, immediately followed by con- 

inuous intravenous infusion of 5 μg/kg/h octreotide throughout 

he study day. The concentration of porcine insulin was measured 

very hour to monitor the level of suppression of endogenous in- 
ulin secretion. T

2

nsulin infusion 

The blood glucose concentration was titrated to a target con- 

entration of approximately 10 mmol/L by adjusting the intra- 

enous infusion rate of a 20% glucose solution (Glucos B. Braun; B. 

raun Melsungen AG, Germany) before insulin infusion. After this, 

he glucose infusion rate was kept stable to monitor the effects on 

lucose metabolism. However, the infusion rate was increased if 

he arterial glucose concentration fell below 2.8 mmol/L. 

Each pig received 1 bolus of 10 IU (0.1 mL) insulin aspart (Novo- 

apid; Novo Nordisk AS, Denmark) together with either 100 μg 

0.1 mL) glucagon reconstituted in sterile water (Novo Nordisk A/S, 

enmark) or the equivalent volume of 0.9% saline solution (Natri- 

mklorid B. Braun; B. Braun Melsungen AG). 

Insulin and glucagon/placebo were administered via separate 

ubes by a Chemyx Fusion 100 syringe pump to the subcutaneous 

dipose tissue behind the left ear. Both infusions were delivered 

imultaneously over 60 seconds (from time 0 to time 1 minute). 

n insertion guide was used to ensure that the infusions were de- 

osited at the exact same place, with a needle depth of 9 mm 

 Figure 1 ). 

lood sampling 

Arterial blood samples were drawn at 0, 10, 20, 30, 40, 50, 60, 

0, 80, 90, 120, 150, and 180 minutes after insulin administra- 

ion. Glucose and insulin were analyzed at all time points, whereas 

lucagon was analyzed at 0, 10, 20, 30, 60, 120, and 180 minutes 

nd porcine insulin at 0, 60, 120, and 180 minutes. The observa- 

ion time was set to 180 minutes to cover the most important part 

f the postprandial period and ensure observation for minimum 2 

xpected half-lives of insulin aspart. 7 

ample handling and analysis 

Arterial blood glucose concentrations were analyzed in dupli- 

ate immediately after collection on a Radiometer ABL 800 FLEX 

lood gas analyzer. Both the intra-assay and the interassay coeffi- 

ient of variation was < 5%. 

Insulin concentrations were measured using Iso-Insulin ELISA 

its (Mercodia, Uppsala, Sweden), glucagon concentrations were 

easured using Glucagon ELISA kits (Mercodia), and porcine in- 

ulin concentrations were measured using Porcine Insulin ELISA 

its (Mercodia). All samples were run in duplicate and performed 

n the same setup by the same engineer. The intra-assay and the 

nterassay variation was < 10% for glucagon and porcine insulin, 

nd < 5% for iso-insulin. 

ata analysis 

harmacokinetic analysis 

Cmax and Tmax were obtained directly from the measured in- 

ulin concentrations in plasma. T1/2 and AUC0–last were estimated 

sing Simbiology in MATLAB version R2020B (MathWorks, Natick, 

assachusetts). The terminal rate constant ( λz ), describing the de- 

rease of the log-concentration of insulin, was calculated by apply- 

ng a best-fit linear regression to the terminal portion of the curve. 

1/2 was calculated as ln 2 
(λz ) 

. AUC0–t was calculated by using the lin- 

ar trapezoidal method. AUC0–∞ 

was calculated as AUC0–t plus 
Clast 
λz 

, 

here Clast represents the last measured insulin concentration. 

tatistical Analysis 

Statistical analyses were performed using GraphPad Prism ver- 

ion 9 (GraphPad Inc, La Jolla, California). The distribution of glu- 

ose data was assessed using the D’Agostino-Pearson omnibus test 

nd the Anderson-Darling normality test. 

Medians, means and SD of Tmax , Cmax , AUC0–last , AUC0–∞ 

, and 

1/2 of insulin were calculated. Possible differences in Tmax , Cmax , 
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Fig. 1. Photo showing subcutaneous drug infusion on the neck of a pig. The insulin and glucagon/placebo infusions were delivered using an insertion guide (blue octagon). 
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UC0–last , AUC0–∞ , and T1/2 between the 2 groups were examined 

sing the Mann-Whitney U test. Medians and means (SD) of Tmax 

nd T1/2 of glucagon were calculated in the glucagon group. 

Differences in glucose concentration over time between the 2 

roups were analyzed using a mixed-effects analysis with time and 

reatment as fixed effects and the subject number as a random ef- 

ect. Correction for multiple analyses was performed using Šídák’s 

ultiple comparison test. 

esults 

xclusions 

One pig that had been randomized to the placebo group was 

xcluded from all pharmacokinetic and pharmacodynamic analy- 

es because the infusions had been delivered intramuscularly. This 

as established through the injection of methylene blue dye after 

he pig was humanely killed, which was performed after all exper- 

ments to confirm drug deposition site ( Figure 2 ). 

uppression of endogenous insulin secretion 

The octreotide infusion did not fully supress endogenous insulin 

ecretion. At time 0 (start of insulin infusion), porcine insulin was 

elow the quantification cutoff of 2.3 mU/L in only 4 out of 12 

igs. The mean (SD) porcine insulin concentration in plasma was 

.5 (2.8) mU/L in the remaining 8 pigs. 

Over the total duration of the experiments, porcine insulin was 

elow the quantification cutoff limit in 34 of 48 samples (17 of 24 

amples in both groups). In the remaining samples, the mean (SD) 

orcine insulin concentration was 6.8 (1.6) mU/L in the placebo 

roup and 11.5 (7.4) in the glucagon group. 

harmacokinetic parameters of insulin 

Pharmacokinetic findings are summarized in the Table . Mean 

nsulin concentrations over time are presented in Figure 3 . The to- 

al insulin concentrations and porcine insulin concentrations over 
3

ime for each individual pig in the glucagon and placebo group are 

resented in Figure 4 and Figure 5 , respectively. 

There was no significant difference between the groups when 

omparing Tmax , Cmax , T1/2 , or AUC0–t between the 2 groups ( P > 

.05 for all comparisons). 

AUC0–∞ 

was significantly larger in the glucagon group ( P < 

.01). The difference remained significant also after subtracting the 

UC of porcine insulin from the total insulin data ( P < 0.01). Me- 

ian AUC0–∞ 

was 8419 mU/L/min in the glucagon group and 6211 

U/L/min in the placebo group, whereas mean (SD) AUC0–∞ 

was 

342 (961) and 6001 (689) mU/L/min in the 2 groups, respectively. 

harmacokinetic parameters of glucagon 

Endogenous glucagon secretion was efficiently supressed by oc- 

reotide because the plasma glucagon concentration was below the 

uantification cutoff limit of 2.18 pmol/L at time 0 in all included 

igs except 1 in the placebo group. In total, the plasma glucagon 

oncentration was below 2.18 pmol/L in 39 of 42 samples from 

he placebo group. In the remaining 3 samples (originating from 2 

igs) the mean (SD) glucagon concentration was 4.0 (1.5) pmol/L. 

In the glucagon group, median Tmax of glucagon was 15 min- 

tes, and mean (SD) Tmax was 15 (5.5) minutes. Median Cmax 

f glucagon was 108 pmol/L and mean (SD) Cmax was 107 (49) 

mol/L. Median T1/2 of glucagon was 18 minutes and mean T1/2 

SD) was 22 (9) minutes. 

harmacodynamic parameters 

The analysis is based on the first 90 minutes of observation af- 

er the intervention because 6 pigs needed increased glucose infu- 

ions between 90 and 120 minutes because their arterial glucose 

oncentration fell below 2.8 mmol/L. The mean change in blood 

lucose concentrations for both groups are presented in Figure 6 . 

The mean (SD) blood glucose concentration at baseline was 10.2 

0.3) mmol/L for the glucagon group and 10.2 (0.4) mmol/L for the 

lacebo group. The glucose concentrations were corrected for base- 

ine concentration and log-transformed to achieve normal distribu- 

ion before analysis. The glucagon group had significantly higher 
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Fig 2. Photo of skin incision after injection of methylene blue dye. Tissue deposition was investigated by injecting methylene blue dye after the pigs were humanely killed 

at the end of all experiments. Figure 2 illustrates unintended intramuscular injection in 1 of the placebo-treated pigs. 

Fig 3. Mean (SD) insulin concentrations in arterial plasma over time in both study groups. 

Table 

Pharmacokinetic parameters of insulin. 

Pharmacokinetic parameter ∗ Glucagon group Placebo group 

Tmax , min 37 (10) 28 (18) 

Cmax , pmol/L 76 (42) 55 (16) 

T1/2 , min 95 (39) 84 (27) 

AUC0–t , mU/L/min 6181 (1618) 4530 (691) 

AUC0–∞ , mU/L/min 8342 (961) 6001 (689) 

AUC0–∞ mU/L/min with AUC of porcine insulin subtracted 7908 (1159) 5372 (994) 

∗ Values are presented as mean (SD). 

4
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Fig 4. Total insulin concentrations in arterial plasma and porcine insulin concentrations in plasma in the glucagon group over time for all pigs. 

Fig 5. Total insulin concentrations in arterial plasma and porcine insulin concentrations in plasma in the placebo group over time for all pigs. 

5
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Fig 6. Change in mean arterial glucose concentration (with 95% CI error bars) over time in both study groups. 
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ean blood glucose concentrations than the placebo group at 10, 

0, and 30 minutes after subcutaneous insulin administration ( P < 

.05). 

iscussion 

This proof-of-concept study does not support our hypothesis 

hat simultaneous glucagon and insulin administration shortens 

he absorption phase of insulin. However, the calculated total ab- 

orption of a single dose of insulin was significantly increased. 

lucagon also caused a significant hyperglycemic effect the first 30 

inutes after administration. 

Subcutaneous absorption of insulin is positively correlated to 

ocal subcutaneous blood flow, and we believe that glucagon im- 

roves total insulin absorption through local vasodilation. 8 , 9 In 

 previous human trial, we found that injection of 10 and 100 

g glucagon caused a substantial increase in local subcutaneous 

lood flow after subcutaneous injection on the abdomen of healthy 

dults, evaluated with laser Doppler technology. For the 100 μg 

ose, median blood flow was increased by 250%, 5 whereas the 10 

g dose increased median blood flow by 145% (personal communi- 

ation with M. K. Åm, by email to I. A. T. on October 11, 2022). 

A logical objection to using glucagon to enhance insulin ab- 

orption is that glucagon antagonises the insulin effect on glu- 

ose metabolism and increases blood glucose concentrations. This 

s clearly demonstrated in the present study because blood glucose 

oncentrations were significantly higher in the glucagon-treated 

roup compared with the placebo group the first 30 minutes af- 

er insulin infusion. 

Increasing postprandial hyperglycemia is highly undesirable and 

ould contraindicate using glucagon to promote insulin absorption 

n a subcutaneous artificial pancreas. However, this could likely be 

voided by using lower doses of glucagon with less potential to 

ause hyperglycemic effects. Studies into whether or not the local 

ubcutaneous vasodilatory effects of glucagon are dose-dependent 

nd at which threshold they occur should therefore be performed 

efore investigating it as a method for accelerating insulin absorp- 

ion in human beings. 

There is cumulative evidence in the literature indicating that 

lucagon is released in relation to meals in patients with DM1. This 

ffect is not present when an equal amount of glucose is given 

ntravenously. 10–14 The secretion of glucagon increases within min- 

tes after oral consumption of glucose or food. Glucagon from both 

he pancreas and the intestines is drained via the branches of the 

ortal circulation to the liver. The liver is the main target organ 
6

or glucagon. It is therefore not surprising that there seems to be a 

onsiderable first-pass metabolism of glucagon in the liver; that is, 

hat a large proportion of glucagon is extracted (and utilized) upon 

assing the liver and that only a small fraction reaches systemic 

irculation. 15 If this first-pass effect is saturable, as we have pre- 

iously hypothesized, 16 microdoses of glucagon administered with 

ealtime insulin are probably less likely to cause postprandial glu- 

ose excursions because the liver will already be saturated with 

lucagon. This would have to be investigated in patients with DM1. 

The values of Tmax and T1/2 of glucagon were comparable to 

bservations in a previous pig study we have performed that in- 

estigated glucagon pharmacokinetics. 15 As such, the absorption 

nd elimination time of glucagon did not seem to be influenced 

y insulin being deposited at the same subcutaneous site. No lo- 

al adverse reactions on the skin were observed during the insulin 

nd glucagon infusions. The volume of the saline and glucagon so- 

utions that were injected in parallel with insulin in the present 

tudy was equal. Glucagon is stored as a compact, dry powder with 

actose monohydrate, sodium hydroxide, and hydrochloric acid. It 

as dissolved in sterile water upon reconstitution. None of the ex- 

ipients are known to interact with insulin aspart. 

trengths and limitations 

A strength of the present study is that we used saline placebo 

njections. By this procedure we eliminated the possible volume 

ffect at the site of subcutaneous insulin injection. The volume of 

he insulin injection was 0.1 mL and by adding 0.1 mL glucagon so- 

ution at the exact same site a dilution of the insulin solution may 

ave influenced on the distribution of insulin aggregates between 

onomers and dimers that can be absorbed, and larger aggregates 

hat cannot be absorbed. By using the same volume of saline as 

lacebo, this possible volume effect on insulin aggregates, and thus 

n insulin absorption, was eliminated. However, the constituents 

f the 2 solutions differ, which might have influenced on the lo- 

al subcutaneous degradation of insulin or the local subcutaneous 

istribution of insulin aggregates, and thereby also the insulin ab- 

orption. 

A major limitation of this study is that the pigs were anes- 

hetized, which disturbs many physiological processes and induces 

hanges in circulation and metabolism. 17 Theoretically, anesthetic 

rugs and general anesthesia may also lead to alterations in the 

harmacokinetics and pharmacodynamics of insulin. Experiments 

n awake pigs would have provided more reliable data. However, 

e considered it unethical not to anesthetize the pigs because the 
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1
1

1

1

xperiments required precise subcutaneous drug administrations 

nd frequent blood samplings. This would have exposed the pigs 

o unacceptable stress, fear, and pain if they were not anesthetized. 

uch stress and pain could have induced major physiological reac- 

ions, possibly of the same magnitude as anesthesia. We would like 

o point out that by any effect of anesthesia would likely be equal 

etween the study groups. 

Another important limitation is that we did not achieve full 

uppression of endogenous insulin secretion. We followed a proto- 

ol that provided adequate suppression in a previous pig study. 17 

owever, in the former study, we did not induce as high blood 

lucose concentrations as in the present, which likely stimulated 

ndogenous insulin secretion. Endogenous insulin concentrations 

ere slightly higher in the glucagon-treated pigs, probably because 

f the higher blood glucose concentrations in this group. However, 

he difference in AUC0–∞ 

of insulin remained significant also after 

ubtracting AUC0–∞ 

of porcine insulin from the data. Still, it should 

e emphasized that the primary outcome of the study, faster in- 

ulin absorption, was negative and that larger AUC0–∞ 

was among 

everal secondary outcomes of the study. The results should be in- 

erpreted cautiously because contribution from endogenous insulin 

annot be ruled out. 

This study had a very small sample size, with only 6 pigs in 

ach study group. One pig in the placebo group had to be ex- 

luded from the analyses because of unintended intramuscular ad- 

inistration of insulin, which further reduced the power of the 

tudy. The small sample size opens the possibility that coincidence 

nd outliers might significantly influence the results. More exten- 

ive and robustly designed studies into the vasoactive effects of 

lucagon and glucagon analogues and the potential for enhanced 

nsulin absorption are warranted. 

onclusions 

This proof-of-concept study does not support our previously 

ublished hypothesis that same-site subcutaneous administration 

f glucagon and insulin accelerates the absorption of insulin. How- 

ver, we observed that glucagon increases the total amount of in- 

ulin absorbed after a single subcutaneous dose, which we believe 

s due to local glucagon-mediated vasodilation. This is a novel ob- 

ervation that provides the first indication that glucagon may act 

s a vasodilator and possibly enhance the absorption of subcuta- 

eously injected insulin. If confirmed, this effect could be utilized 

n artificial pancreas devices. Further experiments are needed to 

dentify the minimal effective dose of glucagon. Clinical studies in 

atients with DM1 should also be performed to study this promis- 

ng new use of micro-doses of glucagon. 
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