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ABSTRACT

Stabilized glucagon solutions, methods of storing and using
the stabilized glucagon solutions, and drug delivery devices
containing the stabilized glucagon solutions. In some
embodiments, the glucagon solutions may be alkaline, such
as with a pH of at least about 9. The glucagon solutions may
be resistant to aggregation of glucagon when the solutions are
stored for a prolonged period, such as at least about three
days, at room temperature and/or physiological temperature.
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STABILIZED GLUCAGON SOLUTIONS AND
USES THEREFOR

like. The aggregates may have less activity and/or delayed
activity. More significantly, the aggregates may be toxic or
may cause disease. In particular, amyloid fibrils composed of
various proteins have been associated with diseases such as
Alzheimer’s disease, Huntington’s disease, rheumatoid
arthritis, and atherosclerosis, among others. Perhaps for this
reason, the FDA-approved instructions for commerciallyavailable glucagon allow only for immediate usage of gluca
gon after the powder is reconstituted in aqueous solution.
Glucagon has an isoelectric point of about 7. As a result, the
peptide tends to be insufficiently soluble near a neutral pH. To
improve solubility, commercial preparations rely on an acidic
pH of about 3. However, fibril formation of glucagon is gen
erally quite rapid at this low pH.
Glucagon also may be used in a drug delivery device that
functions as an artificial pancreas. The device may utilize
both an insulin pump and a glucagon pump containing solu
tions of insulin and glucagon, to respectively lower and raise
blood glucose levels. The device monitors blood glucose
levels in a diabetic subject and operates with closed loop
control to maintain the glucose level within an acceptable
range by infusing insulin and glucagon into the subject at
appropriate rates and times. However, for the device to be
feasible, the glucagon must be sufficiently stable to be stored
near the subject’s body in the glucagon pump for days (e.g., at
least three days). Accordingly, commercial glucagon formu
lations available currently are not suitable for use by an arti
ficial pancreas since these formulations cannot be stored in an
aqueous form.
There remains a need for stabilized glucagon solutions.

CROSS-REFERENCE TO PRIORITY
APPLICATION

5

This application is based upon and claims the benefit under
35 U.S.C. § 119(e) ofU.S. Provisional Patent Application Ser.
No. 61/354,457, filed Jun. 14, 2010, which is incorporated
herein by reference in its entirety for all purposes.
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CROSS-REFERENCE TO OTHER PATENT
DOCUMENTS
The following patent documents are incorporated by ref
erence in their entireties for all purposes: U.S. Pat. No. 5,711,
861; U.S. Pat. No. 6,212,416; U.S. Pat. No. 6,466,810; U.S.
Pat. No. 7,433,727; and U.S. Patent Application Publication
No. 2008/0027301.
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INTRODUCTION
Glucose levels in the blood are regulated by peptide hor
mones produced by the pancreas. Pancreatic beta cells secrete
insulin when blood glucose is high, such as after a meal, to
promote glucose uptake by tissue. For example, insulin
stimulates the liver to take up glucose for conversion to gly
cogen for storage. In contrast, alpha cells of the pancreas
secrete glucagon when blood glucose is low, to induce the
liver to break down glycogen into glucose. The glucose is
released into the blood to elevate blood glucose.
The metabolic disease diabetes mellitus results when glu
cose regulation is defective, producing chronically high lev
els of glucose in the blood. Chronic high blood sugar can
cause various health complications, such as damage to tissue
(e.g., kidney, cardiovascular, retinal, neurological, etc.). Dia
betes can result when the body does not generate sufficient
insulin (Type 1 diabetes) or is resistant to the presence of
insulin (Type 2 diabetes), among others. Both types of diabe
tes may be treated with insulin injections.
One of the problems associated with injection of insulin is
overshoot, where blood glucose falls below the normal range
to produce hypoglycemia. Since the brain is dependent on
glucose for energy, hypoglycemia impairs brain function.
Mild-to-moderate hypoglycemia can be self-diagnosed and
quickly self-treated by orally ingesting a source of glucose or
other sugar, such as a candy bar or a soft drink. However,
severe hypoglycemia can render a diabetic person uncon
scious and in need of first aid treatment. To rescue the diabetic
person, an emergency injection of glucagon is commonly
utilized to elevate blood glucose to a safe range. The glucagon
can be injected intramuscularly, intravenously, or subcutane
ously to rapidly increase blood glucose. Without a timely
glucagon injection, permanent brain damage or death can
ensue.
Injectable glucagon formulations are available commer
cially. However, the glucagon is not provided in solution.
Instead, the glucagon is present in a powdered form that must
be reconstituted with a sterile diluent immediately prior to
injection. This reconstitution step is undesirable because it
delays injection and may introduce errors, such as incomplete
glucagon solubilization, incorrect diluent volume, addition of
a nonsterile diluent, and the like.
Glucagon reconstitution is required for these formulations
because the glucagon is not stable in solution. Monomers of
glucagon can rapidly associate with one another to form
aggregates, such as amyloid fibrils, precipitates, gels, and the
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The present disclosure provides stabilized glucagon solu
tions, methods of storing and using the stabilized glucagon
solutions, and drug delivery devices containing the stabilized
glucagon solutions. In some embodiments, the glucagon
solutions may be alkaline, such as with a pH of at least about
9. The glucagon solutions may be resistant to aggregation of
glucagon when the solutions are stored for a prolonged
period, such as at least about three days, at room temperature
and/or physiological temperature.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. l i s a schematic view of an unstable, acidic glucagon
solution (top row) and a stable, alkaline glucagon solution
(bottom row) being aged and illustrating aggregation of glu
cagon monomers in the acidic solution while the monomeric
form is preserved in the alkaline solution, in accordance with
aspects of the present disclosure.
FIG. 2 is a schematic view of an exemplary drug delivery
device pumping an aged, stable glucagon solution into a
subject, in accordance with aspects of the present disclosure.
FIG. 3 is a graph of results of a Congo red assay for
glucagon preparations aged at 37° C. for varying lengths of
time, in accordance with aspects of the present disclosure.
FIG. 4 is a graph of size exclusion chromatography (SEC)
carried out on fresh and aged preparations of native glucagon,
in accordance with aspects of the present disclosure.
FIG. 5 is a pair of graphs of the effect of (A) pH and (B)
osmolarity on cytotoxicity of NIH 3T3 fibroblasts in culture,
using an WST-1 cell viability assay, in accordance with
aspects of the present disclosure.
FIG. 6 is a pair of graphs of cytotoxicity results for lactosefree native glucagon at different concentrations with (A) no
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aging and (B) after aging for 5 days, in accordance with
aspects of the present disclosure.
FIG. 7 is a graph of LDF1 assay results measured from NIF1
3T3 fibroblasts exposed to a commercially available lactoserich glucagon preparation (GlucaGen) aged for 0, 1,2, and 7
days, in accordance with aspects of the present disclosure.
FIG. 8 is a graph of plasma levels of glucagon measured in
a study in which fresh or aged glucagon (GlucaGen) was
given to anesthetized pigs, in accordance with aspects of the
present disclosure.

Pharmacopeia or other generally recognized pharmacopeia
for use in animals, and more particularly, in humans.
Stable—resistant to aggregation that forms substantially
larger structures from monomeric glucagon, such as fibrils, a
precipitate, a gel, visible cloudiness, or any combination
thereof, among others. A glucagon solution that is resistant to
aggregation does not exhibit substantial glucagon aggrega
tion (i.e., remains substantially non-aggregated) when stored
for at least a specified period of time and at or above a
specified temperature or temperature range. Substantial glu
cagon aggregation is achieved when at least about 25% or
10% of the glucagon is aggregated.
Alkaline—a pFl of greater than 7. Exemplary alkaline solu
tions of glucagon have a pFl of greater than about 8 or 9, about
9.5 to 10.5, or about 10, among others.
Glucagon—a glucose-increasing peptide that is identical
or similar to native glucagon. Native glucagon is composed of
29 amino acids, has a molecular weight of 3485 daltons, and
is fully conserved in all or nearly all mammals. The glucagon
may bean analog of native glucagon, differing from the native
form by one or more amino acid substitutions, additions,
and/or deletions. Alternatively, or in addition, the glucagon
may be a derivative of native glucagon that includes one or
more chemical modifications of one or more amino acids.
Exemplary chemical modifications include acetylation,
methylation, amidation, decarboxylation, phosphorylation,
disulfide cross-linking, glycosylation, farnesylation, etc.
Physiological temperature—a temperature of about 30 to
37 degrees Celsius.
Room temperature—a temperature of about 20 to 25
degrees Celsius.

5
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DETAILED DESCRIPTION
The present disclosure provides stabilized glucagon solu
tions, methods of storing and using the stabilized glucagon
solutions, and drug delivery systems and devices containing
the stabilized glucagon solutions. In some embodiments, the
glucagon solutions may be alkaline, such as with a pFl of at
least about 9. The glucagon solutions may be resistant to
aggregation of glucagon when the solutions are stored for a
prolonged period, such as at least about three days, at room
temperature and/or physiological temperature.
A composition for treating a glucagon-responsive medical
condition is provided. The composition may comprise a pharmaceutically-acceptable aqueous solution of glucagon. The
solution may be alkaline, such as having a pFl of greater than
about 9. The glucagon may remain substantially non-aggregated when the solution is stored at a physiological tempera
ture for at least three days.
A method of treating a glucagon-responsive medical con
dition is provided. In the method, an aqueous solution of
glucagon at a pFl of greater than about 9 may be provided. The
solution may be stored in liquid form for at least three days at
a physiological temperature without substantial aggregation
of the glucagon. At least a portion of the solution may be
delivered into a subject after the solution is stored.
A drug delivery system is provided. The system may com
prise a container holding an aqueous solution of glucagon at
a pFl of greater than about 9. The glucagon may remain
substantially non-aggregated when the solution is stored at
physiological temperature for at least three days. The system
also may comprise an outlet through which the solution is
configured to be driven from the container for delivery into a
subject.
Further aspects of the present disclosure are described in
the following sections: (I) definitions, (II) overview of stabi
lized glucagon solutions, and (III) examples.
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I. DEFINITIONS
50

Technical terms used in this disclosure have the meanings
that are commonly recognized by those skilled in the art.
Flowever, the following terms may have additional meanings,
as described below.
Subject—a recipient of a drug such as glucagon.
Drug delivery device—an appliance for delivering a drug,
such as glucagon. The appliance may be configured to deliver
the drug through any suitable route, such as parenteral or
enteric (e.g., orally), among others. If parenteral, the appli
ance may deliver the drug by injection (e.g., by injection that
is intraarterial, intravenous, intramuscular, intradermal, sub
cutaneous, etc.), intranasally, inhalationally, transdermally,
etc. Injection may be as a bolus or by infusion, among others.
Exemplary drug delivery devices includes pumps, syringes,
injection pens, patches, needle-less injectors, and the like.
Pharmaceutically acceptable—approved by a regulatory
agency of a federal or state government or listed in the U.S.
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II. OVERVIEW OF STABILIZED GLUCAGON
SOLUTIONS
FIG. 1 shows a schematic view of a pair of containers 20,
22 holding respective glucagon solutions 24, 26 that are
unstable (top row) and stable (bottom row).
First glucagon solution 24 is an acidic aqueous solution,
such as a commercially available glucagon solution at pFl 3.0.
When placed into solution, the glucagon aggregates over
time, to convert glucagon monomers 28 (on the left) to aggre
gated glucagon (on the right), such as amyloid fibrils 30. The
rate of glucagon aggregation may be dependent upon the
temperature at which the glucagon solution is stored (also
termed “aged”), with a higher temperature generally produc
ing more rapid aggregation.
Second glucagon solution 26 is an alkaline aqueous solu
tion. The alkaline pFl of solution 26 stabilizes the solution
against aggregation of glucagon monomers 28. Accordingly,
when incubated for a time period and at a temperature suffi
cient to cause substantial aggregation of glucagon in acidic
solution 24, alkaline solution 26 is stable, with the glucagon
remaining substantially non-aggregated.
The glucagon may be present at any suitable concentration
in alkaline solution 26. In exemplary embodiments, the glu
cagon is present at a concentration of about 0.1 to 10 mg/mL,
0.5 to 5 mg/mL, 0.5 to 1.5 mg/mL, or about 1 mg/mL, among
others.
Alkaline solution 26 may be stable for any suitable storage
period and at any suitable storage temperature. For example,
the solution may be stable when stored for at least about 1, 2 ,
3, 5,7,14, 21, or 28 days at a temperature of at least about 20,
25, 30, or 37° C.
The alkaline solution may contain a buffering agent, salt, a
surfactant, a sugar, a stabilizer, a preservative, or any combi-

US 8,636,711 B2
5

6

nation thereof, among others. In some cases, the solution may
contain substantially no surfactant.
The buffering agent may include an ampholyte, that is, a
substance that can act as an acid or a base. Exemplary
ampholytes include an amino acid (e.g., glycine, alanine,
leucine, asparagine, histidine, glutamic acid, etc.), a diamino
acid (e.g., glycylglycine, glycylalanine, etc.), or the like.
The alkaline solution may have any suitable osmolarity.
For example, the osmolarity may be about 200-500 or 250400 mOsm, among others.
FIG. 2 shows an exemplary drug delivery device 40,
including a pump 42, delivering a portion of alkaline solution
26 into a subject 44. Solution 26 has been stored in the device
for at least a day at physiological temperature but remains
substantially non-aggregated.
Drug delivery device 40 may include at least one container
46 to hold solution 26. The container may form a chamber 48
of the pump. In any event, the container may be sealed to
prevent contamination and/or evaporation of solution 26.
Drug delivery device 40 also may include at least one outlet
or port 50 through which solution 26 may exit the device for
delivery to the subject 44. The outlet may be formed by a tube
52 (e.g., a needle), among others. The outlet may be con
nected or connectable to chamber 48 for fluid communication
therebetween. Outlet 50 may carry and/or emit solution 26
into and/or onto the subject. Delivery into the subject may be
by injection through the skin (e.g., intravenous, intramuscu
lar, or subcutaneous injection). Delivery onto the subject may
include dermal application.
The drug delivery device may include a pressure source 54
that drives fluid from container 46 through outlet 50. The
pressure source may include a motor, one or more piezoelec
tric elements, one or more heater elements, a compressed
fluid, or the like.
Device 40 may provide closed loop control of glucagon
delivery. The device may be equipped with a processor 56 and
at least one glucose sensor 58 in communication with the
processor. The processor may control operation of pressure
source 54, such as the timing and rate at which the pressure
source drives fluid through outlet 50.
The glucose sensor may be positioned to monitor a glucose
concentration of the subject. For example, the glucose sensor
may be implanted in the subject or disposed on or adjacent the
subject’s skin, among others.
Device 40 may be utilized to perform a method of regulat
ing blood glucose and/or of treating hypoglycemia. At least
one glucose sensor may be utilized to monitor a concentration
of glucose in a subject. The sensor may generate a sensor
output signal based on the monitored concentration. The out
put signal may be used to generate an input signal from the
sensor. The input signal may be processed by a processor
using an algorithm to generate a processor output signal for
controlling the pressure source. The algorithm may be a pro
portional and/or derivative algorithm, and, in some cases, a
fading memory proportional derivative algorithm. Glucagon
may be delivered based on the input signal from the sensor,
that is, based on a proportional error of glucose concentration
and/or a derivative error of glucose concentration. For
example, glucagon may be delivered when the glucose con
centration is falling.
Further aspects of drug delivery devices and methods of
delivering glucagon are disclosed in the patent documents
listed above under Cross-References, which are incorporated
herein by reference, particularly U.S. Patent Application Pub
lication No. 2008/0027301.

aqueous glucagon solutions. These examples are intended for
illustration and should not be interpreted as limiting the entire
scope of the present disclosure.
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The following experiments investigate whether aging at
different pH values and solvents would reduce cytotoxicity in
fibroblast cell culture and the tendency toward amyloid for
mation. The alkaline range was studied in addition to the
acidic range. Since glucagon is minimally soluble, the neutral
range may not be suitable for storage after aqueous reconsti
tution.
To avoid misattribution of toxicity to glucagon per se, the
specific effects of pH and osmolarity on cytotoxicity in the
fibroblasts were investigated, especially because earlier stud
ies did not adequately address these issues.
The experiments also address the bioactivity of amyloidrich, aged glucagon solutions in nondiabetic pigs, since ear
lier data suggested that aged solutions might have greater
bioactivity than might be expected. To understand the phar
macokinetic effects of aged glucagon in these animals, peri
odic serum samples were collected for measurement of glu
cagon.
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The following examples describe selected aspects of exem
plary systems for formulating, testing, and utilizing stable

A. STUDY OVERVIEW

1. Cytotoxicity Measurements in Cell Culture
Studies assessing the potential cytotoxic effects of native
glucagon employed NIH 3T3 cells cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad,
Calif.) and 10% fetal bovine serum (FBS) (Invitrogen) in a
37° C. incubator set at 5% C 0 2 and 95% humidity. Cytotox
icity was examined after cultured cells were exposed to native
glucagon, which was either freshly prepared or aged in aque
ous solution for varying lengths of time at different concen
trations. Two types of native glucagon preparations were
studied: a lactose-rich commercial preparation of glucagon
hydrochloric acid (HC1) (GlucaGen®, Novo Nordisk NS,
Princeton, N. J.) and a lactose-free glucagon preparation (de
scribed later).
2. Study of Commercially-Available Lactose-Rich Gluca
gon
Twenty-four hours prior to glucagon exposure, cells were
seeded at approximately l-2xl0 4 cells per well in 96-well
plates (Coming Inc., Lowell, Mass.) with DMEM, which was
supplemented with 10% FBS and 2 μM insulin. Immediately
prior to glucagon exposure, the media was replaced with
serum-free DMEM. The glucagon HC1 mixture (GlucaGen)
was received freeze-dried and was a generous gift from Novo
Nordisk NS. GlucaGen is enriched with lactose, and when
reconstituted with water to the FDA-approved concentration
of 1 mg/mL, is designed to yield a pH of approximately 3.
The GlucaGen mixture was reconstituted with sterile water
in order to create concentrations of 5.0 mg/mL, 1.0 mg/mL,
0.5 mg/mL, 0.3 mg/mL, and 0.1 mg/mL. All concentrations
were allowed to age for 0, 1,2, and 7 days in a tissue culture
incubator. NIH 3T3 cells were then treated with each aged
glucagon preparation for 24 hours before cytotoxicity tests
were carried out. Each glucagon preparation was added to the
wells as a 1:1 ratio of glucagon and DMEM. In addition, the
commercial 1.0 mg/mL preparation of GlucaGen was
assayed for amyloid with Congo red immediately after recon
stitution and after 4 hours, 1 day, 3 days, and 5 days of aging
at 37° C. A description of the Congo red procedure is given
below. This reconstitution was carried out in sterile water
according to the manufacturer’s instructions.
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A cell lysis solution composed of acetic acid and ethanol
was used as the positive control for cytotoxicity and DMEM
alone was the negative control. Lactate dehydrogenase
(LDH) release was used to measure cell death (Roche Cell
Death Kit, Roche Applied Science, Inc., Indianapolis, Ind.).
In this assay, 120 μL of the reaction mixture (a mixture of
diaphorase/nicotinic acid dinucleotide, iodotetrazolium chlo
ride, and sodium lactate) was placed into each well. The plate
was then incubated for 30 minutes at room temperature away
from direct light. Absorbance at 492 nm with a reference
wavelength of 690 nm was measured using a SpectraMax M5
spectrophotometer (Molecular Devices Inc., Sunnyvale,
Calif.).
For some studies, cell viability was measuring using Cell
Proliferation Reagent WST-1 (Roche Applied Science, Inc.,
Indianapolis, Ind.), which is based upon the cleavage of
water-soluble tetrazolium-1 (WST-1) to formazan. After cells
were exposed to a 1:1 ratio of glucagon and DMEM for 24
hours, 12 μL of WST-1 reagent was added to each well. The
plate was then incubated for 3 hours in a 37° C. incubator at
5% C 0 2 and 95% humidity, and absorbance was then mea
sured as described earlier at 450 nm with a reference wave
length of 690 nm.
3. Studies of Lactose-Free Glucagon
Twenty-four hours prior to glucagon exposure, cells were
seeded at approximately l-2xl0 4 cells/well in 96-well plates
in DMEM supplemented with 10% FBS and 2 μM insulin.
Immediately prior to glucagon exposure, all media was
replaced with serum-free DMEM. Lyophilized synthetic glu
cagon (Sigma-Aldrich Product #G2044, St. Louis, Mo.) was
used as a source of native glucagon.
Native glucagon was reconstituted with sterile phosphatebuffered saline (PBS), pFi 7.4; 20 mMTris buffer, pFi 8.5; and
20 mM glycine buffer, pFi 10. After buffer solutions were
prepared and adjusted to specific pFi levels, they were filtered
through a 0.22 μm sterile Millipore™ syringe (Millipore
Corp., Billerica, Mass.) before use. Three concentrations of
glucagon were prepared: 2.5 mg/mL, 1.0 mg/mL, and 0.3
mg/mL. All concentrations were allowed to age for 0, 3, and
5 days in a tissue culture incubator. The NUT 3T3 cells were
then treated with each aged glucagon preparation for 24 hours
before cytotoxicity tests were carried out.
After glucagon was added to DMEM, the resulting pFi
value for the GlucaGen (at an original concentration of 5
mg/mL) was 6.55 and for the original concentration of 1
mg/mL was 7.49. For the lactose-free glucagon (2.5 mg/mL
original concentration), the resulting pFi was 8.15 for Tris and
8.84 for glycine.
To avoid hypotonicity of the glucagon-DMEM solutions,
the DMEM was supplemented with sodium chloride (NaCl)
for the Tris and glycine solutions, so that the final osmolarity
fell in the range of 320-350 mOsm/kg. Native glucagon was
insoluble (yielding a precipitate) in PBS, and, for this reason,
cytotoxicity results are not reported for PBS-buffered gluca
gon.
4. pFi Study
A pFi study was carried out to assess the direct effect of pFi
on cytotoxicity in NUT 3T3 cells. Serum-free DMEM was
used as the test solution. The pFi of the DMEM was adjusted
using F1C1 and sodium hydroxide (both from Sigma-Aldrich,
St. Louis, Mo.). In order to assess cytotoxicity, pFi values of
10.0, 8.5, 7.6, 6.5, 5.0, 4.0, and 3.0 were used. All pFi solu
tions were prepared the day of use. Twenty-four hours prior to
exposure to the pFi treatments, cells were seeded at approxi
mately l-2xl0 4 cells/well in 96-well plates with DMEM
supplemented with 10% FBS and 2 μM insulin. Immediately
prior to exposure to the various pFi solutions, all media was

removed from the cells. The pFi treatments were then added to
the cells and incubated at 37° C. for 24 hours. The WST-1
assay was used to assess cytotoxicity and viability.
5. Osmolarity Study
In order to determine effects of osmolarity on cell viability,
osmolarities of 85, 170, 340, 685, 855, and 1030 mOsm were
tested. The lower osmolarities of 85 and 170 mOsm were
obtained by dilution of serum-free stock DMEM (Invitrogen)
with sterile water. The osmolarity o f340 mOsm was obtained
by using this same stock DMEM (340 mOsm, as reported by
the manufacturer’s Certificate of Analysis) without dilution
with sterile water or supplementation with NaCl. The higher
osmolarities of 685, 855, and 1030 mOsm were obtained by
supplementing the stock DMEM with NaCl.
Twenty-four hours prior to exposure of osmolarity treat
ments, cells were seeded at approximately l- 2 x l 04 cells/well
in 96-well plates with DMEM supplemented with 10% FBS
and 2 μM insulin. Immediately prior to the exposure of vary
ing osmolarities, all media was removed from the cells. The
osmolarity treatments were then added to the cells for 24
hours. The WST-1 assay was used to assess cell viability, as
described earlier.
6 . Condo Red Binding Assay
Glucagon aggregates that reacted with Congo red were
studied using a protocol modified from Klunk and colleagues.
A solution of Congo red (Sigma-Aldrich, St. Louis, Mo.) was
prepared by adding 5 μL of 25 μM Congo red to 1 mL of 20
mM potassium phosphate buffered to pFi 7.4. This solution
was filtered through a 0.22-μm filter. Ten μL of each glucagon
preparation (each aged at 37° C. at 1 mg/mL) were added to
this Congo red solution. To confirm that the Congo red stain
ing procedure would not be impaired by assaying an alkaline
sample, we verified that adding the highly alkaline glycine
(pFi 10) sample to the buffered salt solution with Congo red
did not change that solution’s pFi.
When fibrillation occurred, a small gel-like precipitate
stained with Congo red was typically found without a diffuse
change in the color of the solution. Accordingly, there were
very inconsistent readings with the spectrophotometer. For
this reason, a visual test by a researcher who was unaware of
the study conditions was used for data analysis. More specifi
cally, the intensity of bound Congo red was scored by a visual
test based on a scale of 0 to 6 , according to the size and
intensity of the red-colored gel. Before this visual test was
conducted, a number of the samples were shown separately to
others. A very high degree of concordance was observed.
7. Solubility Study
A solubility study for native glucagon was carried out at
alkaline pFi levels prior to the 5-day glucagon aging study. It
is already known that glucagon is highly soluble at an acidic
pFi, so solubility in the acid range was not studied. For glu
cagon dissolved in Tris at pFi 8.5 and the glucagon dissolved
in glycine at pFi 10, various concentrations were prepared in
96-well plates at 37° C. and their absorbance was measured at
280 nm. The absorbance at 280 nm increases linearly as the
concentration of soluble protein increases, but when the
soluble concentration is exceeded, the absorbance plateaus.
We found that at pFi values of 8.5 and 10, when the concen
tration of glucagon was raised to approximately 3 mg/mL or
higher, the absorbance response no longer rose in a linear
fashion, demonstrating reduced solubility. For this reason, at
alkaline pFi, the highest concentration used in these studies
was 2.5 mg/mL.
8 . Size-Exclusion Chromatography (SEC)
Glucagon (native) was purchased from Sigma-Aldrich (St.
Louis, Mo.). The glucagon was dissolved and aged for 21
days at 37° C. in three buffers: citrate buffer (pFi 3.0), Tris (pFi
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8.5), and glycine (pH 10.0), all at 1 mg/mL concentrations.
Buffer solutions were filtered through a 0.22-μm, sterile Millipore syringe before use. Samples of fresh and aged glucagon
were fractionated on a Tosoh TSK-Gel 4000SWxl column
(Tosoh Bioscience LLC, Montgomeryville, Pa.) at ambient
temperature using an Agilent 1100 HPLC system (Agilent
Technologies, Inc., Santa Clara, Calif.). Each preparation was
studied using a citrate mobile phase (20 mM citrate buffer
containing 130 mM NaCl, pH 3.0). The glucagon aged in
glycine was also studied using a mobile phase of PBS (Invitrogen) at pH 7.4. The peptides were eluted under constant
flow at 0.7 mL/min and the absorbance monitored at 214 nm
(peptide bond) and 280 nm (aromatic ring). The column was
calibrated with blue dextran (2,000,000 Da) and a series of
protein standards of varying molecular weight including, thyroglobulin (690,000 Da), glucose oxidase (160,000 Da),
bovine serum albumin (66,500 Da), porcine insulin (5777
Da), glucagon (3482 Da), and buserelin (1239 Da). The out
come metric was the area under the absorbance curve (280
nm) for the peak that eluted at 19.5 minutes (i.e., the glucagon
monomer peak, 3.5 kDa).
9. Glucagon Administration in Pigs
Studies that involved animals followed the United States
National Institute of Health guidelines for the use and care of
laboratory animals. In addition, the Legacy Institutional Ani
mal Care and Use committee gave written approval for the
study before it was carried out. The purpose of the pig study
was to collect blood for analysis of glucagon plasma levels.
GlucaGen was reconstituted with sterile water as per the
manufacturer’s instructions to a concentration of 1 mg/mL.
Prior to addition of blood to serum collection tubes for later
glucagon assay, 1000 KIU of aprotinin solution per milliliter
of whole blood were added to each tube as a proteolysis
inhibitor.
Young Yorkshire farm pigs (25-40 kg) were used for this
study. Pigs were not fed on the morning of the study. A pig
was sedated with Telazol and weighed. The animal then
underwent tracheal intubation. For anesthesia, the pig was
maintained on 1.5-2% isoflurane with oxygen. A SC dose of
octreotide acetate (44 μg/kg) was given to block endogenous
secretion of insulin and glucagon. An 18-gauge catheter was
placed in the ear vein and normal saline was given slowly to
keep the vein open. A heating pad was placed over the catheter
to arterialize the venous blood. When vital signs were stable,
the study was initiated.
Every 15 minutes throughout the study, 0.1 mL of blood
was drawn from the intravenous catheter for measurement of
blood glucose using a Hemocue 201 glucose analyzer
(Hemocue Inc., Lake Forest, Calif.). At intervals, blood was
obtained for later measurement of glucagon immunoreactivity (radioimmunoassay) in serum.
Thirty minutes after giving the octreotide, a SC dose of
glucagon (either a low dose of 1 μg/kg (n=2 for fresh gluca
gon and n =2 for aged glucagon) or a maximal dose of 1 mg
(n=l for fresh and n=l for aged) was given subcutaneously. A
second dose of octreotide acetate (same dose as first) was
administered 2 hours after the first dose. When the blood
glucose returned to fasting or near-fasting levels, the study
was terminated. The pig was observed during emergence
from anesthesia until it could stand unassisted.
10. Statistics
Student’s t-test with the Bonferroni adjustment was used
for comparisons (paired or unpaired, as appropriate). Before
the adjustment, the starting alpha was 0.05. Thus, for the
study of cytotoxicity of GlucaGen, there were five concen
trations and four study durations, yielding a final alpha of
0.05/20=0.0025. Similarly, for the study of lactose-free glu-

cagon, there were two types of glucagon, three concentra
tions, two storage pH levels, and two durations, yielding a
final alpha of 0.05/24=0.0021.
5

10

15

20

25

30

35

40

45

50

55

60

65

C. RESULTS
Congo red studies were carried out on GlucaGen reconsti
tuted at 1 mg/mL. The Congo red assay was carried out in
triplicate on this lactose-rich preparation immediately after
reconstitution and after being aged at 37° C. for various
lengths of time. Using a scale of 0-6, with a score of 6 being
maximal, Congo red scores of 0 were observed with no aging,
0 after 4 hours of aging, 1.5 after 24 hours of aging, 3.75 after
3 days of aging, and 6 after 5 days of aging (data not shown).
FIG. 3 shows results from a series of Congo red assays
performed on lactose-free preparations of native glucagon
aged for longer periods of time. There was no Congo red
binding at day 0 (freshly prepared, without aging) under any
condition. Beginning at day 8 , Congo red amyloid intensity
was greatest in citrate buffer at pH 3. At a mildly alkaline pH
of 8.5, there was substantial Congo red intensity at day 8 with
the native glucagon. At a pH of 10, there was no Congo red
staining for native glucagon, even after 28 days.
FIG. 4 shows a graph of results from size exclusion chro
matography performed on native preparations of glucagon.
Shown here are the areas under the curve (units are absorbancexminutes) for the main monomeric glucagon peak (mo
lecular weight 3.5 kDa) obtained at different periods of aging
at 37° C. up to 21 days for glucagon aged in glycine (pH 10),
Tris (pH 8.5), and citrate (pH 3). All preparations were stud
ied using a citrate mobile phase. The glycine preparation was
also studied using a PBS mobile phase. Irrespective of the
mobile phase, the glucagon dissolved in glycine (pH 10)
demonstrated the greatest preservation of the monomeric glu
cagon peak over time.
When glucagon was aged in citrate at pH 3, the size of the
glucagon monomeric peak declined rapidly and was absent
after 7 days. When aged in Tris at pH 8.5, there was also a
substantial loss of the glucagon peak. In contrast, when aged
in glycine at pH 10, there was very little loss of the mono
meric peak at 7 days, although modest loss occurred after 14
and 21 days. There was no obvious difference in the results for
the glycine preparation when a mobile phase of PBS (pH 7.4)
was used versus a mobile phase of citrate (pH 3).
Although the monomeric glucagon peak and the peaks
from the various protein standards were always well-delin
eated, there were little if any large molecular weight peaks
that would have indicated amyloid aggregates, even in prepa
rations that lost the glucagon peak and were shown by other
techniques to be rich in amyloid. This finding may be due to
the fact that when the aging solution showed both solids (gels)
and liquid, the very narrow gauge pipette tip used to acquire
the sample tended to serve as a screen, allowed acquisition
only of the nongelled liquid.
FIG. 5 shows a pair of graphs of the effect of (A) pH and (B)
osmolarity on cytotoxicity of NIH 3T3 fibroblasts in culture,
using a WST-1 cell viability assay. The ranges for pH and
osmolarity that did not induce cytotoxicity, as measured by
the WST-1 assay, were approximately 7.0-9.5 and 250-400,
respectively.
The results of the LDH and WST-1 assays in initial experi
ments were concordant. However, owing to its better repro
ducibility during repeated measures for 5-7 days, subsequent
cytotoxicity assays used the LDH assay.
FIG. 6 shows cytotoxicity results for lactose-free glucagon
at different concentrations with no aging (FIG. 6a) and after
aging for 5 days (FIG. 6b). With no aging, there was no
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significant cytotoxicity at any concentration of the native
are not perfectly clear, although there are several possibilities,
hormone at either pH 8.5 or 10. After aging for 5 days, there
including the conditions under which the cells were studied.
was some evidence of toxicity at pH 8.5. At 5 days at a pH of
First, the present study found substantial direct effects of pH
10 in glycine buffer, there was no evidence of cytotoxicity for
and osmolarity on cytotoxicity with NIH 3T3 cells. The
5 ranges of pH and osmolarity that showed acceptably low
either preparation.
FIG. 7 shows LDH assay results for NIH 3T3 cells exposed
cytotoxicity were 7-9.5 and 250-400 mOsm, respectively. In
to the commercially available lactose-rich glucagon prepara
the study of Onoue and colleagues, the concentration of HC1
tion (GlucaGen) at pH 3 after aging for 0, 1,2, and 7 days.
to which the glucagon was exposed was 0.01 M, which would
Only the highest concentration (5 mg/mL) led to cytotoxicity,
result in a pH of approximately 2. Although it is true that when
and it was clear that this toxicity was not related to the dura 10 added to buffered cell media, the resulting pH could have
tion of aging. Indeed, the toxic effect of the highest concen
been somewhat higher in their study, the resulting pH prob
tration of glucagon was as prominent at day 0 as it was at day
ably remained low and contributed to cell death. The osmo
7. Concentration of the lactose-rich glucagon mixture, not
larity to which the cells were exposed during LDH testing was
aging duration, was the relevant factor.
not provided in the Onoue study.
A pig study was performed in which fresh or aged (at 1 15
Given the effects of pH and osmolarity on cell viability,
mg/mL) GlucaGen was given to anesthetized pigs. FIG. 8
there are several possible causes of the present observation of
shows the plasma levels of glucagon obtained. Although the
cytotoxicity at high concentrations of the commercial gluca
maximal plasma levels were very similar for fresh versus
gon preparation from Novo Nordisk: (1) the hyper-osmolarity
aged glucagon, there was a tendency for the rise in glucagon
20 of the solutions caused by the lactose in the high glucagon
to be slightly delayed in the aged preparation.
concentration study; (2) the low pH of the solutions; or (3) a
direct toxic effect of amyloid fibrils. The finding of an imme
D. DISCUSSION
diate cytotoxic effect (with no aging) suggests that low pH or
hyperosmolarity were the likely culprits, since the present
There is a need for glucagon to be sufficiently stable so that
it can be indwelled in a portable pump for at least 3 days. The 25 study and others have found that the concentration and poten
tial toxicity of amyloid fibrils increases with time. The high
delivery apparatus and fresh aqueous glucagon could be
lactose concentration in the 5 mg/mL GlucaGen preparation
loaded into the pump chamber at these intervals. It has been
(over 100 mg of lactose per mg of glucagon) was associated
found that, in the setting of an artificial pancreas, glucagon
with a very high, nonphysiologic osmolarity of approxi
delivered intermittently during declining incipient hypogly
cemia usually protects against overt hypoglycemia in sub 30 mately 900 mOsm.
jects with type 1 diabetes. These studies demonstrate the need
In the present study, there was an interest in aging glucagon
for a stable aqueous preparation of glucagon. Currently,
at maximally soluble concentrations. It was found that the
usage instructions for commercially available glucagon allow
high concentration of 5 mg/mL examined in the acid pH
only for immediate usage of glucagon after the powder is
experiments could not be achieved at higher pH levels. The
reconstituted in aqueous solution. As is the case for many 35 maximal solubility of glucagon in the alkaline range with
other proteins, glucagon has a tendency to form amyloid
glucagon was 2.5-3.0. Pedersen et al. reported solubility data
fibrils in aqueous solutions during aging. Onoue et al.
that was similar to the present study, i.e., maximal solubility
asserted that aging of aqueous solutions of glucagon form
at acid pH, very little solubility at neutral pH, and rising
amyloid fibrils that directly cause cytotoxicity, a conclusion
solubility as pH is raised above neutral.
similar to that of Maji and colleagues.
40
The Congo red results presented herein show that forma
In experiments presented herein, it was found that under
tion of amyloid occurred quickly, with very high levels at 5-8
certain conditions, native glucagon is free of cytotoxicity
days when glucagon was aged in acid solutions, either with
even after aging in aqueous solution at body temperature for
the commercial lactose-rich preparation or with the lactose5 days. No evidence was found for cytotoxicity from native
free preparation. In contrast, Congo red binding was much
glucagon at a pH of 10 in a glycine buffer up to maximally 45 lower in alkaline preparations. At the highest pH of 10, there
soluble concentrations of 2.5 mg/mL. A mild to moderate
was no Congo red staining for native glucagon, even after 28
cytotoxicity was observed when the native glucagon was aged
days.
in Tris buffer at pH 8.5. It also was found that the maximally
These Congo red results are helpful in understanding the
soluble concentration (5 mg/mL) of the commercial glucagon
cytotoxicity results. Cytotoxicity in NIH 3T3 cells was the
preparation (GlucaGen), whose pH after aqueous reconstitu 50 greatest for high concentrations of glucagon aged in acid
tion is 3, caused marked cytotoxicity. It is important to note,
(commercial preparation dissolved in HC1), somewhat less
however, that this toxicity was found at time zero, with no
for the high concentrations of glucagon aged at pH 8.5, and
additional cytotoxicity after aging (discussed further later).
absent for glucagon prepared at pH 10 in glycine buffer, even
Taking all the cytotoxicity results into consideration, includ
at high concentrations. The fact that Congo red binding,
ing the present experiments addressing the pH effect, the 55 which indicates amyloid formation, was highest in the same
alkaline pH range (e.g., a pH of 10) may be the safest option
preparations that led to substantial cytotoxicity suggests that
for avoiding cytotoxicity and amyloid fibril formation. It
beta sheet amyloid likely contributed to the cytotoxicity.
should be noted that the pH 10 preparation used, after dilution
Congo red intensity was very low in the glucagon aged in
with the DMEM culture medium, yielded a pH of 8 .8, a level
glycine buffer at pH 10, suggesting stability of the monomer
that was only minimally toxic in the pH study.
60 and lack of amyloid formation under this condition. This
finding, coupled with the lack of cytotoxicity with the glycine
With the same cell line used herein (NIH 3T3 fibroblasts)
preparation, further support a safety advantage for this con
and the same assay for cytotoxicity (LDH), Onoue and col
dition. Using SEC, there was also much greater preservation
leagues reported that glucagon aged at a high concentration (5
of the glucagon monomeric peak over 21 days under the
mg/mL) caused definite cytotoxicity, even after aging for only
1 day. In that study, the preparation that was cytotoxic when 65 glycine (pH 10) condition as compared to the Tris (pH 8.5)
condition or the citrate (pH 3) condition. Studies of glucagon
aged was not cytotoxic with no aging. The reasons for the
stability may be carried out using reverse-phase high-perfordiffering results of the present study and that of Onoue et al.

US 8,636,711 B2
13

14

mance liquid chromatography to evaluate for deamidated
compounds and other degradation products.
The studies in nondiabetic pigs revealed a mild delay in the
rise of glucagon levels after treatment with aged glucagon,
relative to fresh glucagon. The simplest explanation for the
delayed rise in plasma glucagon with the aged preparation is
the time required for the amyloid to be converted to absorb
able monomers or oligomers.
Although most approved drugs have pH values that are
lower than the pH 10 preparation described herein, parenteral
furosemide has a pH value of approximately 11-12. It is
generally well-tolerated when given by intravenous or sub
cutaneous routes.
The results presented herein underscore that to understand
the potential cytotoxicity of glucagon preparations, condi
tions such as pH and osmolarity must be carefully considered.
In general, the conditions that favor cytotoxicity are acid pH
and abnormal osmolarity. When the pH of the glucagon buffer
during aging is kept at alkaline levels, amyloid formation and
cytotoxicity are much lower than at acid pH. The conditions
for native glucagon that were most effective in minimizing
cell toxicity and amyloid formation were a glycine buffer at
pH 10.

12. Maji S K, Perrin M H, Sawaya M R, Jessberger S, Vadodaria K, Rissman R A, Singru P S, Nilsson K P, Simon R,
Schubert D, Eisenbeig D, Rivier J, Sawchenko P, Vale W,
Riek R. Functional amyloids as natural storage of peptide
hormones in pituitary secretory granules. Science. 2009;
325(5938):328-32.
13. Verma A K, da Silva J H, Kuhl D R. Diuretic effects of
subcutaneous furosemide in human volunteers: a random
ized pilot study. Ann Pharmacother. 2004; 38(4):544-9.
The disclosure set forth above may encompass multiple
distinct inventions with independent utility. Although each of
these inventions has been disclosed in its preferred form(s),
the specific embodiments thereof as disclosed and illustrated
herein are not to be considered in a limiting sense, because
numerous variations are possible. The subject matter of the
inventions includes all novel and nonobvious combinations
and subcombinations of the various elements, features, func
tions, and/or properties disclosed herein. The following
claims particularly point out certain combinations and sub
combinations regarded as novel and nonobvious. Inventions
embodied in other combinations and subcombinations of fea
tures, functions, elements, and/or properties may be claimed
in applications claiming priority from this or a related appli
cation. Such claims, whether directed to a different invention
or to the same invention, and whether broader, narrower,
equal, or different in scope to the original claims, also are
regarded as included within the subject matter of the inven
tions of the present disclosure.
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The invention claimed is:
1. A method of treating a glucagon-responsive medical
condition, comprising:
providing an aqueous solution of glucagon at a pH of
greater than about 9;
storing the solution in liquid form at a pH of greater than
about 9 for at least three days at room temperature or
higher without substantial aggregation of the glucagon;
and
delivering at least a portion of the solution into a subject
after the step of storing.
2. The method of claim 1, wherein the glucagon is present
at a concentration of at least about 0.5 mg/mL.
3. The method of claim 1, wherein the solution is stored at
a pH of about 9.5 to 10.5.
4. The method of claim 1, wherein the solution includes a
buffering agent comprising an ampholyte.
5. The method of claim 4, wherein the ampholyte is gly
cine.
6 . The method of claim 1, wherein the solution is substan
tially free of detergent.
7. The method of claim 1, wherein the step of storing is
performed in a drug delivery device, and wherein the step of
delivering is performed with the drug delivery device.
8 . The method of claim 1, wherein the step of delivering is
performed by injection intravenously, intramuscularly, or
subcutaneously.
9. The method of claim 1, wherein the subject is hypogly
cemic.
10. The method of claim 1, wherein the step of delivering is
controlled by a processor that is in communication with at
least one glucose sensor that monitors glucose concentration
of the subject.
11. The method of claim 10, wherein the processor is
programmed to cause delivery of the solution based on a
proportional error and/or a derivative error of the glucose
concentration.
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12. The method of claim 11, wherein the timing and
16. The drug delivery system of claim 15, further compris
amount of glucagon delivered is based on the proportional
ing at least one glucose sensor and a processor programmed to
error and the derivative error.
control operation of the pressure source based on a signal
13. The method of claim 11, wherein the processor is
received from the glucose sensor.
programmed to use a fading memory proportional derivative 5
17. The drug delivery system of claim 16, wherein the
algorithm to determine the timing and amount of glucagon
processor is programmed to control operation of the pressure
delivered, based on a signal from the at least one glucose
source based on a proportional error and/or a derivative error
sensor.
of glucose concentration measured by the glucose sensor.
14. A drug delivery system, comprising:
18. The drug delivery system of claim 17, wherein the
a drug delivery device including a container holding an 10
processor
is programmed to control the timing and amount of
aqueous solution of glucagon that has been stored in the
glucagon delivered based on the proportional error and the
container at a pH of greater than about 9 and at room
derivative error.
temperature or higher for at least three days, the gluca
19. The method of claim 1, wherein the step of storing is
gon being substantially non-aggregated, the device also
performed
at a pH of greater than about 9 for at least three
including an outlet through which the solution is con- 15
days at a physiological temperature.
figured to be driven from the container for delivery into
20. The system of claim 14, wherein the solution of gluca
a subject.
gon has been stored in the container at a pH of greater than
15. The drug delivery system of claim 14, further compris
about 9 for at least three days at a physiological temperature.
ing a pressure source operatively disposed to drive the solu
tion from the container through the outlet.

