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Glucagon-like peptide 1: A potential anti-inflammatory pathway
in obesity-related asthma

Dan-Vinh Nguyen, MD, Angela Linderholm, PhD, Angela Haczku, MD, PhD, and Nicholas
Kenyon, MD
University of California Davis and the Veterans Affairs Northern California Healthcare System

Abstract

Alterations in arginine metabolism and accelerated formation of advanced glycation end-products
(AGEs), crucial mechanisms in obesity-related asthma, can be modulated by glucagon-like peptide
1 (GLP-1). L-arginine dysregulation in obesity promotes inflammation and bronchoconstriction.
Prolonged hyperglycemia, dyslipidemia, and oxidative stress leads to production of AGEs, that
bind to their receptor (RAGE) further potentiating inflammation. By binding to its widely
distributed receptor, GLP-1 blunts the effects of RAGE activation and arginine dysregulation. The
GLP-1 pathway, while comprehensively studied in the endocrine and cardiovascular literature, is
under-recognized in pulmonary research. Insights into GLP-1 and the lung may lead to novel
treatments for obesity-related asthma.
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Obesity-related asthma

While traditionally considered to be an allergic disease of reversible airway obstruction,
asthma is more aptly described as a syndrome, presenting with many different subtypes.
Characterization of asthma phenotypes continues to be an active area of research, but some
categories include age of onset (childhood or adult), allergic (T-helper type 2 cell
inflammatory responses, Th2-high), or non-allergic (Th2-low). Th2-high asthma is generally
responsive to the accepted treatment paradigms of corticosteroids, bronchodilators, and
allergy control.

However, asthma afflicts over 20 million people in the United States and approximately 50%
have uncontrolled disease, which is associated with a decreased quality of life and increased
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health care system (Centers for Disease Control, 2017). While the underlying pathobiology
is diverse and complicated, the most advanced asthma therapies are directed solely towards
Th2-high asthma, with biologics that inhibit immunoglobulin E or interleukin-5. These
therapies are expensive and may be ineffective for Th2-low asthma. Although there are
many non-pharmacologic factors that contribute to uncontrolled asthma, novel therapies are
urgently needed.

In the United States, approximately 35% of all adults are obese, and 39% of adults with
asthma are obese (Centers for Disease Control, 2017 ; Ogden et al., 2015). Obesity and
metabolic syndrome are associated with an increased risk of coincident asthma and may
represent distinct asthma phenotypes (Brumpton et al., 2013; Camargo et al., 1999). Some
have traditional Th2-high asthma, but others have an increasingly recognized Th2-low
asthma that tends to be more common in women, later in onset, and difficult to treat (Dixon
and Poynter, 2016).

Despite strong epidemiologic data linking obesity and asthma, the underlying mechanisms
of this relationship are complicated and incompletely understood. Suggested links include
chronic inflammation, mitochondrial dysfunction,, Th17-induced neutrophilia, macrophage
dysregulation, hormonal changes, lipid metabolism, insulin resistance, and body mechanics
(Baffi et al., 2016; Chesne et al., 2014; Shore and Cho, 2016). Other well-described
abnormalities in obesity and metabolic syndrome, accelerated formation of advanced
glycation end products (AGESs) and alterations in arginine metabolism may also play a
crucial role in asthma pathogenesis and may be modulated by the anti-inflammatory incretin,
GLP-1 (Figure 1) (Holguin, 2013; Milutinovic et al., 2012; Ojima et al., 2013; Singh et al.,
2015; Uribarri et al., 2015).

Advanced glycation end-products and their receptor

AGEs are highly reactive, non-enzymatically glycated proteins or lipids implicated in the
modulation of inflammatory responses. All proteins have some amount of AGE
modification, but AGE formation is typically slow under normal healthy conditions (Kellow
and Coughlan, 2015). Persistent hyperglycemia, dyslipidemia, and oxidative stress may
accelerate AGE production. AGEs can also be consumed from foods prepared with intense
heat (such as baking or frying). Serum AGEs are markers of insulin resistance and
inflammation, and elevated levels may distinguish metabolic syndrome from obesity
(Uribarri et al., 2015).

Interactions between AGEs and their receptor (RAGE) generate oxidative stress and
perpetuate inflammatory, thrombogenic, and fibrotic reactions (YYamagishi et al., 2015).
RAGE is a type of immunoglobulin cell surface marker, expressed constitutively and
ubiquitously at low levels (Buckley and Ehrhardt, 2010; Demling et al., 2006). It can bind to
a diverse number of ligands in addition to AGEs, such as high mobility group box 1 protein
(HMGB1), amyloid fibrils, and S100 proteins. Upregulation of RAGE or its ligands results
in a pro-inflammatory cascade activating NF-xB, TNF-a, IL-1p and IL-8, and is seen in
diseases ranging from Alzheimer’s to atherosclerosis (Bierhaus et al., 2005; Tobon-Velasc et
al., 2014). Yet, there are also soluble isoforms of RAGE in the serum, whose roles are
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incompletely understood, but may act to scavenge RAGE ligands before they activate the
membrane-bound receptor.

Lung tissues have high levels of RAGE expression. Located on type I alveolar cells, it may
promote spreading of adherent cells on collagen IV, helping to ensure effective gas
exchange. However, RAGE over-activation may be deleterious and central in asthma
pathogenesis. Asthmatics may have greater levels of neutrophils, HMGBL1, and RAGE in
their sputum. Moreover, HMGB1 seems to correlate with asthma severity and might serve as
a novel biomarker of disease (Watanabe et al., 2011; Zhou et al., 2012).

Experimentally, RAGE knockout mice exhibit decreases in airway hypersensitivity,
remodeling, and both Th1 and Th2 cytokines (Akirav et al., 2014; Milutinovic et al., 2012;
Taniguchi et al., 2015). Taniguchi et al. found that RAGE on lung structural cells but not on
hematopoietic cells resulted in allergic inflammation, while RAGE on hematopoietic cells
and absent in the lung showed reduced inflammation. Interestingly, the absence of RAGE on
lung structural cells also resulted in increased levels of 1L-33 and enhanced innate airway
hyperresponsiveness (Taniguchi et al., 2015). The mechanisms behind this are unclear, but
allude to its complex role in regulating airway inflammatory responses.

Undoubtedly, these experimental links provide clues as to why AGE-RAGE inflammation in
obesity and diabetes could potentiate asthma. This may then be directly attenuated by
GLP-1, which reduces RAGE expression, downstream RAGE signaling, and inflammatory
chemokines (Ojima et al., 2013; Yamagishi et al., 2015). These effects were seen in
experiments with human kidney tubular cells and a rat model of diabetes. Furthermore, co-
existing with RAGE-mediated inflammation, dysregulated arginine metabolism may be
another important pathway that can be addressed through GLP-1 (Ojima et al., 2013).

Arginine metabolism

L-Arginine is a substrate in a number of diverse metabolic pathways, including the synthesis
of nitric oxide (NO), and it stimulates the production of GLP-1. Arginine converts to nitric
oxide primarily via nitric oxide synthase (NOS), which can create both beneficial and
inflammatory reactive species of nitric oxide. Arginine can also be hydrolyzed through
arginase, which catalyzes the formation of L-ornithine, urea, and L-proline. Furthermore, it
can undergo methylation and generate asymmetric dimethylarginine (ADMA), an
endogenous NOS inhibitor. Dysregulation of arginine metabolism occurs in obesity,
metabolic syndrome, and asthma, resulting in depletion of L-arginine through increased
ADMA production and arginase activity (Kenyon et al., 2011; Linderholm et al., 2014).

A recent study found that asthma-like changes with dysregulated arginine metabolism
occurred in lungs of mice with diet-induced metabolic syndrome (Singh et al., 2015).
Metabolic syndrome correlated with increased airway hyperresponsiveness to methacholine
and reduced arginine bioavailability, with inhibition of NOS associated with ADMA and
arginase levels in the lung.

Analysis of lung tissue of asthmatic subjects confirms that increased arginase expression
correlated with increased serum arginase activity and decreased plasma L-arginine (Morris
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et al., 2004; North et al., 2009). The downstream products of arginase in obese asthmatics
may contribute to airway remodeling and cellular proliferation (Linderholm et al., 2014).
Obese, non-atopic asthmatics also have significantly increased levels of plasma ADMA and
a reduced L-arginine:ADMA ratio (Eid et al., 2004).

L-arginine supplementation may be therapeutic, bolstering the L-arginine:ADMA ratio and
outcompeting the NOS inhibitor molecule, ADMA. In murine models of asthma, L-arginine
supplementation has been associated with decreased airway inflammation and
hyperresponsiveness, bronchoalveolar lavage fluid eosinophilia, Th2 cytokines, and arginase
activity (Mabalirajan et al., 2010; Yang et al., 2006; Zhang et al., 2015).

L-arginine supplementation also increases production of GLP-1 (Clemmensen et al., 2013).
In examining the effects of GLP-1 on RAGE and arginine-mediated inflammation in
streptozotocin-induced diabetic rats, Ojima et al. found that the GLP-1 analog, exendin-4,
inhibited renal RAGE gene expression and decreased ADMA generation (Ojima et al.,
2013). GLP-1 further inhibited AGE-induced RAGE gene expression, reactive oxygen
species generation, and decreased ADMA in cultured human proximal tubular cells. This
study provides a mechanistic link by which disordered arginine metabolism and activation of
RAGE seen in obesity and asthma may be affected by the GLP-1 pathway (Figure 2).

Glucagon-like peptide 1 and the lung

Synthesized by enteroendocrine L cells in the distal small intestine, GLP-1 production is
increased by oral intake of glucose, amino acids, and fatty acids as well as by vagal
stimulation. Despite rapid inactivation by dipeptidyl peptidase-4 (DPP-4), GLP-1’s incretin
activity occurs after binding to its widely distributed receptor (GLP-1R). GLP-1 secretion is
reduced in obesity and type 2 diabetes (Baggio and Drucker, 2007). Furthermore,
hyperglycemia may cause receptor down-regulation and contribute to insulin resistance (Xu
et al., 2007). But beyond its endocrine activity, GLP-1 activity and metabolism may be
crucial in lung homeostasis.

GLP-1 receptors are abundant in the lung, yet their function is poorly understood. The
highest relative levels of the receptor reside within the lung, followed by intestines, and
brain (Viby et al., 2013). GLP-1R seems to be widely distributed— within the alveoli, septa,
airways, and vascular smooth muscle (Korner et al., 2007; Rogliani et al., 2016).

Although there is no evidence of GLP-1 production within the lung, it appears to be in much
higher concentrations within bronchoalveolar fluid as compared to the serum in one study of
healthy adults (Mendivil et al., 2015; Richter et al., 1993). It is not known how these levels
might change in unhealthy conditions, but reductions in GLP-1 production with obesity and
diabetes likely are paralleled within the lung and may contribute to dysfunction.

Functionally, GLP-1 stimulates vasodilation, surfactant production, and bronchodilation
(Richter et al., 1993; Rogliani et al., 2016; Vara et al., 2001). These effects may occur via
NO through phosphorylation of endothelial NOS and increase of cCAMP concentrations
(Chai et al., 2012; Golpon et al., 2001; Vara et al., 2001). Rogliani et al. evaluated the effects
of exendin-4 on hyperglycemia-induced bronchial hyperresponsiveness ex vivo (Rogliani et
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al., 2016). Exendin-4 caused bronchodilation that was inhibited by either GLP1-R or cCAMP-
PKA antagonism. Additionally, a significant increase in GLP-1R expression was seen with
passive sensitization using sera derived from asthmatics, with exendin-4 preventing over-
expression. This may suggest a negative feedback loop mechanism to avoid over-activation
of GLP-1R signaling.

GLP-1 degradation by DPP-4 may also be an important facet in lung homeostasis, as DPP-4
is amply expressed in the lung. A pro-inflammatory upregulation can be seen after allergen
exposure within the lung (Nieto-Fontarigo et al., 2016). Bronchial epithelial cells from
untreated human asthmatics express high levels of DPP-4 that are further enhanced by
IL-13, correlating with elevated exhaled nitric oxide levels and proliferation of lung
fibroblasts and bronchial smooth muscle (Shiobara et al., 2016). DPP-4 appears to activate
pro-inflammatory pathways (MAPK and NF-xB) and may also increase generation of
reactive oxygen species, AGEs, and RAGE gene expression (Ishibashi et al., 2013;
Wronkowitz et al., 2014). Although upregulated DPP-4 may act to downregulate GLP-1’s
benefits, the evidence for the use of DPP-4 inhibition in asthma is conflicting (Nader, 2015;
Nieto-Fontarigo et al., 2016).

Therapeutic benefits of GLP-1 in asthma

The role of the GLP-1 pathway has been explored in various mouse models of asthma. Most
recently, it has been demonstrated that GLP-1 may inhibit aeroallergen-induced 1L-33
release and further reduce group 2 innate lymphoid cell activation (Toki et al., 2017). In
another murine study, GLP-1R agonists, liraglutide and exenatide, improved survival and
pulmonary function (Viby et al., 2013). Liraglutide has also been found to reduce airway
inflammation, mucus secretion, and inflammatory cell counts in bronchoalveolar lavage
fluid (Zhu et al., 2015). Furthermore, there was a reduction in activation of the pro-
inflammatory transcription factor, NF-xB. All these effects were attenuated in the setting of
a protein kinase A inhibitor, suggesting protein kinase A is a key downstream effector of
GLP-1. GLP-1 stimulation of endothelial NOS may also be an important beneficial effect in
asthma (Chai et al., 2012; Ten Broeke et al., 2006).

In the latest human study, Mitchell et al. evaluated GLP-1R expression and GLP-1 effects on
eosinophils and neutrophils of normal and allergic asthmatic subjects (Mitchell et al., 2016).
While both cell types expressed the receptor, expression was significantly higher in controls
compared to asthmatics. Although receptor expression did not change with allergen
challenge, a GLP-1 analog attenuated lipopolysaccharide-stimulated eosinophil activation ex
vivo and decreased production of IL-4, 8, and 13.

Indeed, the GLP-1 pathway may be a potent modulator of inflammation that has been
understudied in asthma and lung disease. With the advent of GLP-1 receptor agonists, future
clinical trials may reveal a novel use for these medications.

Conclusion

We propose a metabolic pathway by which obesity and asthma are related, connecting
known overlapping alterations in a way that is plausible, previously undescribed, and
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relatively easily studied. Obesity and metabolic syndrome result in a pro-inflammatory state
caused by arginine dysregulation and activation of the RAGE pathway. Although these are
widely accepted as mediators of cardiovascular disease, they likely play key roles in the
pathogenesis of lung disease, particularly asthma.

Most recently, two large randomized controlled trials showed reduced death from
cardiovascular causes as well as cardiovascular complications in patients with type-2
diabetes mellitus using GLP-1 receptor agonists liraglutide and semaglutide (Marso et al.,
2016a; Marso, et al., 2016b). The consequences of diabetes and obesity on respiratory health
need better characterization, and GLP-1 receptor agonists are safe, ready-to-use agents in
both laboratory and clinical research.

Further research is necessary to deepen our understanding of the intersection between
endocrine dysfunction, the asthma syndrome, and lung disease. Provocative studies have
shown the potential of metformin, DPP-4 inhibitors, and statins in treating asthma (Huang et
al., 2011; Li et al., 2016; Nader, 2015; Zeki et al., 2013). And while the GLP-1 pathway may
also be effective, it is unclear which phenotypes of asthma it may help. But perhaps by
treating the underlying metabolic syndrome, we can also treat the related metabolic asthma.
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Thi T-helper type 1 cell
Th2 T-helper type 2 cell
TNF-a Tumor necrosis factor alpha
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Figure 1.
Diet and obesity may lead to dysregulated arginine metabolism and increase the production

of advanced glycation end products (AGE) and subsequent activation of their receptor
(RAGE), contributing to inflammation and asthma. The GLP-1 pathway may be critical to
attenuating this inflammation.
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Obesity and consumption of foods high in advanced glycation end-products (red circles,
AGES) creates a pro-inflammatory state through dysregulated arginine metabolism
(increasing arginase activity and production of ADMA, in red) and activating RAGE-
mediated, NF-kB inflammation (pink star). ADMA also inhibits endothelial NOS (eNOS)
and increases NF-kB activity. GLP-1 production is spurred by consumption of L-arginine
(green circles) and when binding its receptor, activates protein kinase A (blue octagon). This
activity blunts RAGE-mediated inflammation and production of ADMA (blue T-lines). The
GLP-1 pathway is also the current target of treatments for diabetes and obesity. GLP-1 is
rapidly degraded by DPP-4, and DPP-4 inhibitors (gliptins) are used to increase GLP-1.
GLP-1 receptor agonists (exenatide and liraglutide) are also available.
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