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Abstract

Small doses of glucagon given subcutaneously in the research setting by an automated system
prevent most cases of hypoglycemia in persons with diabetes. However, glucagon is very unstable
and cannot be kept in a portable pump. Glucagon rapidly forms amyloid fibrils, even within the
first day after reconstitution. Aggregation eventually leads to insoluble gels, which occlude pump
catheters. Fibrillation occurs rapidly at acid pH, but is absent or minimal at alkaline pH values of
~10.

Glucagon also degrades over time; this problem is greater at alkaline pH. Several studies suggest
that its primary degradative pathway is deamidation, which results in a conversion of asparagine to
aspartic acid.

A cell-based assay for glucagon bioactivity that assesses glucagon receptor (GIuR) activation can
screen promising glucagon formulations. However, mammalian hepatocytes are usually
problematic as they can lose GIuR expression during culture. Assays for cyclic AMP (CAMP) or
its downstream effector, protein kinase A (PKA), in engineered cell systems, are more reliable and
suitable for inexpensive, high-throughput assessment of bioactivity.
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Introduction and Background

Glucagon, a 29-amino acid peptide, was discovered in 1922 by Kimball and Murlin during
their efforts to purify insulin from pancreatic extracts. The discovery was accidental; they
observed that after injection of insulin-containing extracts into animals, one of the
preparations caused a rapid rise in blood glucose level before it caused the expected fall.
Fortunately, they pursued this unexpected finding, verified it, and published the results in
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1923 [1]. It was not until the 1950’s that glucagon was purified and crystallized. In this era,
glucagon was also found to exhibit unusual biochemical behavior; shortly after incubation in
aqueous solution, many slender fibrillar structures were noted [2]. As the glucagon solutions
were incubated over time, the concentration of these fibrils increased. The solutions
eventually formed firm gels that contained high concentrations of packed fibrils.

These fibrils are now known to exhibit a beta-pleated sheet amyloid protein configuration.
Many subtypes of fibrils and protofibrils have been discovered; for excellent reviews, the
reader is referred to the papers of Pedersen et al. [3, 4]. Though some compounds, including
cyclodextrins, have been reported to reduce the tendency to form amyloid fibrils, there is no
well-accepted additive or method that markedly prevents their formation.

In 2004, a very interesting and widely cited report regarding the effect of fibrillated
solutions of glucagon on mammalian cells was published [5]. The authors observed that,
under certain conditions, fibrillated glucagon was toxic to mammalian cells in culture. They
emphasized the potentially dangerous nature of glucagon fibrils and pointed out that there
are several deadly diseases characterized by the formation of amyloid fibrils, including
Alzheimer’s Disease, Parkinson’s Disease, and prion diseases. More recently, amyloid
formation of lipoproteins has been reported to be associated with the pathogenesis of
atherosclerosis [6].
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It should also be noted, however, that a recent comprehensive analysis of the conformation
of secreted hormones in storage vesicles in vivo 7] demonstrated that most hormones are
packed into amyloid fibrils prior to release, with dissociation to the monomeric form
occurring after appearance in the circulation.

Shortly after the report of potentially toxic effects of glucagon in vitro, several reports
appeared which showed the benefit of closed-loop administration of glucagon in animals [8,
9] and in humans [10, 11].

These human reports emphasized the benefit of administering glucagon (with insulin) in the
closed-loop setting. In our study, subjects with type 1 diabetes received insulin plus placebo
on one occasion and insulin plus glucagon (as commanded by an automated algorithm) on
another occasion. In terms of effectiveness, the duration of time in the hypoglycemic range
for the bihormonal approach was less than half of the duration for the insulin-only
experiments using doses of glucagon (given subcutaneously) that are generally quite small,
and range from 60-200 pg over 5-10 min [11]. For these studies, commercially available
lyophilized glucagon indwelled within a pump was frequently reconstituted with diluent in
order to minimize the effect of fibrillation.
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These favorable clinical results suggest a definite need for a preparation of glucagon (or a
suitable bioactive analog) that is sufficiently stable so that it can be indwelled in a portable
pump for at least three days, the currently allowed maximum for portable pump use.
Currently, the FDA-approved instructions for commercially available glucagon allow only
for immediate usage of glucagon to treat severe hypoglycemia, after which the unused
portion must be discarded.

The effect of pH and other conditions on glucagon stability

In a recent study [12], we investigated whether the pH values during aging would affect the
degree of fibrillation and cytotoxicity. We were particularly interested in studying the
alkaline range in addition to the more commonly utilized acidic range (the latter of which is
used in both of the preparations that are commercially available in the US). Because of its
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low solubility based on an isoelectric point of approximately 7, the neutral range is generally
not suitable for evaluation of glucagon.

We were also interested in understanding the specific effects of pH and osmolarity on
cytotoxicity, especially because we knew that some of the earlier studies did not report this
information. The preparations were aged for various durations up to 7 days at 37° C.

A pH study was carried out to assess the direct effect of pH on cytotoxicity in NIH-3T3
cells. Glucagon aggregation and fibrillation were measured by the degree of reaction with
the Congo red reagent.

In the pH study, we found that only those media pH values of 7.0-9.5 avoided cytotoxicity in
NIH 3T3 cells. Similarly, we found that only the media osmolality range of 250-400 mOsm/
| avoided cytotoxicity. Such findings are useful in interpreting studies in which compounds
are tested for cytotoxicity. To the degree that the drug itself causes the cell culture media to
fall out of these ranges, the appropriate interpretation would be that a toxic effect was at
least partially attributable to the pH itself, quite apart from the compound being tested. For
the commercially available glucagon, the pH of the cell culture media was approximately
6.5. Not surprisingly, even without aging, a high concentration of this acid preparation (5
mg/ml) caused immediate cytotoxicity, an effect likely due to pH or excipients.

For glucagon prepared at a pH of 8.5 or 10 without aging, there was no significant
cytotoxicity at any concentration. However, after aging for 5 days, there was some evidence
of toxicity at pH 8.5 at a concentration of 2.5 mg/ml. Importantly, after aging for 5 days at a
pH of 10 in glycine buffer, there was no evidence of cytotoxicity [12].

Conditions that favor cytotoxicity also favor amyloid fibril formation and suggest that large
amounts of fibrillar amyloid lead to cytotoxicity. Congo red amyloid intensity was greatest
in glucagon prepared and aged at pH 3 in citrate buffer, indicating substantial amyloid fibril
formation. At a mildly alkaline pH of 8.5, there was also substantial Congo red intensity
after aging. In contrast, at a pH of 10, there was no Congo red staining for native glucagon,
even after aging for 28 days. The results for size-exclusion chromatography (SEC)
confirmed the Congo red findings. Using SEC, at pH values of 3, there was rapid loss of the
monomeric glucagon peak over 1-3 days. At a pH of 8, the loss occurred over 1-3 weeks.
However, at a pH of 10, there was remarkable preservation of the monomeric glucagon
peak, with little if any loss even after 3-4 weeks [12]. Very recently, in unpublished studies,
we sought to better understand the effect of differences in pH on glucagon fibrillation
kinetics. Using very sensitive Thioflavin T and tryptophan fluorescence assays, we observed
very rapid fibrillation between pH 8.6 and 9.6, starting within 24 hours of aging. However,
with these sensitive tools, at higher pH values of 9.8-10, glucagon showed no evidence of
amyloid fibril formation after one week [13].

These experiments have clarified several key concepts regarding the stability of glucagon.

1. In native glucagon, amyloid fibrils form very quickly (with substantial formation
within 24 hours).

2. Amyloid formation occurs much more rapidly at acid pH than at alkaline pH. At
pH 10, formation of amyloid is almost undetectable.

3. Instudies in which compounds are investigated for potential cytotoxicity,
experiments must be carried out within pH and osmolality ranges that are not
inherently cytotoxic. (The cells commonly used for such assays, NIH-3T3 cells,
require a pH of 7.0-9.5 and an osmolality of 250-400 mOsm/I).
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4. Even at high glucagon concentrations, there is no evidence of cytotoxicity when
aged at a pH of 10, though there is some cytotoxicity at pH 8.5.

5. The glycine buffer for pH 10 solutions need not be present in high concentration;
20 mM is sufficient to hold glucagon at 1 mg/ml at a pH of 10. In fact, we believe
such a low concentration to be desirable. A low concentration of buffer would
allow faster equilibration down to normal neutral body pH after subcutaneous
injection in humans.

We also sought to address the activity of fresh and amyloid-rich, aged glucagon solutions
after subcutaneous injection into non-diabetic pigs, since earlier data from our group and the
Boston group suggested that aged solutions might have greater bioactivity than one might
expect. The Yorkshire pigs were treated with octreotide to suppress their endogenous
production of glucagon, in order to isolate the effect to exogenous glucagon. To understand
the pharmacokinetic effect of glucagon, we also collected periodic serum samples for
measurement of glucagon levels during these studies. We found that the pharmacodynamic
(PD) hyperglycemic effect of fibrillated glucagon aged for one week was substantially
similar to the PD effect of fresh glucagon. When the glucagon plasma levels were measured,
we observed a tendency for the rise in glucagon to be slightly delayed (approximately 10-15
minutes) in the aged vs freshly prepared formulation. This finding suggests that fibrillated
glucagon, in which the glucagon monomers are held together by weak bonds, almost
certainly dissociates over time to monomeric glucagon, which can be absorbed into the
bloodstream [12]. Nonetheless, for safety and regulatory reasons, fibrillated glucagon is
unsuitable for human drug use.
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Degradation of glucagon

Many proteins degrade over time, and deamidation of asparagine and glutamine residues are
a known degradation mechanism in mammals. Robinson and Robinson have suggested that
this process is a normal mechanism that appropriately regulates protein activity lifetime in
animals [14]. Deamidation is typically pH-dependent, with the lowest rates occurring around
pH 4-6, with marked rate increases occurring at both high and low pH extremes [14].
Asparagine deamidation is more common than glutamine deamidation, and is better
understood. At acidic pH, direct hydrolysis is the major mechanism for deamidation. At
neutral and alkaline pH, succinimide ring formation contributes to deamidation, which is
inhibited by steric hindrance from neighboring amino acid side chains. Glutamine
deamidation is less well understood, but kinetic evidence points to direct hydrolysis [15].
The intermediate formations in asparagine involve a five-membered ring, while glutamine
intermediates involve a less-stable six-membered ring [16].
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Experimentally, low pH glucagon has demonstrated deamidation at glutamine and
asparagine residues and peptide cleavage at aspartate residues [16]. Glucagon has three
glutamine residues and one asparagine, making four of its 29 amino acids susceptible to
deamidation. Our preliminary work, presented in abstract form [13], showed a pH-
dependent degradation of native glucagon, which increased with rising pH from pH 8.6 to
10. The degradation products were analyzed by liquid chromatography-mass spectrometry
(LCMS), which showed deamidation as the major degradative pathway, accompanied by
some oxidation and chain cleavage. Deamidated glucagon appears on LC-MS analysis as a
separate, well-defined peak with a retention time 2-3 minutes shorter than that of native
glucagon. Its mass is increased by 1 Dalton over native glucagon. We observed that, by day
3 of aging at 370C at pH 10, 35% of the glucagon at pH 10 has been deamidated, compared
to only 20% at pH 9 at the same time point [13].
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These data confirm that both the aggregation and degradation of glucagon are strongly pH-
dependent. Because there is no one pH value that avoids both processes, it is likely that
stabilizing agents will be needed to optimize glucagon formulations.

There are other approaches that show promise in achieving a stable, liquid glucagon
formulation. First, a team at Biodel, Inc., found a way to stabilize glucagon at neutral pH by
the use of a surfactant accompanied by a sugar. Like the alkaline preparation discussed
above and the other approaches discussed below, the formulation has not been approved by
the FDA. The Biodel formulation was found to be reasonably stable by reverse-phase HPLC
over several weeks [17]. For more details regarding the Biodel approach, the reader is
referred to a published patent application [18].

Another approach is to create a mutant form of glucagon by substituting non-native amino
acids into the peptide chain. Chabenne and DiMarchi et al. reported that such a substitution
near the C-terminal end of the glucagon molecule achieved a substantial degree of
biostability [19]. For a summary of glucagon analogs proposed by this group, whose
technology is now owned by Roche, see patent application [20]. The group from Xeris
Pharmaceuticals presented preliminary evidence at the 2012 ADA Scientific Sessions
(http://xerispharma.com/ADA _Poster FINAL_5 30.pdf) showing that native glucagon can
be stabilized in liquid form with the use of a non-aqueous solvent (dimethyl sulfoxide). In
their presentation, they reported that this formulation largely avoids glucagon degradation
and fibrillation. For their patent application, see [21]. Other approaches designed to stabilize
glucagon include the method of Arecor, Inc., which uses excipients that exchange protons
with proteins [22].

The foregoing methods mentioned here also have the potential to stabilize liquid glucagon
for use as a rescue injection for persons with diabetes who suffer from marked symptomatic
hypoglycemia in the setting of an emergency. Currently, it is necessary for the companions
of such individuals to quickly mix a lyophilized powder with an aqueous diluent and then
inject the solution subcutaneously or intramuscularly into the patient. Such a procedure is
very difficult for a lay person to accomplish, especially in the heat of an emergency. If a
stable liquid solution were available, the procedure would be simpler, safer, and less
anxiety-provoking.

In order to avoid the need for manual mixing, Xeris is developing a glucagon pen that uses a
non-aqueous liquid solvent that requires no mixing. In addition, Enject, Inc., has developed
a pen device that, upon injection, automatically mixes the diluent with the lyophilized
glucagon powder. Though not yet commercially available, this device is summarized in the
following document (http://www.enject.com/uploads/Enject_article BioCentury.pdf).

Tolerability of subcutaneously-administered of alkaline proteins in humans

There is a paucity of information about tolerability of alkaline drug solutions that are
administered subcutaneously. In an off-label fashion, furosemide, a highly alkaline solution,
is sometimes given by the subcutaneous route, but the parenteral formulation is approved
only for intravenous use [23]. Because of the question of tolerability of glucagon at a high
pH, we carried out a study in which we administered a common, well-tolerated protein
(human albumin) to normal human subjects. In a double-blind fashion, on separate
occasions, a physician administered albumin (1 mg/ml) buffered at pH 7.4 (with phosphate
buffer) and albumin buffered at pH 10 (with glycine buffer). Each subject received 4
injections: albumin at each pH given fast (over 10 seconds) or slow (over 60 seconds).
Subjects rated their experience of discomfort on a 6-point scale, from 0-5, with 0
representing no discomfort. The results [24] demonstrated that:
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