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Abstract

Glucagon is a hyperglycemic pancreatic hormone that has been shown to provide a Key Words
beneficial effect against asthmatic bronchospasm. We investigated the role of this hormone » glucagon

on airway smooth muscle contraction and lung inflammation using both in vitro and in vivo » nitric oxide
approaches. The action of glucagon on mouse cholinergic tracheal contraction was » prostaglandins
studied in a conventional organ bath system, and its effect on airway obstruction was also » lung
investigated using the whole-body pletysmographic technique in mice. We also tested the » muscle

effect of glucagon on lipopolysaccharide (LPS)-induced airway hyperreactivity (AHR) and
inflammation. The expression of glucagon receptor (GcgR), CREB, phospho-CREB, nitric
oxide synthase (NOS)-3, pNOS-3 and cyclooxygenase (COX)-1 was evaluated by western blot,
while prostaglandin E, (PGE;) and tumour necrosis factor-o were quantified by
enzyme-linked immunoassay and ELISA respectively. Glucagon partially inhibited carbachol-
induced tracheal contraction in a mechanism clearly sensitive to des-His1-[Glu9]-glucagon
amide, a GcgR antagonist. Remarkably, GcgR was more expressed in the lung and trachea
with intact epithelium than in the epithelium-denuded trachea. In addition, the
glucagon-mediated impairment of carbachol-induced contraction was prevented by either
removing epithelial cells or blocking NOS (.-NAME), COX (indomethacin) or COX-1
(SC-560). In contrast, inhibitors of either heme oxygenase or COX-2 were inactive.
Intranasal instillation of glucagon inhibited methacholine-induced airway obstruction by a
mechanism sensitive to pretreatment with .-NAME, indomethacin and SC-560.

Glucagon induced CREB and NOS-3 phosphorylation and increased PGE; levels in the lung
tissue without altering COX-1 expression. Glucagon also inhibited LPS-induced AHR and
bronchoalveolar inflammation. These findings suggest that glucagon possesses
airway-relaxing properties that are mediated by epithelium-NOS-3-NO- and COX-1-PGE,-
dependent mechanisms.
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Introduction

Glucagon is a 29-amino-acid peptide hormone secreted
during fasting periods by the pancreatic islet a-cells into
hepatic portal venous circulation in response to falling
glucose levels (Conarello et al. 2007, Cryer 2012). Glucagon
acts as a counter-regulatory hormone to insulin and the
combined action of both hormones maintains glucose
homeostasis. While insulin acts primarily in response to
low blood glucose levels by stimulating tissue and cellular
uptake of glucose and hepatic glycogen synthesis, gluca-
gon increases hepatic glucose production and its release
into the bloodstream by stimulating glycogenolysis and
gluconeogenesis (Quesada et al. 2008, Cryer 2012).

Moreover, glucagon has several effects in extra-hepatic
tissues, including positive inotropic effects in the heart,
lipolysis in adipose tissue, inducing satiety signals in the
CNS and regulatory effects on the glomerular filtration
rate in the kidneys. The action of glucagon is correlated
with the tissue distribution of its specific receptor, which is
highly expressed in the liver and kidney and expressed to
a lesser extent in the heart, adipose tissue and cerebral
cortex (Authier & Desbuquois 2008, Jones et al. 2012).
Glucagon receptor (GcgR) is a member of the seven-
transmembrane receptors coupled to the G stimulatory
(Gs) protein. When glucagon binds to its receptor, the
a-subunit of Gs leads to the activation of adenylyl cyclase,
with a subsequent increase in the intracellular levels of
cAMP (Qureshi et al. 2004, Authier & Desbuquois 2008,
Altarejos & Montminy 2011).

cAMP regulates several airway smooth muscle (ASM)
cell functions, including proliferation, migration, secretion
of inflammatory mediators, and production of extracellular
matrix components. In the lungs, CAMP has a major effect
on ASM contraction (Billington et al. 2013). Elevation of
intracellular cAMP induces relaxation of ASM through
several mechanisms, including reduction in the intra-
cellular Ca®?™ concentration, decreased Ca®™ sensitivity,
activation of Ca®*-dependent K* channels, and inhibition
of inositol phospholipid hydrolysis, as well as an impaired
ability to promote myosin light chain phosphorylation
(Oguma et al. 2006, Roscioni et al. 2011, Olsen et al. 2012,
Billington et al. 2013). B-adrenergic agonists are the drugs of
choice for treatment of acute bronchospasm in asthmatic
subjects, which remarkably induce airway relaxation by
elevating cAMP levels in ASM (Horvat et al. 2012).
Currently, the literature described that several hormones
responsible for regulation of metabolism are able to
modulate the contractile response of ASM through
induction of contraction, including insulin, or relaxation,
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like epinephrine, estrogen and progesterone (Bosse 2014).
Since the effect of glucagon on ASM contraction is poorly
understood and mouse lungs express GcgR and its
activation leads to an increase in the intracellular cAMP
(Authier & Desbuquois 2008), we undertook this study
to evaluate the putative mechanism underlying the
antispasmogenic effect of glucagon on ASM.

Materials and methods
Animals

Male A/] mice (18-20 g) were obtained from the Oswaldo
Cruz Foundation breeding colony and used in accordance
with the guidelines of the Committee on Use of
Laboratory Animals of the Oswaldo Cruz Foundation
(CEUA-FIOCRUYZ, license LW 23/11). Mice were housed
in groups of five in a temperature-, humidity- and light-
controlled (12 h light:12 h darkness cycle) colony room.
Mice were given ad libitum access to food and water.

Tracheal smooth muscle contraction in vitro

Mice were euthanized in a CO, chamber before the
tracheas were dissected free of adhering fat and connective
tissue. Tracheas were then mounted in isolated organ
baths filled with 10 ml of aerated (95% O, and 5% CO,)
Kreb’s buffer (118 mM NacCl, 4.8 mM KClI, 2.5 mM CacCl,,
1.2 mM MgSO4, 1.2 mM KH,PO,4, 24 mM NaHCOj3 and
11 mM glucose) and kept at 37 °C. An initial tensionof 1 g
was applied to the tracheas for 60 min to obtain a constant
resting tension. Then, the response to carbachol (2.5 M)
was recorded to confirm the viability of the preparation.
After washout of carbachol and re-establishement of the
baseline resting tension, concentration curves were
constructed with the cumulative addition of carbachol
(10~8-10* M) in the presence of glucagon (0.1 and 1 pM)
or 0.9% NaCl sterile solution. The treatment with
glucagon was carried out 30 min before tissues were
re-exposed to carbachol. All responses were expressed as
percentages of the response to 2.5 uM carbachol.

In some experiments, epithelial cells were removed
mechanically, as described previously (Coelho et al.
2008). The contractile response to the cumulative
addition of carbachol was measured in intact or denuded
epithelium tracheas in the presence or absence of
glucagon. To investigate glucagon’s antispasmogenic
mechanisms of action, tracheas were pretreated with a
GcgR antagonist (des-his1-[Glu9]-glucagon amide — 1 uM)
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(Leibiger et al. 2012) and with inhibitors of adenylyl cyclase
(5Q 22 536 - 5 uM), nitric oxide synthase (NOS) (.-NAME —
100 uM) (Coelho et al. 2008), heme oxygenase (HO) (ZnPP
IX - 10 uM) (Undem et al. 1996), cyclooxygenase (COX)
(indomethacin — 10 uM) (Coelho et al. 2008), COX-1
(5C-560 — 1 uM) (Ito et al. 2006) and COX-2 (NS-398 —
0.03 uM) (Schlemper et al. 2005). Stimulation-induced
isometric contractile responses were measured with a
force-displacement transducer (Ugo Basile, Comerio,
Italy) and the readout used to assess contractility was
obtained by isolated organ data acquisition software (Proto
5; Letica Scientific Instruments, Barcelona, Spain). Con-
tractile responses were expressed as a percentage of the
maximal contraction induced by 2.5 uM carbachol.

Non-invasive in vivo assessment of airway obstruction

Using barometric whole-body plethysmography (Buxco
Research System, Wilmington, NC, USA) as described
(Hamelmann et al. 1997), we measured the enhanced
pause (Penh) responses in conscious, spontaneously
breathing mice following appropriate provocations. Aero-
solized PBS and increasing methacholine concentrations
(6.25, 12.5, 25 and 50 mg/ml) were nebulized through an
inlet of the individual chambers for 2.5 min, and Penh
readings were recorded for 5 min following each nebuli-
zation. Penh averages were obtained at 1, 3 and 6 h after
intranasal treatment with glucagon (1 pg/kg) or 0.9% NaCl
sterile solution.

LPS-induced lung inflammation

Male A/] mice were anesthetized with aerosolized iso-
flurane for stimulation by nasal instillation with LPS
(25 pg/25 ul) or 0.9% NaCl sterile solution. Treatment
with glucagon was intranasally given 1h before LPS
provocation. Untreated mice received intranasal adminis-
tration of 0.9% NacCl sterile solution.

Measurement of pulmonary inflammation by
bronchoalveolar lavage fluid

Eighteen hours after the LPS provocation, mice were
euthanized by anesthetic overdose (sodium thiopental,
500 mg/kg, i.p.). Cells were recovered from the airway
lumen through bronchoalveolar lavage fluid (BALF).
Airways were flushed twice with 0.75 ml PBS containing
10 mM EDTA via a tracheal cannula. BALF was centrifuged
(400 g, 10 min, 4 °C) and cell pellets were resuspended
in 250 ul PBS plus EDTA for further enumeration of
leukocytes in a Neubauer chamber, by means of a light
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microscope (BX40; Olympus), after dilution in Turk
solution (2% acetic acid). Differential cell counts were
carried out on May-Grunwald-Giemsa-stained cytospin
preparations under oil immersion objective to determine
the percentage of mononuclear cells and neutrophils.

Invasive assessment of respiratory mechanics

Mice were anesthetized (nembutal 60 mg/kg, i.p.) and
subjected to both endotracheal and esophageal intuba-
tions for pulmonary function and airway hyperreactivity
(AHR) assessment in a FinePointe Buxco Platform (Buxco
Electronics, Sharon, CT, USA), as previously described
(Serra et al. 2012). This assessment was carried out in
mechanically ventilated mice under neuromuscular
blockade induced by pancuronium bromide (1 mg/kg, i.p.).

Lung resistance (RL) (cm H,O/ml per s) and dynamic
lung compliance (Cdyn) (ml/cm H,O) in each breath cycle
were calculated based on airflow and pressure signals. The
former was measured using the differential pressure changes
in the whole-body plethysmograph as the animal breathed
in and out, whereas the latter was measured at the mouth
(airway pressure). Airway pressure at the mouth and the
esophageal pressure were taken into consideration in order
to obtain RL values not masked by the resistance component
that comes from the chest wall. Analog signals were digitized
using a Buxco Analog/Digital Converter (Buxco Electronics).
Mice were allowed to stabilize for 5 min and were stimulated
by the inhalation of increasing concentrations of aero-
solized methacholine (3, 9 and 27 mg/ml) for 5 min each.
Baseline measurements of pulmonary parameters were
obtained by exposure to the vehicle (PBS) (Ferreira et al.
2013). In all experiments, the animals received glucagon
(0.1, 1 or 10 ng/kg, i.n.) or NaCl sterile solution (0.9%, i.n.)
3 h before the inhalation of aerosolized methacholine. In
some experiments, the animals were pretreated intraper-
itoneally with .-NAME (20 mg/kg) (Coelho et al. 2008),
indomethacin (10 mg/kg) (Steiner et al. 2001) or SC-560
(5 mg/kg) (Steiner et al. 2001) 30 min before glucagon
administration. The control animals received the same
amount of vehiclei.p. (0.9% NaCl or DMSO 0.3 and 1.6% for
indomethacin and SC-560 respectively). In another set of
experiments, we analyzed the AHR to increasing concen-
trations of aerosolized methacholine (3, 9 and 27 mg/ml)
18 h after the LPS provocation (25 pg/25 pl, i.n.).

Western blot

Lung tissue as well as intact and denuded epithelium
tracheas was obtained to evaluate the GcgR expression.
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To analyze the time-dependent stimulation or expression of
CREB, NOS-3 and COX-1 induced by glucagon, lungs were
recovered after instillation with glucagon (1 pg/kg) at several
time intervals (5, 10, 15, 30, 60, 120 and 180 min). All tissues
were homogenized in cold lysis buffer containing the
protease inhibitor cocktail Complete (F. Hoffmann-La
Roche Ltd) and 0.1% Triton X-100 in PBS. The lysate was
centrifuged at 13 000 g for 10 min at 4 °C. The supernatant
was recovered and protein quantification was performed
using the BCA assay (Sigma-Aldrich Corp.). Equal amounts
of sample protein (50 pg/lane for GcgR and 100 pg/lane for
CREB, phospho-CREB (pCREB), NOS-3, phospho-NOS-3
(pNOS-3) and COX-1 were loaded and separated on a
10% SDS-PAGE gel and transferred to nitrocellulose
membranes (GE Healthcare, Little Chalfont, UK). After
blocking in 5% (w/v) skimmed milk powder in TBS-T
for 1 h, membranes were exposed overnight at 4 °C to either
GcgR-, CREB-, pCREB-, NOS-3-, pNOS-3- (1:500; Santa Cruz
Biotechnology), COX-1- (1:100; Cayman Chemical, Ann
Arbor, MI, USA) specific rabbit or mouse polyclonal anti-
bodies or a B-actin-specific mouse monoclonal antibody
(MAB) (1:1000; Santa Cruz Biotechnology) followed by three
washes and incubation with a HRP-conjugated secondary
antibody (1:10 000; R&D Systems, Minneapolis, MN, USA)
and IRDye goat anti-rabbit secondary antibody or IRDye
goat anti-mouse secondary antibody (both at 1:10 000;
LI-COR Corporate, Lincoln, NE, USA) for 1h at room
temperature. The membranes were washed in TBS-T, and
protein expression was detected using ECL (SuperSignal
West Dura, Thermo Fisher Scientific, Inc., Rockford, IL, USA)
or fluorescence using the Odyssey Image System (LI-COR
Corporate). The band intensity was quantified by densito-
metry using the software Image-Pro Plus 6.2 (Media
Cybernetics In, Bethesda, MA, USA).

Prostaglandin E; measurement

Prostaglandin E, (PGE,) levels were measured in lung
tissue obtained at 15, 30, 60, 120 and 180 min after
glucagon instillation (1 ug/kg) into mice. PGE, was
assayed in the homogenized tissue using an enzyme-
linked immunoassay (EIA) according to the manufac-
turer’s instructions (Cayman Chemical).

TNF-o quantification

Eighteen hours after intranasal LPS provocation
(25 pg/25 ul), the BALF recovered from the airway lumen
was centrifuged (400 g, 10 min, 4 °C) and the supernatant
immediately frozen in liquid nitrogen, and stored at —
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80 °C. Tumour necrosis factor-alpha (TNF-a) was assayed
in the BALF using a commercial ELISA kit according to the
manufacturer’s instructions (R&D Systems).

Drugs

Carbachol, methacholine, 1-NAME, indomethacin,
SC-560, NS-398, SQ 22536, glucagon, des-hisl-[Glu9]-
glucagon amide, LPS and nembutal were purchased from
Sigma Chemical Co. Pancuronium bromide, isoflurane
and sodium thiopental were purchased from Cristalia (Sao
Paulo, Brazil), and ZnPP IX was purchased from Frontier
Scientific (Logan, UT, USA). Glucagon, des-hisl-[Glu9]-
glucagon amide, carbachol, SQ 22536, .-NAME, LPS,
pancuronium bromide, nembutal and sodium thiopental
were diluted in 0.9% NaCl sterile solution. Methacholine
was diluted in PBS. Indomethacin, ZnPP IX, SC-560 and
NS-398 were prepared in DMSO 0.1% for in vitro assays.
Indomethacin and SC-560 were dissolved in DMSO 0.3
and 1.6% respectively, for in vivo experiments. All of the
solutions were freshly prepared immediately before use.

Statistical analysis

The data were reported as the mean+s.e.m. and statisti-
cally analyzed using one-way ANOVA followed by
Newman-Keuls-Student’s t-test. Probability values (P) of
0.05 or less were considered significant.

Results

Glucagon inhibits ASM contraction induced by carbachol
in vitro by activating its receptor (GcgR) in the airway
epithelium

Administration of increasing concentrations of carbachol
(1078-10"* M) induced a smooth muscle contraction of
tracheas obtained from A/J mice. Pretreatment with
glucagon (0.1 and 1 uM) for 30 min before the addition
of cumulative concentrations of carbachol inhibited
tracheal contraction in vitro (Fig. 1). To evaluate the
involvement of GcgR on the antispasmogenic effect of
glucagon in vitro, we pre-incubated the trachea pre-
parations with an adenylyl cyclase inhibitor (SQ 22 536;
SuM) or a GcgR antagonist (des-his1l-[Glu9]-glucagon
amide; 1 uM). Both SQ 22536 and des-hisl-[Glu9]-
glucagon amide significantly inhibited the antispasmo-
genic effect of glucagon on the carbachol-induced
contractile trachea response (Fig. 2A and B respectively).
Unexpectedly, the tracheas that only received SQ 22 536
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Figure 1

Glucagon prevents the carbachol-stimulated contraction of mouse tracheas
in vitro. (A) Effect of glucagon on tracheal contraction induced by
carbachol (1078-10"% M). (B) The AUC was calculated from the
concentration-response curves of contraction caused by carbachol.

All of the results are expressed as the percentage of contractile responses
induced by 2.5 uM carbachol. Each value represents the mean+s.e.m.

The statistical analysis was performed by ANOVA followed by Newman-
Keuls-Student's t-test. * P<0.05 compared to untreated group. * *P<0.01
compared to untreated group. Gcg, glucagon.

showed an inhibition of smooth muscle contraction
induced by carbachol in vitro (Fig. 2A).

Then, we assessed the putative role played by the
epithelium in the glucagon relaxing effect. As shown in
Fig. 2C, the mechanical removal of the epithelial cell
layer clearly abrogated the protective effect of glucagon
on carbachol-induced tracheal contraction. We further
investigated the expression of GcgR in mice tracheas
in the presence or absence of epithelium. As observed in
Fig. 2D, the GcgR was significantly less expressed in
epithelium-denuded tracheas than in tracheas with intact
epithelium and the positive controls (lungs).

Inhibition of airway constriction by glucagon in vitro
depends of nitric oxide and COX-1 products

To study which epithelium-derived factor could be
involved in the antispasmogenic effect of glucagon
in vitro, we pre-incubated tracheas with NOS (.-NAME;
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100 uM), HO (ZnPP IX; 10 uM) unselective COX (indo-
methacin; 10 uM), selective COX-1 (SC-560; 1 uM), or
selective COX-2 (NS398; 0.03 uM) inhibitors 30 min
before glucagon treatment. As illustrated in Fig. 3,
co-incubation with L-NAME, indomethacin, or SC-560
clearly prevented the antispasmogenic effect of glucagon
in tracheas subjected to carbachol-induced contraction
invitro, whereas exposure to ZnPP IX or NS-398 was inactive.

Glucagon prevents methacholine-induced ASM
contraction in vivo

While using the non-invasive barometric plethysmogra-
phy, we observed that glucagon (1 pg/kg, i.n.) significantly
inhibited methacholine-induced bronchospasm in mice.
The best blockade of the cholinergic bronchoconstrictive
response was noted when the treatment was performed
3 h before methacholine. Specifically, for methacholine
concentrations of 0, 6.25, 12.5, 25 and 50 mg/ml, the Penh
values decreased from 0.58+0.03, 1.00+0.11, 1.93+0.29,
3.614+0.84 and 5.254+0.87 (mean+s.k.m., n=7) respect-
ively, t0 0.52+£0.02, 0.61£0.016, 0.74+£0.057, 1.59+0.20
and 3.41+0.60 (meanzs.eM., n=8) respectively. The
values for the area under the curve (AUC) were analyzed
by a range of concentrations between 0 and 50 mg/ml. The
AUC values of animals treated with glucagon decreased
from 159.7+28.3 (meanzs.em., n=7) to 85.1+8.7
(mean+s.e.m., n=38), which correspond to a blockade of
46.7+5.4% (mean+s.e.M., n=8) as compared to the
vehicle-treated animals. For treatments occurring at 1 h
or 6 h before, the inhibition levels were of 32.8 +4.9 and
20.8+8.7% (mean *s.t.M., n=_8) respectively.

In another setting of experiments, we evaluated the
effect of intranasal glucagon upon methacholine-induced
changes in increased RL (Fig. 4A and B) and decreased Cdyn
in A/J] mice (Fig. 4C and D). Treatment with glucagon (0.1, 1
and 10 pg/kg, i.n.) 3 h before provocation inhibited the
methacholine-induced increase in RL (Fig. 4A and B) and
reduction in Cdyn (Fig. 4C and D). In both lung function
parameters, the dose of 1 ng/kg glucagon was more effective,
and significantly increased the baseline values of Cdyn.

NO and COX-1 products are key factors in the
antispasmogenic effect of glucagon on methacholine-
evoked airways spasm in vivo

To investigate the possible mechanism involved in the
antispasmogenic action of glucagon in vivo, .-NAME
(20 mg/kg), indomethacin (10 mg/kg) or SC-560 (5 mg/kg)
were administered intraperitoneally 30 min before glucagon
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The antispasmogenic effect of glucagon on tracheal contraction induced by
carbachol in vitro is mediated by the activation of the GcgR expressed in
airway epithelium. Adenylyl cyclase inhibitor (SQ 22 536; 5 uM) (A), GcgR
antagonist (des-his1-[Glu9]-glucagon amide; 1 uM) (B), and epithelium
removal (C) blocked the antispasmogenic effect of glucagon (1 uM) on the
tracheal contraction induced by carbachol (108-10~% M) in vitro.

(D) Expression of GcgR in tracheas from A/J mice was determined by
western blot. Lanes 1, 2 and 3 are tracheas with intact epithelium, tracheas

(1 pg/kg, i.n.). All these treatments abrogated the glucagon
protective effect concerning methacholine-induced
changes in RL and Cdyn (Figs 5 and 6).

Glucagon administration induces CREB, NOS-3 and
COX-1 activation in lungs of mice in vivo

To access the effect of glucagon on CREB, NOS-3 and COX-1
expression and activation, we performed a western blot and
EIA analysis of lungs of mice instilled with glucagon
(1 ng/kg, i.n.) for different periods of time (5, 10, 15, 30,
60, 120 and 180 min). Glucagon phosphorylated CREB
15-30 min after its administration (Fig. 7A), while NOS-3
phosphorylation started at 30 min and remained detectable
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with denuded epithelium and positive control (lung) respectively. The data
were normalized to B-actin and represented as the ratio between the
expressions of GcgR:B-actin relative to the control. Pooled samples of six
animals were used in lanes 1 and 2. Each value represents the mean +s.e.m.
The statistical analysis was performed by ANOVA followed by Newman-
Keuls-Student’s t-test. *P<0.05 compared to untreated group. *P<0.05
compared to glucagon-treated group. #P<0.05 compared to intact
epithelium trachea.

for at least 180 min (Fig. 7B). Glucagon was followed
by PGE, production from 30 to 180 min after instillation
(Fig. 7D), without changes in COX-1 expression except a
reduction noted at 180 min post-treatment (Fig. 7C).

Glucagon inhibits inflammation and AHR induced by LPS

Finally, we assessed whether the antispasmogenic effect of
glucagon might be kept in the context of inflammation. As
compared with control mice challenged with saline, LPS
intranasal provocation caused a significant increase in
total leukocyte numbers detected in BALF, which was
accounted for by elevations in the numbers of neutrophils
and mononuclear cells (Fig. 8A) 18 h after provocation.
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Figure 3

The antispasmogenic effect of glucagon on the tracheal contraction
induced by carbachol in vitro requires NOS and COX-1 metabolites, but not
HO and COX-2 products. NOS (.-NAME; 100 uM) (A), non-selective COX
(indomethacin; 10 uM) (C) or selective COX-1 (SC-560; 1 uM) inhibitors (D)
abolished the antispasmogenic effect of glucagon (1 uM) on tracheal
contraction induced by carbachol (1078-10"* M) in vitro. HO (ZnPP IX;

10 uM) (B) or selective COX-2 (NS-398; 0.03 uM) inhibitors (E) had no effect

on the glucagon-mediated (1 pM) inhibition of the tracheal contraction
induced by carbachol (108-10% M) in vitro. Each value represents the
mean +s.e.m. The statistical analysis was performed by ANOVA followed by
Newman-Keuls-Student’s t-test. *P<0.05 compared to untreated group.
*P<0.05 compared to glucagon-treated group. Indo, indomethacin.
DMSO (0.1%).
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Figure 4
Glucagon administration inhibits the airway obstruction provoked by following exposure to methacholine (range: 0-27 mg/ml). Each value
methacholine in vivo. The dose-response analysis of the antispasmogenic represents the mean ts.e.m. The statistical analysis was performed by
effect of glucagon (0.1, 1 and 10 pg/kg, i.n.) on increased RL (A) and ANOVA followed by Newman-Keuls-Student’s t-test. "P<0.05 compared
decreased Cdyn (C) induced by methacholine (0-27 mg/ml) in vivo. AUC was to untreated group. * " *P<0.001 compared to untreated group. Gcg,
calculated from the concentration-response curves of RL (B) and Cdyn (D) glucagon.

The LPS-induced leukocyte infiltrating response occurred antispasmogenic action of glucagon. The effect of gluca-
in parallel with increased levels of TNF-a in lung tissue  gon on carbachol-induced trachea contraction was abro-
samples (Fig. 8B). All these inflammatory changes, except ~ gated by removal of the epithelium and treatment with
elevation in mononuclear cell counts, were clearly  the NOS inhibitor, unselective COX inhibitor, or selective
sensitive to glucagon (1 pg/kg, i.n.) given 1 h before LPS.  COX-1 inhibitor. Nasal instillation of glucagon induced
Remarkably, the glucagon treatment clearly abrogated = CREB, NOS-3 and COX-1 activation in lung tissue.
LPS-induced AHR regarding both RL changes (Fig. 8C  Furthermore, treatment with glucagon inhibited LPS-
and D) as well as Cdyn (Fig. 8E and F). induced AHR and airway inflammation. Our findings
indicate that glucagon prevents ASM contraction, acting
through a synergic induction of NO and PGE, by airway
epithelial cells.

In this study, we showed that glucagon prevents ASM Several studies revealed a controversy surrounding the
contraction in vitro and in vivo induced by cholinergic ~ benefits of glucagon therapy in asthmatic patients. While
agents in A/] mice. We showed that the activation of = some authors have shown an improvement in lung
GcgR was essential in this effect, as both the adenylyl  function after glucagon inhalation (Sherman ef al. 1988,
cyclase inhibitor and GcgR antagonist suppressed the  Melanson et al. 1998), others did not find any effect from

Discussion and conclusion
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The antispasmogenic effect of glucagon on methacholine-induced concentration-response curves of RL (B) and Cdyn (D) following exposure to
reduction in respiratory function in vivo depends on NO production. methacholine (range: 0-27 mg/ml). Each value represents the mean +s.e.m.
L-NAME (20 mg/kg, i.p.) reversed the antispasmogenic effect of glucagon The statistical analysis was performed by ANOVA followed by Newman-
(1 ng/kg, i.n.) on increased RL (A) and decreased Cdyn (C) induced by Keuls-Student’s t-test. *P<0.05 compared to untreated group. "P<0.05
methacholine (0-27 mg/ml) in vivo. AUC was calculated from the compared to glucagon-treated group.
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Figure 6

COX-1 derived products are involved in the antispasmogenic effect of
glucagon on methacholine-induced reduction in respiratory function

in vivo. Indomethacin (10 mg/kg, i.p.) (A and C) and SC-560 (5 mg/kg, i.p.)
(E and G) abolished the antispasmogenic effect of glucagon (1 pg/kg, i.n.)
on increased RL (A and E) and decreased Cdyn (C and G) induced by
methacholine (0-27 mg/ml) in vivo. Following methacholine exposure
(range: 0-27 mg/ml), the AUC was calculated from the concentration-

the i.v. injection of this hormone (Imbruce et al. 1975,
Wilber et al. 2000). Under our conditions, glucagon
inhibited the carbachol-induced contractile response of
tracheas in mice. These findings are in line with those of
Blumenthal & Brody (1969), in which glucagon relaxed
the bronchial smooth muscle in guinea pigs. In addition,
vasoactive intestinalpeptide and pituitary adenylyl
cyclase-activating polypeptide, which are peptides that
have high homology with glucagon amino acid sequence
(Mentlein 2009), also have the ability to relax ASMs in vitro
(Sherman et al. 1988, Melanson et al. 1998).

In another set of experiments, we showed that the
inhibition of adenylyl cyclase with SQ 22 536 reduced the
antispasmogenic activity of glucagon on carbachol-evoked
contraction, indicating that this effect depends on the
activation of adenylyl cyclase. Notably, GcgR is coupled to
a Gs protein that activates adenylyl cyclase to produce cAMP
(Habegger et al. 2010). We confirmed this hypothesis by
showing that the GcgR antagonist des-his1-[Glu9]-glucagon
amide abolished the effects of glucagon on tracheal smooth
muscle contraction. Surprisingly, the antispasmogenic
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response curves of the RL (B and F) and Cdyn (D and H) of animals
pre-treated with indomethacin (B and D) or SC-560 (F and H). Each value
represents the mean +s.e.m. The statistical analysis was performed by
ANOVA followed by Newman-Keuls-Student’s t-test. “P<0.05 compared
to untreated group. "P<0.05 compared to glucagon-treated group.
Indo, indomethacin. DMSO (0.3 and 1.6% for indomethacin and SC-560
respectively).

activity of glucagon on carbachol-evoked contraction was
unapparent after removal of the tracheal epithelium, clearly
showing the crucial role of epithelial cells in this protective
effect. This result was unexpected, once the elevation of
intracellular cAMP levels leads to a relaxation of ASM
(Zieba et al. 2011, Billington et al. 2013). To better explain
this finding, we evaluated the expression of GcgR on both
tracheal and lung tissue in mice from the A/J strain. We noted
that GcgR was much more expressed in tracheas with intact
epithelium and lung tissues than in denuded tracheas.
Despite the presence of GcgRin tracheas without epithelium,
glucagon cannot exert its effect when the epithelium is
removed. This happens perhaps because the amount of
receptors in the trachea without epithelium is so small that
it is not sufficient to induce a strong enough signal to relax
tracheal smooth muscle. Thereby, these results show that the
effect of glucagon occurs through its receptor activation in
epithelial cells and not in smooth muscle cells directly.

The observation that the integrity of the airway
epithelial layer is essential for the antispasmogenic
activity of glucagon in vitro shows that epithelial cells
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Figure 7

Glucagon treatment increases CREB, NOS-3 and COX-1 activity in the lungs
of A/J mice. Representative samples of pCREB (A), pNOS-3 (B) and COX-1 (C)
expression in the lungs of glucagon-treated (1 png/kg, i.n.) animals. The
expression of pCREB, pNOS-3 and COX-1 was determined by western blot.
Data were normalized to CREB, NOS-3 and B-actin respectively.

not only provide a crucial physical barrier that protects
sensory nerves and smooth muscle cells from inhaled
irritants (Folkerts & Nijkamp 1998, Schlemper et al. 2005)
but also actively regulate the smooth muscle contractile
machinery. In fact, the epithelium capacity to provide
factors to relax the smooth muscle is firmly established.
These factors include nitric oxide (NO), carbon monoxide,
PGE, and prostacyclin, which protect the airway from
excessive bronchoconstriction (Barnes 1998, de Sousa et al.
2010, Billington et al. 2013, Vieira et al. 2013). We tested
several inhibitors to identify which factors produced by
epithelial cells could be involved in the antispasmogenic
activity of glucagon in vitro. We observed that the
protective effect of glucagon on the carbachol-induced
contraction of mice tracheal was neither modified by HO
inhibitor ZnPP IX nor by selective COX-2 inhibitor
NS-398, precluding the involvement of carbon monoxide
and COX-2 derived factors in this effect. Furthermore,
we showed that the antispasmogenic activity of glucagon
upon carbachol-induced contraction was sensitive to
pretreatment with the NOS inhibitor .-NAME, unselective
COX inhibitor indomethacin and selective COX-1
inhibitor SC-560 in vitro. These results suggest that both
NO and COX-1 metabolites are products derived from
epithelial cells that are involved in the antispasmogenic
effect of glucagon in vitro.

To gain insight in the putative therapeutic application
of the glucagon hormone, we used barometric plethysmo-
graphy to assess the effectiveness of glucagon in airway
contraction in vivo. We used two systems to measure
methacholine-induced airway obstruction in mice
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(D) Quantification of PGE; levels in lungs from glucagon-treated animals
was realized by EIA. Data are expressed as the mean +s.e.m. The statistical
analysis was performed by ANOVA followed by Newman-Keuls-Student’s
t-test. *P<0.05 compared to untreated animals.

subjected to intranasal glucagon treatment. First, we
used a non-invasive system and showed that glucagon
significantly reduced methacholine-induced bronchocon-
striction 3 h post-treatment. In agreement with this data,
glucagon (1 pg/kg, i.n.) yielded a significant blockade of
RL as well as improved Cdyn as measured by an invasive
assessment of lung function. One potential explanation
for the lack of activity of 10 ng/kg glucagon is the
recognized ability of this hormone to cause GcgR
desensitization (Krilov et al. 2011).

While trying to clarify whether the molecular
mechanisms attributed to the glucagon effect in vitro are
also relevant in vivo, we showed that .-NAME, indometha-
cin and SC-560 inhibited the protective effect of glucagon
on the increase in RL and reduction of Cdyn caused by
methacholine. These results confirmed the putative
participation of NO and products of COX-1 in the
antispasmogenic effect of glucagon in vivo. Furthermore,
we showed that glucagon promoted CREB phosphoryl-
ation in the lungs 15 and 30 min after its instillation. Once
activation of GcgR increases intracellular levels of cAMP
(Habegger et al. 2010) and CREB is phosphorylated in
response to this second messenger (Altarejos & Montminy
2011), this results confirm in vivo our data obtained in vitro
that showed that antispasmogenic effect of glucagon
depends on its receptor and adenylyl cyclase activation.

Because NOS-3 and COX-1 are constitutively
expressed in respiratory epithelial cells (Maarsingh et al.
2005, Radi et al. 2010, Strapkova & Antosova 2011), and
are also sensitive to expressional up-regulation
(Forstermann et al. 1998, Molloy et al. 2008), we evaluated
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LPS induced inflammation and AHR in the airways is sensitive to glucagon
treatment. Glucagon inhibited leukocyte accumulation (total and
differential cell counts) (A) and TNF-a levels (B) in BALF, 18 h after the
provocation with LPS (25 pg/25 pl) or saline. Analysis of the antispasmo-
genic effect of glucagon (1 pg/kg, i.n.) on increased RL (C) and decreased
Cdyn (E) induced by methacholine (0-27 mg/ml) in A/J mice provoked with

the activation and/or expression of NOS-3 and COX-1
after an intranasal glucagon treatment. We found that
glucagon effectively increased the activation of NOS-3 and
COX-1, evidenced by an increase of pNOS-3 and pro-
duction of PGE; in the lung tissue from the time of 30
until 180 min after its administration, although glucagon
did not enhance the COX-1 expression. These results
showed that glucagon probably induces activation of
NOS-3 and COX-1 through cAMP pathway, once CREB is
phosphorylated before activation of both enzymes; like-
wise, CAMP can activate NOS and COX (Zhang & Hintze
2006, Han et al. 2010). In our study, both NOS-3
phosphorylation and PGE, production occurred from 30
to 180 min after glucagon treatment; thereby, we believed
that NO and PGE, act synergistically. Furthermore, the
presence of both pro-relaxation mediators all this time in
the lungs explains why the antispasmogenic effect of
glucagon on methacholine-provoked airway obstruction
is better 3 h post-instillation.

LPS (25 ng/25 pl) or saline. AUC was calculated from the concentration-
response curves of RL (D) and Cdyn (F) following exposure to methacholine
(range: 0-27 mg/ml). Each value represents the mean +s.e.m. The statistical
analysis was performed by ANOVA followed by Newman-Keuls-Student’s
t-test. ' P<0.05 compared to saline-provoked group. *P<0.05 compared to
LPS-provoked group.

Finally, we investigated whether the glucagon effec-
tiveness is maintained in the context of inflammation.
Therefore, we assessed the impact of glucagon treatment
on LPS-induced inflammatory response marked by acti-
vation of NOS-2 and production of high amounts of NO as
previously reported (Hsia et al. 2012). Our results revealed
that LPS provocation yielded a state of AHR, as determined
by exacerbation on RL and Cdyn changes triggered by
aerosolized methacholine. Moreover, we noted an intense
leukocyte infiltration demonstrated by the accumulation
of mononuclear cells and neutrophils in the BALF in
association with increased levels of TNF-a. Remarkably,
local glucagon treatment inhibited airway hyperrreactiv-
ity, neutrophils accumulation and TNF-a production,
supporting the interpretation that this hormone has also
marked anti-inflammatory properties and can maintain
its antispasmogenic effect even in the presence of pro-
inflammatory signals and overproduction of NO. It is
likely that, as observed in the smooth muscle relaxing

© 2015 Society for Endocrinology
Printed in Great Britain

http://joe.endocrinology-journals.org
DOI: 10.1530/JOE-14-0648

Published by Bioscientifica Ltd.


http://joe.endocrinology-journals.org
http://dx.doi.org/10.1530/JOE-14-0648

Research

effect, the anti-inflammatory effect of glucagon is also
associated, in a causative manner, with NO and prostanoid
generation. In fact, it is well established that PGE, can
prevent airway inflammation by inhibiting the recruit-
ment of inflammatory cells into the lungs (Vancheri et al.
2004). Furthermore, NOS-3-derived NO has been associ-
ated with airway inflammation blockade by inhibiting
the expression of NOS-2 and production of inflammatory
cytokines, including TNF-o (Thomassen et al. 1997, Cook
et al. 2003, Ten Broeke et al. 2006).

The activation of ASM is classically considered to be
regulated only through a paracrine signaling, but several
pieces of evidence pointed out that hormones released by
different organs, including adrenals, gonads, adipose
tissue and pancreas, can affect ASM contractility. This
endocrine regulation of ASM is important, since changes
in the circulating levels of such hormones can inhibit or
exacerbate the contraction of ASM in asthmatics (Bosse
2014). For instance, patients with type 1 diabetes who
have high circulating levels of glucagon (Aronoff et al.
2004) had a lower incidence of asthma (Caffarelli et al.
2004, Karlstad et al. 2012). Our results could help explain,
at least in part, a possible mechanism associated with this
phenomenon.

In conclusion, our findings demonstrate that gluca-
gon inhibits both smooth muscle spasms caused by
cholinergic stimuli and AHR and lung inflammatory
response induced by LPS. These effects seem to be
associated with increased NOS-3 and COX-1 activation,
with consequent production of NO and PGE, by epithelial
cells. Taken together, these findings suggest glucagon as a
possible new treatment for limited airflow resulting from
human lung diseases.
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