Journal of Asthma and Allergy

Dove

REVIEW

Dysregulated Metabolism in the Pathophysiology
of Non-Allergic Obese Asthma

Matthew McCravy
Jennifer L Ingram

Loretta G Que

Division of Pulmonary, Allergy and
Critical Care Medicine, Department of

Medicine, Duke University Medical
Center, Durham, NC, 27710, USA

Correspondence: Matthew McCravy
Division of Pulmonary, Allergy and
Critical Care Medicine, Department of
Medicine, Duke University Medical
Center, Box 102349, Durham, NC,
27710, USA

Tel +1 731-571-4816

Email matthew.mccravy@duke.edu

This article was published in the following Dove Press journal:
Journal of Asthma and Allergy

Abstract: Asthma is an obstructive airway disease that is characterized by reversible airway
obstruction and is classically associated with atopic, Ty2 driven inflammation. Landmark
studies in the second half of the twentieth century identified eosinophils as a key mediator of
inflammation and steroids, both inhaled and systemic, as a cornerstone of therapy. However,
more recently other phenotypes of asthma have emerged that do not respond as well to
traditional therapies. In particular, obese patients who develop asthma as adults are less likely
to have eosinophilic airway inflammation and do not respond to traditional therapies. Obese
patients often have metabolic comorbidities such as impaired glucose tolerance and dyslipi-
demias, also known as metabolic syndrome (MetS). The unified pathophysiology of meta-
bolic syndrome is not known, however, several signaling pathways, such as the neuropeptide
glucagon-like peptide-1 (GLP-1) and nitric oxide (NO) signaling have been shown to be
dysregulated in MetS. These pathways are targeted by commercially available medications.
This review discusses the potential roles that dysregulation of the GLP-1 and NO signaling
pathways, along with arginine metabolism, play in the development of asthma in obese
patients. GLP-1 receptors are found in high density in the lung and are also detectable in
bronchoalveolar lavage fluid. NO has long been associated with asthma. We hypothesize that
these derangements in metabolic signaling pathways underpin the asthmatic phenotype seen
in obese patients with non-eosinophilic airway inflammation and poor response to estab-
lished therapies. While still an active area of research, novel interventions are needed for this
subset of patient who respond poorly to available asthma therapies.
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Asthma is defined as an obstructive airway disease with a significant bronchodilator
response. While bronchial hyperreactivity was historically thought to be the pri-
mary feature of asthma, more recent evidence demonstrated a heterogeneous,
inflammatory process as a key aspect of asthma pathobiology.! Classical asthma
is atopic, characterized by a high peripheral eosinophil count and steroid
responsiveness.”® However, subphenotypes of asthma with different inflammatory
fingerprints and variable responses to treatment exist.* In particular, obese patients
with asthma are more likely to have a neutrophilic phenotype and are less likely to
respond to steroids.” The metabolic underpinnings of this finding are poorly under-
stood, though evidence suggests that airway disecase may be associated with meta-
bolic derangements accompanying obesity rather than the mechanical effects of
obesity (airway compression and increased effort to breathe).®

A clinical entity likely to be asthma has been recognized in Western medicine at
least since the Code of Hammurabi. Remarkably, it was not until the 1980s that
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physicians and researchers began to understand asthma as an
inflammatory disorder associated with eosinophils.” Since
that time, research has revealed that asthma is far more
heterogenous than initially recognized. On a cellular level,
the inflammatory milieu in the airways of asthmatic patients
can be broadly classified into eosinophilic and non-
eosinophilic inflammation.® A neutrophilic pattern of inflam-
mation appears to be more steroid resistant, either inhaled or
systemic.’

Another phenotype of asthma that does not conform to
the classical pattern is obese asthma. Observational data
has shown that obese patients are more likely to have an
airway neutrophilic inflammatory pattern and are resistant
to inhaled corticosteroids.’ Further research is needed to
definitively identify the cellular and molecular mechan-
isms contributing to the unique phenotype observed in
patients with obesity and asthma. Data suggest that the
metabolic derangements seen in obese patients, manifested
as metabolic syndrome, play a role in modulating airway
responses in asthma.®

Metabolic syndrome is defined as having five compo-
nents: abdominal obesity, hypertriglyceridemia, reduced
high-density lipoprotein (HDL) levels, hypertension, and
insulin resistance/hyperglycemia.'® The etiology of meta-
bolic syndrome is not fully understood; yet, we hypothe-
size that neuropeptides involved in its development are at
least partly responsible for lung disease in these patients.
An analysis of the National Health and Nutrition
Examination Survey (NHANES) database demonstrated
that metabolic syndrome is associated with worse lung
function regardless of the patient’s body mass index
(BMI)."" This analysis was replicated in a Korean popula-
tion, and these authors also found a significant association
between metabolic syndrome and impaired lung function.
This association was not seen with simple obesity.®

An important neuropeptide that has gained much clin-
ical interest in recent years is glucagon-like peptide-1
(GLP-1). GLP-1 has important functions in modulating
glucose homeostasis and insulin sensitivity in patients
with obesity and type 2 diabetes.'? Beyond glucose home-
ostasis, trials of medications acting on the GLP-1 signaling
pathway result in weight loss in obese patients, indicating
a role for GLP-1 in the development of obesity."
Furthermore, GLP-1 is known to be dysregulated in
patients with metabolic syndrome.'* With the previously
mentioned association between worsening asthma and

metabolic syndrome, targeting the GLP-1 pathway in the

treatment of obese patients with asthma is a plausible
potential therapeutic strategy.

GLP-1 Physiology and Lung

Function

The notion of incretins, insulin secretagogues, first arose in
the 1960s when researchers observed that oral administra-
tion of glucose increases plasma insulin concentration
more than an equivalent dose of intravenous glucose.
This first incretin to be discovered was gastric inhibitory
polypeptide (GIP). GLP-1 and GLP-2 were discovered in
the 1980s. GLP-1 is produced by intestinal L-cells, mem-
bers of the neuroendocrine system, in response to a meal.
These cells are diffusely distributed throughout the intes-
tine and produce several neuropeptides in addition to GLP-
1.'> The canonical function of GLP-1 is to increase insulin
secretion in pancreatic  cells via a cyclic adenosine
monophosphate (cAMP)-dependent mechanism after.'®
This signaling occurs via the G protein-coupled receptor,
GLP-1 receptor (GLP-1R).

GLP-1R is found on pancreatic B cells, as expected,
but also on a host of other cell types. In addition to
stimulating insulin secretion, GLP-1R signaling is also
associated with improved B cell survival.'” One of the
organ systems with an unexpectedly high concentration
of GLP-1R is the respiratory system. The receptors are
localized throughout the lung and are found in the pul-
monary vasculature, airway smooth muscle cells, airway
epithelial cells and type II alveolar cells.'® While the
function of these receptors is poorly characterized, GLP-
1 signaling on type II alveolar cells acts in a cAMP-
dependent manner. This mechanism is consistent with
signaling pathways seen in pancreatic islet cells and med-
iates production of surfactant in a mouse mode."”
Functionally, GLP-1R agonism improved outcomes in
a mouse model of acute respiratory distress syndrome
(ARDS).*° Additionally, GLP-1R agonism leads to inhibi-
tion of airway smooth muscle cell contraction."’

While these observations suggest a role for GLP-1 in
the regulation of some endogenous pulmonary functions,
the degree to which this signaling is involved in the
pathophysiology of lung disease is still unknown. In addi-
tion to high pulmonary concentrations of GLP-1R, GLP-1,
as well as other neuropeptides, are secreted in the airway
as evidenced by their identification in the bronchoalveolar
lavage (BAL) fluid of healthy adult volunteers.>' The
cellular known.

source of these peptides is not
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Additionally, it is not clear if these peptides have an
endogenous signaling function or if they are merely
bystanders in the alveolar space.

In a mouse model of respiratory syncytial virus (RSV)
infection, the GLP-1R agonist, liraglutide, decreased
mucus production via alterations in the interleukin-13
(IL-13) and interleukin-33 (IL-33) signaling pathways.*
In mice with ovalbumin-induced allergic airways disease,
administration of liraglutide prior to allergen exposure
reduced airway resistance after disease onset.”> Similarly,
the authors demonstrated improvements in murine airway
resistance following liraglutide administration in combina-
tion with lipopolysaccharide (LPS), as a model of chronic
obstructive pulmonary disease (COPD). The authors pro-
pose that the mechanism of improved pulmonary function
is increased surfactant production, as surfactant protein
D expression was increased in the mice treated with lir-
aglutide. These effects on interleukin signaling and surfac-
tant production have similarly been observed in mouse
models of house dust mite-induced allergic airways dis-
eases and LPS-induced ARDS.?***

Evidence of a pulmonary clinical benefit of GLP-1R
agonism in patients with obstructive airway diseases
remains sparse. In a study of patients with COPD, periph-
eral blood mononuclear cells were found to have
decreased levels of GLP-1R in comparison with control
subjects. These reduced levels of GLP-1R were associated
with deranged interferon gamma signaling. Treatment with
liraglutide corrected these abnormalities.”> Finally, in
a small pilot study of overweight patients with type 2
diabetes and asthma, patients who were receiving liraglu-
tide had significantly fewer asthma exacerbations than
patients receiving placebo.”®

Pulmonary Neuroendocrine Cells

Thus, data suggest that GLP-1 signaling may have
a significant regulatory effect on pulmonary function.
However, a major gap in understanding is the mechanism
whereby GLP-1 arrives in the lung — is GLP-1 transported
from the gut to the airway through the systemic vascular
circulation or do pulmonary cells secrete GLP-1 in situ?
The airway epithelium features intrinsic neuroendocrine
cells that produce neuropeptides, including calcitonin
gene-related peptide (CGRP) and serotonin.?” GLP-1 is
known to be produced by neuroendocrine cells in the
intestine.'> Human BAL samples contain GLP-1.** The
combination of these three findings suggest a possible
role for pulmonary neuroendocrine cells (pNECs) in

linking GLP-1 signaling with pulmonary function either
by local paracrine signaling or through secretion into the
systemic blood supply. Of particular interest is the unan-
swered question of whether alterations in pNEC function
with  obesity.

reported, in

and distribution occurs in patients
Mathews et al

a genetically obese mouse model of ozone-induced air-

Intriguingly, recently
ways disease, an increased expression of interleukin-23-
driven CGRP expression, suggesting that airway irritants
stimulate increased neuropeptide expression in obese
subjects.”®

Mice that are genetically deficient in pNECs demon-
strate less mucus production and fewer inflammatory cells
after ovalbumin challenge.”® These effects are linked to
the absence of CGRP and gamma-aminobutyric acid
(GABA), which sensitize pulmonary type 2 innate lym-
phoid cells. In adults with asthma, sputum concentrations
of substance P, another product of pNECs, correlates with
asthma symptoms.*® Furthermore, in mice infected with
RSV, airway hyperresponsiveness and mucus production is
abrogated by prophylactic treatment with an inhibitor of
substance P signaling.*’

Pulmonary neuroendocrine cells are thought to func-
tion as “sensors” for air particles entering the lower air-
way, as they express olfactory receptors, and they release
neuropeptides after exposure to inhaled volatile irritants.*>
Furthermore, obese mice demonstrate greater increases in
airway resistance and more inflammatory cells in BAL
fluid following exposure to ozone than lean mice in
a mechanism requiring increased pulmonary CGRP
expression.”® As CGRP is primarily produced by neuroen-
docrine cells, this observation provides a potential
mechanistic  link between obesity and airway
hyperreactivity.

Vagal nerve efferents terminate on pNECs suggesting
a possible neurologic component to disease processes
involving pNECs. In mice exposed to allergenic stimuli
early in life, these vagal terminations are aberrant and
resulted in mucus hyperproduction via a GABA-mediated
mechanism.”> This effect was also observed in rhesus
monkeys that were exposed to ozone as infants.>* Thus,
both allergic and non-allergic stimuli may modulate pNEC
functions and signaling to promote airway inflammation
and remodeling.

Finally, pNECs function as stem cells that drive airway
healing after injury.*> Several disease states are associated
with an abnormal proliferation of neuroendocrine cells.
Infants with persistent tachypnea of the newborn have
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increased density of neuroendocrine cells in both the pul-
monary lobules and airway epithelium compared with
healthy controls.*® Also, pNECs are hyperplastic in the
bronchioles of patients with asthma compared with sam-
ples obtained from healthy volunteers.*’

GLP-1 and Metabolic Syndrome

In addition to the potential direct action of GLP-1 within
the lung, another possible mechanistic link between GLP-1
signaling and asthma is as a downstream effect of glucose
resistance in the setting of the metabolic syndrome. GLP-
1R agonists improve insulin sensitivity in a mouse model
of diet-induced obesity and metabolic syndrome.*’ At
a molecular level, interleukin-6 (IL-6) secreted from adi-
pocytes stimulates the production of GLP-1 from intestinal
L-cells.*® While far from conclusive evidence, these data
suggest that GLP-1 signaling is involved in a regulatory
feedback loop with adipocytes. In humans, continuous
infusion of GLP-1 via a pump resulted in improved insulin
sensitivity over a period of 6 weeks.'

Beyond the epidemiologic link between metabolic syn-
drome and insulin resistance with poor lung function,
insulin resistance modulates molecular mediators of pul-
monary disease. In a study of mice with diet-induced
obesity and metabolic syndrome, impaired glucose meta-
bolism was associated with airway hyperreactivity and
peribronchial and perivascular lung fibrosis.>® These
effects were mediated though the transforming growth
factor-beta (TGF-f) signaling pathway. Hyperinsulinemia
reduces the sensitivity of airway smooth muscle cells to 3,
-adrenoreceptor mediated relaxation.*® This effect was
observed in both airway smooth muscle cell culture and
a mouse model of diet-induced obesity and provides
a potential explanation for the poor response to broncho-
dilators in obese patients with asthma.*'

Metabolic Syndrome, Nitric Oxide
and Obese Asthma

Nitric oxide (NO) was first discovered to have physiologic
function in 1987 when it was identified as the smooth
muscle relaxant, endothelium-derived relaxing factor.
While initially associated with cardiovascular physiology,
NO is now known to function in several organ systems,
including the lung. In healthy pulmonary physiology, NO
is endogenously released in the airways by nitric oxide
synthase (NOS) and relaxes vascular and airway smooth
muscle.” In pathologic conditions such as asthma,

concentrations of NO in exhaled breath are increased
compared to that of non-asthmatic control subjects.
Furthermore, elevated levels of exhaled NO are associated
with refractory symptoms and poor response to corticos-
teroids, though not with objective markers of lung
function.* These findings suggest that abnormal NO sig-
naling may be the final common pathway of asthma patho-
physiology in patients with metabolic derangements.
However, these findings are not specific to patients with
asthma; exhaled NO is elevated in other syndromes of
pulmonary inflammation, such as allergic rhinitis and pos-
sibly even exposure to air pollution.** The association
between obesity, asthma, and exhaled NO is less clear.
Exhaled NO is negatively correlated with BMI in atopic
children, but not in children without evidence of allergic
inflammation.*> In obese adult patients with asthma,
a lower exhaled NO concentration is directly associated
with more difficult-to-treat disease and indirectly asso-

ciated with increasing BMIL*®

Metabolic Syndrome and
Dysregulated Arginine Metabolism

Several lines of evidence in laboratory models suggest
a relationship between metabolic syndrome and dysregu-
lated arginine metabolism.*” Arginine is derived from diet-
ary protein intake, protein breakdown, and de novo
arginine production. The latter may be linked to the avail-
ability of citrulline, which is the immediate precursor of
arginine and limiting factor for de novo arginine produc-
tion. The bioavailability and fate of arginine is highly
dependent on its metabolism by various organs and
enzymes. In addition to arginases I and II, arginine enters
the NOS pathway, where it is metabolized to form NO.
NO is one of the major downstream effectors of arginine
metabolism. The fraction of exhaled NO is physiologic
manifestation of airway NO production.*® Dysregulated
L-arginine metabolism and decreased NO production
cause increased airway hyperreactivity and decreased
exhaled NO in mice with diet-induced obesity.*’

Serum levels of asymmetric dimethylarginine (ADMA),
a competitive inhibitor of NOS, are increased in patients
with metabolic syndrome compared with age matched con-
trols without metabolic syndrome. ADMA levels also corre-
late with insulin resistance in a cohort of children and
adolescents with diabetes and metabolic syndrome.”® In
obese patients with asthma, increased ADMA levels corre-
late with decreased fraction of exhaled nitric oxide (FeNO)
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measurements in the Severe Asthma Research Program
(SARP) study cohort.”' Taken together, these data suggest
a link between arginine metabolism and NOS function and
metabolic phenotype. This association may
a disturbed balance between L-arginine and ADMA.
Supplementation with L-arginine can improve glu-

reflect

cose tolerance as well as other markers of metabolic
syndrome in animal models of diet-induced obesity. In
genetically obese rats, supplementation with L-arginine
reduced fat mass and improved biochemical markers of

dysregulated lipid metabolism.>> When the authors
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replicated the experiment in Glplr-deficient mice, they
observed no effect on glucose tolerance. In contrast, the
opposite effect, GLP-1 acting to alter arginine metabo-
lism, is less well established. The long-acting GLP-1R
agonist, exendin-4, decreases the production of ADMA
in renal tubular cells of rats with streptozotocin-induced
diabetes.>” data
a possible benefit from higher L-arginine consumption
though
a differential effect may exist between plant- and animal-

In humans, observational suggest

on incidence of metabolic syndrome,

derived L-arginine.54 The authors attributed this effect to
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Figure | Metabolic pathways in obese patients with asthma: bottom left: GLP-1 delivered in the blood stream and, we hypothesize, secreted from pulmonary
neuroendocrine cells (green) modulates arginine metabolism by decreasing ADMA production leading to an increase in nitric oxide (NO) production in airway epithelial
cells (orange). Top left: in lean, healthy patients, GLP-1 acts to decrease insulin resistance, relax airway smooth muscle and increase airway NO production. Top right:
in asthma patients with obesity and metabolic syndrome, GLP-1 production is decreased, leading to increased insulin resistance, decreased NO production, and increased

smooth muscle contractility. All of these features contribute to bronchoconstriction.
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enhanced gut secretion of GLP-1 after a meal enriched in
L-arginine as other data demonstrated a postprandial rise
in serum GLP-1 in humans after eating a meal enriched
in L-arginine. In a recent open-labeled clinical trial test-
ing supplementation with L-citrulline, a precursor to
L-arginine, as add-on therapy to obese asthmatics with
low or low-normal FeNO, L-citrulline increased FeNO
and serum L-arginine levels and improved asthma
control.” These data suggest that manipulating the NO
signaling axis in obese patients with asthma may provide
clinical benefit and warrant further study. A schematic
representation of a postulated mechanism for GLP-
I-modulated L-arginine metabolism and airway
responses in obesity and metabolic syndrome is shown
in Figure 1.

Researchers are investigating the potential modula-
tory effects of L-arginine supplementation on NO-
mediated pathways for its effectiveness as a strategy for
prevention and treatment of metabolic syndrome and its
individual features and comorbidities, including abdom-
inal obesity, type 2 diabetes and dyslipidemia and
asthma. The effectiveness of L-arginine supplementation
in obese patients with asthma and metabolic syndrome
has not yet been determined; however, a small pilot study
showed no difference in clinical asthma outcomes of
patients who were supplemented with L-arginine and
those who were not despite increasing levels of plasma
L-arginine.>®

Conclusions and Future Directions
In summary, asthma is a heterogeneous disease with multi-
ple sub-phenotypes. Obese patients with asthma represent
a phenotype that is unlikely to benefit from the cornerstone
therapies currently employed in the treatment of allergic
asthma. Despite the observation that these patients have
a distinct airway inflammatory cell profile, the pathophy-
siology of this syndrome is not fully understood.
Consequently, no good treatment options are available
that are designed to mitigate the underlying process.
Several potentially intervenable pathways exist which
are deranged in obese patients with asthma. These pathways
include NO and GLP-1 signaling, which function abnor-
mally in patients with metabolic syndrome. The degree to
which endogenous GLP-1 production regulates lung func-
tion is unknown, and this lack of knowledge demonstrates
a clear need for more work to be done to tease out the

sources of pulmonary GLP-1 and its signaling effects.
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