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Sven Magnus Carlsen,'? Sverre Christian Christiansen'?

ABSTRACT

Objective Hypoglycemia is a frequent and potentially
dangerous event among patients with diabetes mellitus
type 1. Subcutaneous glucagon is an emergency
treatment to counteract severe hypoglycemia. The effect
of intraperitoneal glucagon delivery is sparsely studied.

We performed a direct comparison of the blood glucose
response following intraperitoneally, subcutaneously and
intravenously administered glucagon.

Research design and methods This is a prospective,
randomized, controlled, open-label, crossover trial in

20 octreotide-treated rats. Three interventions, 1 week
apart, in a randomized order, were done in each rat. All

20 rats were given intraperitoneal and subcutaneous
glucagon injections, from which 5 rats were given
intravenous glucagon injections and 15 rats received
placebo (intraperitoneal isotonic saline) injection. The dose
of glucagon was 5 pg/kg body weight for all routes of
administration. Blood glucose levels were measured before
and until 60 min after the glucagon/placebo injections.
Results Compared with placebo-treated rats, a significant
increase in blood glucose was observed 4 min after
intraperitoneal glucagon administration (p=0.009),
whereas after subcutaneous and intravenous glucagon
administration significant increases were seen after 8 min
(p=0.002 and p<0.001, respectively). In intraperitoneally
treated compared with subcutaneously treated rats, the
increase in blood glucose was higher after 4 min (p=0.019)
and lower after 40 min (p=0.005) and 50 min (p=0.011).
The maximum glucose response occurred earlier after
intraperitoneal compared with subcutaneous glucagon
injection (25 min vs 35min; p=0.003).

Conclusions Glucagon administered intraperitoneally
gives a faster glucose response compared with
subcutaneously administered glucagon in rats. If
repeatable in humans, the more rapid glucose response
may be of importance in a dual-hormone artificial pancreas
using the intraperitoneal route for administration of insulin
and glucagon.

INTRODUCTION

Patients with diabetes mellitus type 1 (DM1)
are treated with either repeated or continuous
subcutaneous delivery of insulin to counteract
hyperglycemia. Improved glucose control

Significance of this study

What is already known about this subject?

» Glucagon is usually given subcutaneously in pa-
tients with diabetes mellitus type 1 to treat severe
hypoglycemia.

» Glucagon has also been used in dual-hormone arti-
ficial pancreas with some improvement in glucose
control.

What are the new findings?

» Glucagon injected intraperitoneally gives a higher
glucose response 4 min after administration and
affects blood glucose for a shorter period compared
with subcutaneous injection.

How might these results change the focus of

research or clinical practice?

» The present results should encourage research on
the feasibility of combined intraperitoneal adminis-
tration of insulin and glucagon as part of an artificial
pancreas in humans.

is important, as chronic hyperglycemia may
induce neuropathy, nephropathy, retinop-
athy, and cardiovascular diseases.' > Achieving
euglycemia is challenging due to slow absorp-
tion and delayed glucose-lowering effect of
subcutaneously administrated insulin. This
makes it difficult to achieve optimal postpran-
dial glucose control without the risk of subse-
quent hypoglycemia.” Repeated and frequent
episodes of hypoglycemia are associated with
impaired neuroendocrine counter-regulation
and symptom perception and deterioration
of cerebral functions and may lead to hypo-
glycemia unawareness.* Therefore, the central
nervous system’s adaptation to frequent short-
term hypoglycemias may contribute to the
increased incidence of severe hypoglycemia.’
Despite many small improvements in the
treatment of DMI1 during the last decades,
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hypoglycemia remains a challenge for many patients with
DM1.>*

Glucagon is used for treating severe hypoglycemia
when patients with DMI1 are unconscious and unable
to consume carbohydrates. The standard treatment
for adults is an intramuscular, intravenous or subcuta-
neous injection of 1 mg of glucagon. Whether this dose
is optimal for all routes of administration has hardly
been studied.” " The glucose increasing effect depends
on the dose of the injected glucagon,"' amount of liver
glycogen'® and baseline blood glucose level.'”” When
studied in healthy men, there seems to be no major
difference in the glucose effect between intramuscular
and subcutaneous administration.'* '° Recently, smaller
glucagon doses have been used with success to avoid mild
or impending hypoglycemia in children and adults.® ' '°
Glucagon used as an emergency nasal spray and nasal
powder has been launched as an alternative route of
administration, providing a success rate in treating hypo-
glycemia similar to intramuscular injections.'”™

Recent work on algorithm-steered insulin delivery
(ie, artificial pancreas (AP)) provides improvements to
glucose regulation. Unfortunately, this automatically
controlled (closed loop) delivery of insulin carries certain
limitations, as nearly all recent developments depend on
a double subcutaneous approach, that is, both glucose
measurements and insulin delivery are in the subcuta-
neous tissue. The limitations are due to slow subcuta-
neous glucose dynamics secondary to both delayed and
slow subcutaneous insulin absorption, which unavoidably
lead to alternating periods of either a lack or excess of
circulating insulin.* To solve the challenge of relative
insulin excess, some research groups have incorporated
glucagon as a counter-regulator in the AP system, to coun-
teract imminent hypoglycemia, that is, a dual hormonal
AP.”?' 2 Despite achieving as low as 3% of time in hypo-
glycemic range during day and night closed loop control,
hypoglycemia still remains a substantial daytime problem
also in this subcutaneous dual-hormone approach.*
Therefore, new routes should be explored to find better
solutions for prevention of hypoglycemia.

Intraperitoneal glucagon administration has only been
reported from a few animal studies.”* *°

The main aim of this study was to compare the glucose
increasing effect after subcutaneous and intraperitoneal
delivery of glucagon, and to investigate the potential for
intraperitoneal delivery of small doses of glucagon in
an AP. Intravenous delivery of hormones is less realistic
in free-living conditions. Therefore, intravenous route
was only included in the study as an additional route
to obtain more information on glucose dynamics after
glucagon delivery, and notincluded as a main outcome in
the paper. We hypothesized that the glucose response is
faster after intraperitoneal compared with subcutaneous
administration of glucagon. To investigate this hypoth-
esis, we compared the immediate glucose response after
intraperitoneal, subcutaneous and intravenous adminis-
tration of glucagon in an animal model.

RESEARCH DESIGN AND METHODS

Pilot study

A pilot study was performed on 10 rats to refine the
experimental protocol and to determine the glucagon
dose to be used in the main study. Detailed explanation
is available in the online supplementary material.

Animals

In the main study male Sprague Dawley rats (n=20) (initial
weight 470-615 g; Janvier Labs, France), in groups of three,
were kept in plastic solid bottom cages (515x381x256
mm, Tecniplast, Italy) on sawdust. The rats were acclima-
tized to the animal facility and maintained on 12-hour
light-12-hour dark photoperiod at 20-24°C and a relative
humidity of 55%+5%. They were fed expanded pellets
(Special Diets Services RM1 for rats, UK) and fresh water
was available ad libitum. To reduce stress and the possible
effect of stress on glucose levels, the rats were trained to
accept general handling and use of a restrainer (Harvard
Apparatus, Holliston, USA) for 3 weeks prior to the start of
experiments.

Intervention groups and randomization

The assignment to intervention groups (n=20) and the
order of procedures in each rat were randomized by
creating random permutations of treatment and interven-
tion groups. The glucagon dose was b pg/kg body weight
(BW) for all interventions except placebo. All rats (n=20)
received intraperitoneal and subcutaneous injection of
glucagon, 15 of the rats received placebo intraperitoneal
injections of 1 mL/kg BW of isotonic saline. The volume
of placebo injection (1 mL/kg BW) was similar to the intra-
peritoneal glucagon injection (approximately 500 pL).
To obtain information also after intravenous delivery of
glucagon, five of the rats were administered intravenous
glucagon (see online supplementary tables 2a and b).
There was at least 1 week between each test procedure on
each rat. To avoid bias based on metabolic individualities,
trials were performed in the 12-hour light period, and all
procedures in each individual rat were done at approxi-
mately the same time as of the light cycle. Group size was
determined by the resource equation method.*®

Technical challenges

The rats were monitored for the entire sampling period
(70 min) and surveyed for signs of stress. Except when
the rats were anesthetized, they were kept in restrainers to
facilitate blood sampling. Restrainers of two different sizes
were tested before the start of the experiment. For most of
the rats, the restrainers were either too large or too small.
Thus, the larger restrainer was used for all rats, and a paper
tissue was rolled up and taped vertically to the inside of the
restrainer at a level behind the rat’s shoulder, to prevent
the smaller rats from turning around inside the restrainer.

Procedures
Food was removed 1 hour before the start of the proce-
dure and water was available ad libitum. The individual
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glucagon and octreotide doses were based on the animal’s
weight on the day of the procedure.

Endogenous glucagon secretion

To suppress the endogenous glucagon and insulin secre-
tion during the procedures, all rats received two subcuta-
neous injections of 10 pg/kg BW octreotide (Sandostatin
200 pg/mL, Novartis Europharm, UK). The first injec-
tion was given approximately 30 min before the start of
each procedure and the second at the time of glucagon/
placebo injection. Octreotide was given subcutaneously
in the neck, but not at the same location as the subcuta-
neous glucagon injection.

Anesthesia

To preventaccidental movements in the time of the proce-
dure, the rats were anesthetized with isoflurane (Isoflu-
rane, Baxter, Oslo, Norway; 5% IF, 95% air in chamber;
2% 1IF, 95% air on face mask) for two short intervals at
the start of each procedure. During the first anesthesia
period, a cut in the tail for collection of blood samples
was made. During the second anesthesia period, an injec-
tion of glucagon or placebo was given. When required,
additional anesthesia was provided to rats showing signs
of stress while kept in the restrainer.

Glucagon challenge

Glucagon (Glucagon, Novo Nordisk, Denmark) was
diluted by 0.9% NaCl to a concentration of 5 pg/mL
and the rats were given 5 pg/kg BW. Glucagon solutions
were kept in a refrigerator and used the same day they
were made. Solutions were warmed to approximately
body temperature just before administration. Subcuta-
neous glucagon was injected at the back of the neck, and
intraperitoneal glucagon and placebo (an equal volume
of 0.9% NaCl) in the lower part of the abdomen, with
the rat held at an angle after its hind legs. Intravenous
glucagon was given in the lateral tail vein that was not
currently used for blood sampling.

Glucose measurement
After disinfecting the skin, a 6-9 mm cut was made with a
straight-edged scalpel over the lateral tail vein two-thirds
down the length of the tail for blood sampling. Samples
were collected 10, 5 and 1 min prior to glucagon injec-
tion, and 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, and 60 min
after the glucagon or placebo injections. Whenever
needed, the vein was carefully reopened with the tip of
the scalpel to ensure sufficient blood flow for sampling.
Blood for glucose analyses was collected directly in
heparinized capillary tubes (35 pL, Clinitubes, Radiom-
eter Medical ApS, Brgnshgj, Denmark), and stored on
ice for a maximum of 30 min before analysis on a blood
gas analyzer (Radiometer ABL 725, Radiometer Medical
ApS). To ensure sufficient blood flow for sampling, the
vein was gently stroked from the base of the tail and
toward the wound, and the first small drop of blood was
removed. For the third intervention, both veins had been
used for sampling at former trials, and the new cut was

made proximal to the older cut. Occlusion of the rat’s tail
vein occurred in only one rat, and in this case the vein on
the other side of the tail was used.

Animal welfare

The rats were given non-steroidalanti-inflammatory
drugs (Metacam vet, Boehringer Ingelheim Vetmedica)
1 mg/kg BW as a single subcutaneous injection at the
end of the two first procedures. A suture, to close the
wound and stop the bleeding at the end of the proce-
dure, was necessary in 19 cases. The wounds healed well
after sampling regardless of the wound being sutured or
not, and no wound infections were observed. After the
third procedure, the rats were euthanized with an intra-
venous injection of pentobarbital (100 mg/kg) (Norges
Apotekerforening, Norway) under isoflurane anesthesia.

Statistical analysis

The relationship between glucose levels and time was
analyzed for all interventions using a mixed linear model
with the combination of time and treatment as the fixed
effect. The dependent variable was defined as log glucose
concentration to achieve normal distribution. To account
for multiple measurement series on each rat, rat identi-
fication was included as a random effect. To account for
dependence within each series, the error term for each
series was specified as a first-order autoregressive process
AR (1) series accounting for minutes between measure-
ments. Mean changes in glucose concentrations from -1
min to 2—-60 min for the four treatments were compared
using the Wald test. Maximum concentration and time
until maximum concentration of the estimated model for
the treatments were compared using the Mann-Whitney
U test. To eliminate the effect of placebo intervention on
the glucose response, the mean value of the 15 placebo
interventions was subtracted from the mean value of the
20 subcutaneous and intraperitoneal interventions and
the mean value of the 5 intravenous interventions at
the given time points. All interventions are compared as
models; therefore, comparison between unequal groups
is allowed.?” The software package R was used to analyze
the data.” All values in the text are given as mean+SE of
the mean, unless stated otherwise. Differences between
the group means were considered statistically significant
at a threshold of p<0.05.

RESULTS

In general, the rats stayed calm during the experimental
procedures. Thirteen incidents occurred during 60
procedures, in which the rats turned around inside the
restrainers or showed signs of stress and consequently
were taken out of the restrainer and repositioned. A
similar number of incidences were found in all interven-
tions (four during the intraperitoneal, four during the
subcutaneous and three during the intravenous interven-
tion). These incidents included two rats in whom stress
was observed during three procedures (intraperitoneal,
subcutaneous and intravenous). Two incidents of stress
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were observed during the placebo procedure; however,
no increase in blood glucose levels from baseline was
observed (data not shown).

Additional anesthesia during blood sampling was
needed during 10 intraperitoneal, 10 subcutaneous,
5 intravenous, and 5 placebo interventions, and
the mean+SD time in anesthesia was 13.8+5.5 min
(14.05+5.47, 13.55+4.37, 20+9.43 and 12+4.85, respec-
tively). The rats were conscious for the rest of the 70
min procedure. After individually analyzing data from
the 16 rats which received the longest duration of anes-
thesia (time in anesthesia 15-31 min, subcutaneous n=5,
intraperitoneal n=5, placebo n=3 and intravenous n=3),
only two rats (subcutaneous intervention, n=2) showed
prolonged elevated glucose levels and no decrease of
glucose values at the end of the intervention (at 60 min)
(data not shown).

Glucose level

For calculation of glycemic state for rats at the begin-
ning of the interventions, a mean baseline glucose was
calculated according to the mean of three measurements
preceding the intervention (-10, -5 and -1 min), and
in addition a mean+SD in each intervention group was
calculated. Blood glucose levels at the beginning of the
intraperitoneal, subcutaneous, intravenous and placebo
interventions were 6.72+0.90, 6.47+0.81, 6.17+1.12 and
6.51+0.81 mmol/L, respectively (see online supplemen-
tary figure 1).

Compared with placebo, glucose was significantly
increased 4 min after intraperitoneal glucagon injec-
tion (p=0.009, n=20), and 8 min after subcutaneous
(p=0.002, n=20) and intravenous (p<0.001, n=5) injec-
tions (figure 1).

Comparing intraperitoneal glucagon injections with
subcutaneous, the glucose increase after intraperitoneal
glucagon was significantly higher at 4 min (p=0.019)
and significantly lower at 40 (p=0.005) and 50 min
(p=0.011) (figure 1). Comparing intravenous glucagon
injections with intraperitoneal, the glucose increase after
intravenous injection was significantly higher at 20 min
(p=0.001). At the other time points, no significant differ-
ences were observed.

An increase in glucose levels was seen after all three
routes of glucagon delivery, but there was no signifi-
cant difference (p=0.52) in absolute maximum blood
glucose value after intraperitoneal glucagon injection
(9.74 mmol/L) compared with subcutaneous injection
(10.3 mmol/L). The estimated time until the maximum
glucose value was significantly shorter (p=0.003) after
intraperitoneal glucagon injection (25 min) versus
subcutaneous glucagon injection (35 min) (see online
supplementary figure 1).

DISCUSSION
The results of this study indicate that the glucose
response in rats comes earlier when glucagon is injected

Glucose change mmol/L
N

Intervention
—e— IP
—h— |V

0 5 10

15 20 25 30 35 40 45 50 55 60

Time after glucagon injection (minutes)

Figure 1

Estimated glucose delta values (mmol/L) after glucagon injection (5 pg/kg) in octreotide-treated rats. Green

line represents intravenous (IV) intervention, blue line represents subcutaneous (SC) intervention, and red line represents
intraperitoneal (IP) intervention. The glucose response for the placebo group has been subtracted from all groups presented in
the figure. *Represents significant difference between intraperitoneal and subcutaneous of glucagon delivery. Note: For one rat
in intraperitoneal intervention, delta values were calculated using the -5 minute measurement (-1 minute for other rats).
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intraperitoneally than when injected subcutaneously.
Second, the maximum effect of glucose increase appears
earlier, and the glucose response diminishes faster after
intraperitoneal compared with subcutaneous glucagon
injection.

The peritoneal lining is highly vascularized, and the
blood capillary density in the peritoneal lining varies
between individuals (higher amount in infants (0-1
year) and adults, and lower amount in children) 2 There
is no systematic variation in histological parameters in
different parts of the peritoneum.” * Compared with
subcutaneous absorption, peritoneal absorption may
be faster due to a shorter distance to reach the capil-
laries and easier diffusion into the bloodstream. From
animal studies, we know that most of the intraperito-
neally injected insulin enters the portal vein and passes
the liver before entering the systemic circulation.”’™
Consequently, after intraperitoneal delivery, glucagon
probably reaches the liver both earlier and at a higher
concentration and thereby promotes hepatic gluconeo-
genesis earlier as compared with subcutaneously injected
glucagon. This is compatible with our observation of
faster glucose increase after intraperitoneal injection of
glucagon compared with other injection routes. It also
fits well with the observed earlier maximum glucose
response after intraperitoneally injected compared with
subcutaneously injected glucagon. Interestingly, time
until maximum blood glucose increase after subcuta-
neous injection in our animal model is similar to what is
observed in humans with diabetes.""

Our finding of an earlier rise in blood glucose after
intraperitoneally injected glucagon, compared with
subcutaneous injection, is difficult to compare with
previous studies as blood glucose was measured at
different time points and intervals. In previous studies,
blood glucose was only measured 20°* and 30*° min after
glucagon injection. Moreover, the study by Zlotnik et a®®
provided only data of intraperitoneal glucagon injection.

In the present study, blood glucose was lower after
intraperitoneal compared with subcutaneous injection
of glucagon at time points 40 and 50 min. Fifty minutes
after glucagon injection, a declining blood glucose was
observed in all routes (intraperitoneal, subcutaneous
and intravenous) of administration. This differs from a
previous study in rats,” where after intraperitoneal injec-
tions of glucagon a significant rise in glucose levels was
observed after 30, 60, 90 and 120 min. However, after
60-90 min, a flattening of the blood glucose curve was
observed and at 120 min blood glucose subsequently
decreased. This discrepancy between the previous and
the present results may depend on the fact that in the
previous study, rats were anesthetized during the whole
procedure with isoflurane,” while in the present study
we limited isoflurane use as much as possible (see online
supplementary material). We also treated the rats with
octreotide to inhibit endogenous release of insulin
and glucagon during the experiments. Interestingly, in
the previous study no difference in plasma glucose was

observed in the control group, while in our pilot study,
with extended use of isoflurane, we observed an increase
in glucose levels (see online supplementary material). A
glucose increasing effect of isoflurane has been described
previously.”*

Loxham et al* demonstrated results similar to our
study, where, after intraperitoneal injection of glucagon
in non-diabetic rats, the glucose response after intra-
peritoneal administration was higher after 20 min and
lower after 45 min compared with subcutaneous adminis-
tration. Baseline glucose levels were also similar to ours.
However, the authors did not mention whether anes-
thetics were used.** Noteworthy, Loxham et al** suggested
that different strains of rats may react differently to a
sudden rise in counter-regulators (in this case glucagon),
making comparison between different strains of rats
difficult.

Our glucagon dose of 5 pg/kg BW was only 2.5% of the
dose used by Loxham et al* (200 pg/kg) and only 1%
of the dose used by Zlotnik et a”® (50 pg/100 g). We do
not have information about why these particular doses
were chosen. Another aspect is that previous authors
used naive rats, whereas the rats in the present study were
treated with octreotide.” Our study provides information
about possible doses of glucagon with which glucagon
saturation is reached (see online supplementary mate-
rial). It seems that in our study a glucagon dose of 5 pg/
kg BW was appropriate (see online supplementary mate-
rial) based on the observed blood glucose increase of
around 3 mmol/L in all injection routes.

Our study is not the first to explore the effect of
smaller doses of glucagon. The effect of smaller doses
than the standard 1 mg of glucagon (commonly used
in cases of serious hypoglycemia) has recently been
examined in humans.” ' Glucagon may induce nausea
and vomiting, and these side effects may be related to
the size of the injected dose and the subsequent higher
levels of glucagon in the systemic circulation. In patients
with DMI there seems to be a dose-response relationship
between subcutaneous glucagon doses ranging from 0.11
mg to 1.0 mg and the glucose response.'’ Mini-doses of
glucagon are effective in treating mild to moderate hypo-
glycemic episodes in both children®* as well as adults."®

The motivation for performing this study was to inves-
tigate and compare different administration routes of
glucagon and explore if glucagon administration intra-
peritoneally would provide some benefits compared with
subcutaneous injection, aspects of importance for the
development of a dual hormonal AP. Ideally, a dual-hor-
mone AP should prevent hypoglycemias with small and,
if necessary, repeated doses of glucagon.”* Minimizing
the amount of exogenous glucagon needed to counteract
hypoglycemia is important to avoid the depletion of liver
glycogen, to reduce the side effects, such as nausea and
vomiting, and to avoid reactive hyperglycemia.''

A small dip in glucose values was observed prior to the
injection of glucagon or saline, that is, during all proce-
dures (see online supplementary figure 1). The reason
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for this is unclear, but the equal response during all
procedures is an indication of consistency of the exper-
imental protocol for all the procedures during the first
part of the experiment and thereby a sign of quality of
the present study.

Strengths and limitations of the study
The following are the strengths of the present study: (1)
placebo-treated animals—the importance is illustrated by
the fact that, although not significantly, the glucose levels
tended to fluctuate also during the placebo procedures;
(2) limited use of anesthesia, which may have major
impact on glucose homeostasis; (3) systematic training
of the rats to the procedures for weeks ahead of the test
procedures (both pilot rats and trial rats) to minimize
the stress response during the test procedures; and (4)
randomization of the order of treatment in each rat.
The following are among the limitations of the present
study: (1) With unguided injections into the abdom-
inal cavity, we cannot be sure that all the glucagon or
placebo was administrated in the peritoneal space.
However, glucagon and placebo saline were injected by
the same procedure in anesthetized rats (injection could
be done without experiencing unexpected movements
of rat); therefore, possible deviation from intraperito-
neal delivery should be equal between groups. (2) A few
rats were stressed during the procedures, which might
affect the blood glucose levels. However, in rats receiving
placebo intervention, under signs of stress, the blood
glucose level did not increase significantly (see online
supplementary material). (3) Additional anesthesia was
needed for some rats in all interventions; however, as it
was described in the results, prolonged increased glucose
levels were observed only in 2 out of the 16 rats which
were exposed to the longest duration of anesthesia in the
main study. Therefore glucose level increase at the end of
the intervention can be individual response, not anesthe-
sia-induced. (4) Rats were fasted differently (between 1
and 3 hours) depending on the order of performing the
procedure (intraperitoneal, subcutaneous, intravenous
or placebo). However, to avoid bias, all experiments on
the same rat were conducted at approximately the same
time as of the light cycle.

CONCLUSION

Blood glucose increased faster when glucagon was
injected in the peritoneal cavity compared with subcuta-
neous glucagon delivery in octreotide-treated rats. The
maximum glucose response was reached earlier and the
decline in glucose response was also faster. If repeatable
in humans, a more rapid glucose response may be of
importance in a dual-hormone AP using the intraperito-
neal route for administration of insulin and glucagon.
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