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Abstract

Background and Objective Artificial pancreases administering low-dose glucagon in addition to insulin have the scope to
improve glucose control in patients with diabetes mellitus type 1. If such a device were to deliver both hormones intraperi-
toneally, it would mimic normal physiology, which may be beneficial. However, the pharmacokinetic properties of glucagon
after intraperitoneal administration are not well known. Hence, the current study aims to evaluate the relationship between
the amount of intraperitoneally delivered glucagon and pharmacokinetic variables in a pig model.

Methods Pharmacokinetic data was retrieved from experiments on 19 anaesthetised pigs and analysed post hoc. The animals
received a single intraperitoneal bolus of glucagon ranging from 0.30 to 4.46 pg/kg. Plasma glucagon was measured every
2-10 min for 50 min.

Results Peak plasma concentration and area under the time—plasma concentration curve of glucagon correlated positively
with the administered dose, and larger boluses provided a relatively greater increase. The mean (standard deviation) time to
maximum glucagon concentration in plasma was 11 (5) min, and the mean elimination half-life of glucagon in plasma was
19 (7) min.

Conclusions Maximum plasma concentration and area under the time—plasma concentration curve of glucagon increase
nonlinearly in relation to the intraperitoneally administered glucagon dose. We hypothesise that the results are compatible
with a satiable first-pass metabolism in the liver. Time to maximum glucagon concentration in plasma and the elimination
half-life of glucagon in plasma seem independent of the drug dose.

. 1 Introduction
Key Points

e ftimpertimne dliveny, e e o peak @b Glucagon is secreted by the alpha cells of the pancreatic

concentration and the elimination half-life of glucagon islets ,Of La'lngerhans and gluc'a £On-po 51t1Ye cells " the
. gastrointestinal tract [1]. Its main physiological effect is to
are dose-independent.

stimulate hepatic glucose output in order to maintain eug-
lycaemia [2, 3]. In individuals with diabetes mellitus type 1
(DM1), the alpha cells’ responsiveness to declining blood
glucose concentrations is usually diminished. Consequently,
they are susceptible to hypoglycaemia [4—6], which con-
stitutes an important factor hampering optimal glycaemic
control in insulin-treated patients with DM1 [5, 7].
Exogenous glucagon exerts the same pharmacodynamic
04 Ingrid Anna Teigen effects as endogenous glucagon [8, 9], and rescue kits with
ingrid.a.teigen@ntnu.no high doses of glucagon, usually 1 mg, for intravenous, intra-
muscular or subcutaneous injection are commercially avail-
able and have been used for decades [10]. Lately, studies

Peak plasma concentration and area under the time—
plasma concentration curve of glucagon increase with
increasing intraperitoneal doses of glucagon. The
relationship is nonlinear, which could indicate a satiable
first-pass metabolism of glucagon in the liver.
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Likewise, there is some evidence to support that the addition
of glucagon leads to improved glucose control when utilised
in SC bihormonal artificial pancreases, i.e. devices that both
continuously monitor glucose levels and deliver insulin and
glucagon subcutaneously [14-17].

Both insulin and glucagon are normally drained through
the portal vein system after secretion from the pancreas.
Thus, they reach the liver, a major site of action for both,
before systemic circulation. An artificial pancreas delivering
these hormones intraperitoneally (IP) could mimic normal
physiology, as drugs administered IP are predominantly
absorbed by the mesenteric vessels that empty in the por-
tal vein [7, 18]. Insulin pumps with IP delivery have been
tested on humans with some success [19, 20]. In contrast, the
effects of IP-administered glucagon have only been studied
in a few animal trials [21-24]. In a previous study on rats,
our research group observed accelerated onset of action of
glucagon after IP compared to subcutaneous (SC) admin-
istration [22]. In another study on pigs, we demonstrated
superior glucose response after IP delivery compared to SC
administration [21]. However, both of these studies focussed
on the pharmacodynamics of IP glucagon. The pharmacoki-
netics of glucagon were not properly investigated.

A thorough knowledge of the pharmacokinetics of IP-
delivered glucagon is essential for tailoring bolus sizes and
administration intervals, and for designing control algo-
rithms predicting the effects of glucagon on glucose levels
in an IP bihormonal artificial pancreas. This knowledge is
currently missing. Hence, the present study aims to deter-
mine the possible relationship between the size of a single
IP-administered glucagon bolus and the following variables:

I. The maximum glucagon concentration achieved in
plasma (C,,,,)-
II. The total drug exposure, as measured by area under
the plasma glucagon time-concentration curve from
0 to the last measured time point (AUC_,.)
III. The time it takes to reach maximum plasma concen-
tration of glucagon (7,,,,).
IV. The elimination half-life of glucagon in plasma (7))
after peak plasma concentration is reached.

2 Methods
2.1 Data Collection

Data for this study were retrieved from four series of experi-
ments conducted by our research group (Artificial Pancreas
Trondheim, APT) between 12 April 2018 and 16 January
2020 [21]. In some experiments, the doses were fixed at
12, 50, 75 or 150 pg rather than based on weight. Thus, the
total amount of glucagon delivered per kg bodyweight varied
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considerably. Pharmacokinetic parameters were not included
in the original protocols, and, as such, were analysed post
hoc. Some of the included pigs had received small doses
of insulin prior to their glucagon bolus. Insulin, in contrast
to glucagon, lowers blood glucose, and, as such, pharma-
codynamic aspects could not be reliably assessed [9]. We
have not found evidence of any pharmacokinetic drug—drug
interactions between insulin and glucagon.

2.2 Animals and Animal Handling

In total, 19 pigs (8 males, 11 females) were included. Mean
(SD) weight was 42.7 (5.3) kg. All the pigs were acquired
from the same local supplier at around 12 weeks of age and
brought to the research facility approximately 1 week in
advance of the experiment to be acclimatised to the sur-
roundings. They were fed commercial compound feed twice
a day and provided with water without restriction. Food was
removed in the evening approximately 10 h before the start
of the experiments.

2.3 Experiment Protocols
2.3.1 Premedication and Anaesthesia

The pigs were premedicated before intubation with an intra-
muscular injection of either diazepam (Stesolid®; Actavis
Group, Hafnarfjordur, Iceland) + azaperone (Stresni1®; Eli
Lilly Regional Operations, Austria) 4+ ketamine (Ketalar®;
Pfizer, Norway), xylazine (Xysol®; CP-Pharma Handelsges,
Germany) + ketamine or midazolam (Accord Healthcare,
Harrow, UK) + ketamine. Anaesthesia was induced by an
intravenous (IV) infusion of fentanyl (Actavis Group) +
thiopental (VUAB Pharma, Roztoky, Czech Republic) and
maintained by continuous IV infusion of midazolam + fen-
tanyl and inhalation of isoflurane (Baxter, Oslo, Norway).
Intubation was eased by an IV infusion of atropine (Takeda,
Asker, Norway). The pigs received an IV infusion of the
antibiotic cephalothin (Villerton Invest, Luxembourg) after
anaesthesia was established. They were euthanised while
still under anaesthesia at the end of the study day with an
IV infusion of phenobarbital (NAF; Apotek, Lgrenskog,
Norway).

2.3.2 Suppression of Endogenous Glucagon Secretion

The effectiveness of somatostatin analogue treatment (SAT)
has been evaluated in a previously published study by our
research group [21]. The pigs were given SAT through either
an IV infusion of 0.4 mg octreotide (Sandostatin®; Novartis
Europharm, UK) every hour or a continuous IV infusion
of 150 pg octreotide per hour to suppress their endogenous
glucagon secretion. In addition, the first seven pigs received
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a subcutaneous injection of 0.3 mg pasireotide (Signifor®;
Novartis Europharm) every third hour. The protocol was
changed for later experiments due to a lack of support for
an additional benefit of pasireotide.

The effectiveness of SAT in the present study was
assessed by comparing the mean plasma glucagon concen-
tration in two consecutive samples drawn before initiation
of SAT with the mean of the last two quantifiable glucagon
concentrations measured after SAT and before administra-
tion of exogenous glucagon. For one pig (pig 14), only one
sample had been drawn before initiation of SAT, and, in
this case, the single, known value was used. The overall
mean (SD) plasma glucagon concentration before SAT was
6.3 (3.3) pmol/L, whereas the mean (SD) before glucagon
administration was 4.3 (4.3).

2.3.3 Glucagon Delivery and Blood Sampling

Freshly constituted glucagon (Novo Nordisk, Denmark) was
stored at room temperature and delivered via a pump to the
peritoneal cavity. The administered IP dose varied between
0.30 and 4.46 pg/kg and was followed by arterial blood sam-
pling every 2—10 min for 50 min. However, for one pig (pig
8), no sample was drawn at 50 min. The last sample used in
the analyses for this pig was drawn at 46 min. The samples
were stored in ice water for 10 min before centrifugation.
Plasma was then transferred to Eppendorf tubes and stored
at — 18 °C until the end of the experiment day. Afterwards,
the tubes were kept at — 80 °C until analysis. Glucagon was
analysed in singles with Glucagon ELISA kits (10-1281-01;
Mercodia, Uppsala, Sweden). The inter-assay coefficient of
variation was 9-27%.

2.4 Data Analysis
2.4.1 Pharmacokinetic Analysis

The reported concentrations are not baseline corrected, as
the baseline concentration of glucagon was missing or not
quantifiable in six pigs. C,,,, and T,,,, were obtained directly
from the measured values. 7,, and AUC,_,, were estimated
using the programme package Simbiology in MATLAB
v.R2020B [25]. To calculate AUC ,,, the linear trapezoid
method was used. For the six pigs where the baseline con-
centration was unobtainable, the average baseline value from
the other 13 pigs was used at time zero in the AUC calcula-
tions (mean 4.3 pmol/L, SD 3.9). The terminal rate con-
stant (4,), describing the decrease of the log-concentration of
glucagon, was calculated by applying a best-fit linear regres-
sion to the terminal portion of the curve. The elimination
half-life was calculated as In2/4_. In three pigs (nos. 3, 4
and 6), no apparent elimination of glucagon after C,,,, was

observed, causing a negative value for 7,,. These pigs were
therefore excluded from the half-life analysis.

2.4.2 Statistical Analysis

Statistical analysis was performed using GraphPad Prism
v.9 [26]. Spearman’s rank-order correlation test was used
to determine a possible correlation between dose size and
pharmacokinetic outcomes. A 95% confidence interval (95%
CI) not containing zero was considered significant. Means
and standard deviations (SD) and medians and interquartile
ranges (IQR) of 7., and T, were calculated. Possible outli-
ers were identified through the ROUT method [27], using
a g value of 0.01. Normality and log-normality were tested
using the D’Agostino and Pearson test [28]. Correlation
analyses were performed on non-transformed data. Because
of the log-normal distribution, a logarithmic transformation
was performed before linear regression analysis in order to
make equations for C,,, and AUC_j,.

max

3 Results

Most of the pigs displayed a prominent rise and subsequent
fall in glucagon concentrations after IP drug administration
(Fig. 1), although some deviated from this pattern (Fig. 2).

Without correction, the mean (SD) T,,,,, was 13 (8) min,
and the median value (IQR) of T,,,, was 12 (8§—15) min.
After removal of two identified outliers [pig 5 (35 min) and
pig 15 (32 min)], the mean (SD) was 11 (5) min, whereas
the median (IQR) was 10 (8—15) min.

Simple linear regression after logarithmic transformation
provided the following equation (Eq. 1) for C,,,, (Fig. 3):

max

C _ e3.01+(0.26<g1ucagon dosage) (1 )

max —

The 95% Cls of the intercept and slope were 2.54-3.47
and 0.06-0.46, respectively.

Simple linear regression after logarithmic transforma-
tion provided the following equation (Eq. 2) for AUC_;,
(Fig. 4):

_ »6.404+(0.27-glucagon dosage)
AUCO—last =€ £ £ £ (2)

The 95% Cls of the intercept and slope were 5.94-6.86
and 0.08-0.47, respectively.

Without correction, the mean (SD) 7, was 23 (16) min,
and the median value (IQR) of 7}, was 19 (14-22) min. After
removal of one identified outlier [pig 8 (77 min)], the mean
(SD) was 19 (7) min, whereas the median (IQR) was 19
(13-22) min.
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was significantly correlated with dose size, with a p of 0.56
(0.13-0.81). AUC_,, Was significantly correlated to dose
size, with a p of 0.65 (0.26-0.86). The elimination half-life
of plasma glucagon did not correlate with dose size, with a
pof —0.07 (— 0.57 to 0.47).

4 Discussion

The present analysis supports that there is a relationship
between IP glucagon dosage and C,,,, (Eq. 1) and AUC,_,,,
(Eq. 2). Both equations are logarithmic, which suggests a
linear curve with a breakpoint, where larger doses provide a
relatively greater increase than smaller doses. This is com-
patible with a first-pass effect of glucagon in the liver that
larger doses could saturate, as is observed with insulin [29,
30]. Because only a few or just one pig received the same
dose, we cannot exclude the possibility that the findings are
due to inter-individual variation. However, if a considerable
presystemic hepatic metabolism of glucagon truly exists, it
could support an IP versus a SC bihormonal artificial pan-
creas approach, as IP delivery may then lower the amount of
glucagon entering the systemic circulation and hence possi-
bly reduce the risk of adverse effects. This adds to our previ-
ous observation that, compared to SC glucagon delivery, half
the dose given IP will achieve the same glucose-increasing
effect [21]. More extensive, controlled studies with standard-
ised doses are needed to investigate this further.

A majority of the pigs had a fairly consistent rise and
fall in plasma glucagon concentration within 50 min after
IP administration of the drug (Fig. 1). However, five pigs
deviated from this pattern (Fig. 2). Pigs 3 and 4 (dosage 0.3
pg/kg) only achieved a minor increase in plasma glucagon
concentrations compared to their baseline values, and clear
elimination could not be observed after C,,,,. The curves
of pigs 6 (dosage 0.6 ug/kg) and 8 (dosage 1.04 pug/kg) also
flattened after their peak, strongly affecting the observed
half-life. Pig 15 (dosage 3.37 pg/kg) had a second, more
prominent peak after the fall following the first peak. There
are several possible explanations for this inconsistency, other
than a genuine inter-individual variation in absorption and
metabolism of IP-delivered glucagon, among which we con-
sider the following most plausible:

I. The IP tubes delivering glucagon could have been
blocked.

II. The suppression of endogenous glucagon could have
been insufficient at some point during the experi-
ments.

III. IP fluid may have accumulated during anaesthesia,
possibly causing dilution and altered absorption of
the delivered drug [31, 32].

IV. Loculaments of glucagon-containing fluid could have
been formed within the intraperitoneal cavity making
them less available for absorption. They may later
have dissolved, explaining a second peak.

T nax @and T, did not seem to differ in relation to glucagon
dosage. However, because of the short observation time,
the values for 7,, should be interpreted with caution. Other
human studies have conveyed comparable or slightly larger
values for T,,, after SC administration of considerably
larger doses [33—41]. Although the values are not directly
transferable, this may indicate non-superiority of the IP
route compared to the SC route in regard to absorption rate
to the systemic circulation.

This study is limited by several factors, among which
small sample size, unknown baseline values for a consider-
able number of pigs, large dose variation, single analysis of
samples, inconsistency in anaesthetic protocol and relatively
short observation times are the most prominent. Larger stud-
ies with a more robust design should be conducted to obtain
more reliable results. Furthermore, extended trials where
the animals may be administered multiple doses of gluca-
gon are needed to increase the knowledge of possible intra-
individual variation.

5 Conclusions

The present study indicates a relationship between the IP
glucagon bolus size and the maximum plasma concentra-
tion and total drug exposure. In contrast, the time to maxi-
mum plasma concentration and the elimination half-life of
glucagon seem to be independent of the dose. The results
could be compatible with a satiable hepatic first-pass effect
of IP-delivered glucagon. While further research is needed,
if confirmed, this would support the endeavour to develop
an IP bihormonal artificial pancreas, as it would reduce the
systemic drug load and hence the expected adverse effects
of treatment compared to a SC approach.
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