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Abstract: 20 million adults and 4.2 million children in the United States have asthma, a disease resulting in inflammation and airway
obstruction in response to various factors, including allergens and pollutants and nonallergic triggers. Obesity, another highly prevalent
disease in the US, is a major risk factor for asthma and a significant cause of oxidative stress throughout the body. People with asthma
and comorbid obesity are susceptible to developing severe asthma that cannot be sufficiently controlled with current treatments. More
research is needed to understand how asthma pathobiology is affected when the patient has comorbid obesity. Because the airway
epithelium directly interacts with the outside environment and interacts closely with the immune system, understanding how the
airway epithelium of patients with asthma and comorbid obesity is altered compared to that of lean asthma patients will be crucial for
developing more effective treatments. In this review, we discuss how oxidative stress plays a role in two chronic inflammatory
diseases, obesity and asthma, and propose a mechanism for how these conditions may compromise the airway epithelium.
Keywords: asthma, epithelium permeability, obesity, oxidative stress

Oxidative Stress

Oxidation and reduction of molecules is an important aspect of maintaining cellular homeostasis and engaging in host
defense.! Reactive oxygen species (ROS), such as superoxide and hydrogen peroxide (H,O,), are generated by
mitochondria during the reduction of molecular oxygen in the electron transport chain and by immune cells activating
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) in response to pathogens.? Cells also possess
antioxidants, such as glutathione and catalase, to reduce both endogenous and exogenous sources of oxidizing molecules.
Although normal cellular metabolic processes generate oxidants, during an inflammatory state or in response to chronic
insults, excessive production of oxidants becomes harmful to host tissues as the presence of ROS and reactive nitrogen
species (RNS) exceeds that of antioxidants, resulting in oxidative stress (Figure 1)."*** Oxidants are capable of reacting
with other biomolecules, such as DNA, lipids, and proteins, to form high quantities of highly reactive free radicals
resulting in cell and tissue damage.> Indeed, oxidative stress from mitochondrial dysfunction has been implicated in
many diseases across several systems, including the cardiovascular (atherosclerosis), nervous (Alzheimer’s disease),

digestive (ulcerative colitis), and respiratory systems.’

Asthma

Increasing evidence demonstrates a significant role for oxidative stress in the pathogenesis of asthma, a chronic
obstructive lung disease affecting over 20 million adults and 4.2 million children in the United States.® Various allergens,
such as house dust mites (HDM), mold, pollen, and pet dander, can trigger allergic asthma. However, asthma can also be
exacerbated by factors other than allergens, including environmental pollutants, viral and bacterial infection, and

Journal of Asthma and Allergy 2023:16 481-499 481
Received: 22 December 2022 © 2023 Kim et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallable at httpx / Iwww.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati nc/3.0/). By accessing the work

Accepted: 15 March 2023
Published: 6 May 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-0964-1683
http://orcid.org/0000-0002-5269-8864
http://orcid.org/0000-0001-9188-9244
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Kim et al Dove

oCI-
0. ‘03 H.0,

"OH
NO NO.~ NO,

Antioxidants | ————— RO VNI (165

Cell Damage

NN, MO {3
Lipid peroxidation Protein and
products (MDA) DNA damage enzyme oxidation

Figure | Disruption of the balance in ROS + RNS to antioxidants leads to oxidative stress. Under conditions of oxidative stress, oxygen (O,) is reduced to superoxide
(‘O3 ), hydrogen peroxide (H,0O,), or hydroxyl radical (-OH). Hypochlorite (OCI")is formed through the reaction of H,O, with chloride ions (CI"). Nitric oxide (NO) is
rapidly oxidized to form nitrite (NO,") and in the presence of oxyhemoglobin, nitrate (NO;3"). Increased production of ROS and RNS causes cell damage through lipid
peroxidation, DNA damage, and oxidation of proteins and enzymes. Created with BioRender.com.

Abbreviations: ROS, reactive oxygen species; RNS, reactive nitrogen species; O,, oxygen; ‘O, , superoxide ion; H,O,, hydrogen peroxide; OCI", hypochlorite; -OH,
hydroxyl radical; NO, nitric oxide; NO;, nitrate; NO,, nitrite; DNA, deoxyribonucleic acid.

cigarette smoke. Several other metabolic and cardiovascular conditions have been implicated in affecting the severity of
asthma and quality of life, especially obesity, hypertension, diabetes, and dyslipidemia.’

Asthma is characterized by airway inflammation and airway hyperresponsiveness (AHR).® Chronic inflammation in
asthma is defined by Type-2-high and Type-2-low immune responses. Type-2-high asthma is typically provoked by
allergies and characterized by elevated levels of eosinophils in the airways, while Type-2-low asthma is more often
associated with non-allergic, neutrophilic asthma.”'° Patients with Type-2-low asthma, who make up approximately 5—
20% of patients with asthma,'®'' do not respond as well to current standard treatments for asthma such as inhaled
corticosteroids. In the United States, uncontrolled asthma presents significant economic burdens on health care systems,
reduces workforce productivity and decreases the health-related quality of life of adults and children living with
uncontrolled asthma.'>'? Research is needed to understand the pathogenic processes governing Type-2-low asthma
and to find specific interventions that best treat patients with this endotype.
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Asthma and Obesity

Obesity is a major risk factor for asthma and a significant cause of oxidative stress in the body. Obesity is marked by
adiposity defined by a body mass index (BMI) greater than 30 kg/m®.'* Adipose tissue, a source of cytokines and
adipokines, can affect various physiological processes through cell signaling.'> As adipose tissue and free fatty acids in
circulation increase, adipocyte production of proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-a)
and interleukin-6 (IL-6) increases.'® Leptin is also produced by adipose tissue and has been shown to generate lipid
peroxidation products, isoprostanes, and protein carbonyls, biomarkers of oxidative stress.'” With release of adipokines
and cytokines, immune cells that generate ROS are recruited to sites of inflammation and are also significant producers of
ROS."®!"” Compared to adipocytes derived from lean patients, immune cell infiltration in adipose tissue promotes pro-
inflammatory cytokine release, immune cell recruitment, and oxidant generation in adipocytes derived from patients in an
obese and proinflammatory state.?’ Excess ROS production exceeding the body’s antioxidant capabilities promotes tissue
damage and oxidative stress.'> For people with obesity, ROS-induced inflammation is chronic and systemic and increases
susceptibility to immune dysregulation.?’

Obesity is associated with non-eosinophilic, Type-2-low asthma'® and decreases the effectiveness of inhaled
corticosteroids, which is a main component of current treatment regimens.””> Children and adolescents with asthma
and comorbid obesity are 24% more likely to be unresponsive to bronchodilators*> which suggests that BMI modifies
asthma control.** In addition to difficulties with controlling asthma, patients with obesity are more likely than lean and
overweight patients to experience more severe asthma symptoms and miss more work days.24 The proportion of patients
with asthma and comorbid obesity presenting to the emergency room is also significantly higher than other patients with
asthma.”* Although the exact reasons for why and how asthma with comorbid obesity becomes difficult to control are
unknown, there may be parallels between how both asthma and obesity progress. Studies show that a 5-10% decrease in
body weight can reduce airway inflammation.”> However, more direct treatment options are needed for people with
asthma and comorbid obesity to improve asthma control.

Oxidant stress could be an important factor to understand how asthma may be altered in the context of obesity, as
among non-smoking patients with asthma, BMI is correlated with increased exhaled 8-isoprostanes, while this trend is
not seen in comparisons of patients without asthma.® In animal studies using wild-type and genetically obese mice
lacking leptin signaling, exposures to ozone, which exacerbates asthma, versus filtered air (as a control) demonstrated
increased methacholine-induced AHR following challenge with ozone, an exogenous source of oxidative stress.”’
Interestingly, obese mice exposed to filtered air also exhibited greater AHR compared to wild-type mice, suggesting
that obesity inherently contributes to worsening asthma symptoms.?’

By 2030, the proportion of US adults who have obesity is expected to increase by 33%, underscoring the need for
research on how obesity changes asthma progression.”® In 2010, a higher proportion of adults with obesity had asthma
(38%) than did not have asthma (27%).>° With a significant proportion of the US already exhibiting obesity and the
possibility of those who are overweight to develop obesity, understanding how obesity and its comorbidities interact to
modify disease is becoming increasingly important.

The Airway Epithelium

As the primary protective barrier that defends the lung from agents such as allergens, pollutants, viruses and chemicals
that trigger asthma, the airway epithelium plays a crucial role in helping to maintain barrier integrity. Thus, the
epithelium is heavily affected by inflammation and oxidative stress caused by asthma and other diseases affecting the
lungs (Figure 2).*

Epithelium Structure and Apical Junctional Complexes

Various cell types comprise the airway epithelium (Figure 2), each having a role in maintaining the epithelial barrier.
Goblet cells and ciliated cells work in tandem with immune cells to clear airway pathogens by producing mucus and
mechanically moving particles out of the airway, respectively.>’ Club cells become more numerous in the lower airway
epithelium and produce club cell secretory protein (CCSP), which provides important anti-inflammatory properties for
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Figure 2 Oxidative stress in patients with asthma and comorbid obesity contributes to persistent immune cell recruitment and inflammation, leading to airway epithelium
permeability. Left: The airway epithelium of healthy patients is comprised of several different cell types, including club cells, basal cells, ionocytes, ciliated epithelial cells,
goblet cells, tuft cells, and neuroendocrine cells, which are attached to the basement membrane. The pseudostratified epithelium provides a sealed barrier to prevent
environmental particles from infiltrating the lung tissue. The submucosal area lies between the basement membrane and blood vessels. Inmune cells, such as macrophages,
lymphocytes, eosinophils, and basophils are located within both the submucosal area and blood vessels. Right: In the presence of allergenic, viral, or air pollution particles
that exacerbate asthma, immune cells are recruited from the blood stream into the submucosal area. These activated immune cells produce ROS in response to these
provocative agents. Recurrent exacerbations and oxidative stress cause more inflammation and damage to the epithelial cells, resulting in epithelium permeability. In patients
with obesity and asthma, inflamed adipose tissue serves as an additional source of oxidative stress, which may accelerate epithelial damage and barrier permeability. Created
with BioRender.com.

Abbreviation: ROS, Reactive oxygen species.

the lung.*>** Basal cells are stem cells that can replenish the airway epithelial cells.>* Immune cells, including
neutrophils, eosinophils, and macrophages, produce chemokines that recruit other immune cells, preventing additional
damage to the epithelium and clearing invading pathogens.>’ Once these pathogens have been cleared, macrophages
remove remaining apoptotic neutrophils and produce anti-inflammatory cytokines to decrease the immune response once
it is no longer needed.®'

The epithelium creates a tight seal to regulate tissue selectivity for certain ions and water.*> The epithelium prevents
pathogens from entering the lung, requiring uncompromised, close cell—cell contact throughout the epithelial sheet.’
This function is made possible by apical junctional complexes, consisting of tight junctions and adherens junctions,
which work together to regulate ion permeability and maintain epithelial integrity (Figure 3).*

Tight Junctions

Tight junctions create cell polarity and distinguish the apical from basolateral membrane of the cell.>> Comprised of
different types of claudins, these membrane-spanning proteins have varying abilities to regulate epithelium permeability
by interacting with claudins on adjacent cells.*® Depending on the function and type of claudin, certain claudins are

expressed in different regions of the lung. Sealing claudins (claudin-1, =3, —4, =5, =7, —18) maintain tight cell—cell
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Figure 3 Comparison of postulated apical junctional protein organization in patients with asthma and comorbid obesity versus healthy patients. Airway epithelial cells are
kept in close contact with adjacent epithelial cells through an organized arrangement of tight junction (ZO-1, claudin, occludin) and adherens junction proteins. People with
asthma and comorbid obesity may have more severe asthma exacerbations caused by allergens, viral and bacterial pathogens, or pollutants, contributing to elevated oxidative
stress. This may disrupt the organization expression levels of junction proteins, resulting in airway epithelium permeability. Created with Biorender.com.
Abbreviations: ZO-I, Zona occludens |; JAM, Junctional adhesion molecule.

contact, preventing ions and other molecules from passing through. Some claudins, such as claudin-2, —10, and —15,
increase permeability of certain ions, while others maintain the seal with the help of occludins.*® Claudins are responsible
for dictating selective permeability to molecules and ions, whereas occludins have been shown to be selective against
certain macromolecules, such as inulin and dextran.®” Another protein that supports junction formation is the junctional
adhesion molecule (JAM).*® Close in proximity to these tight junction proteins are Zona Occludins (ZO), which link the
actin cytoskeleton to claudins and occludins.*

Adherens Junctions

Adherens junctions reside below tight junctions and provide adhesion between adjacent cells.*” Integral to the function of
adherens junctions are catenins and E-cadherin, a homotypic adhesion molecule. The extracellular domain of E-cadherin
forms the connection between two cells expressing the same E-cadherin, while the intracellular domain is in contact with
the actin cytoskeleton. B-catenin and p120 catenin stabilize the adherens junction and the apical junctional complex as
a whole, as the loss of one junctional protein can affect the formation and stability of the junction.*

Effects of Oxidative Stress on Airway Epithelium Permeability

In asthma, particles that infiltrate the lungs cause airway epithelial cells to initiate the inflammatory processes, including
immune cell recruitment, against the stimuli.** Chronic lung inflammation results in altered arrangement and expression
of apical junctional complexes between airway epithelial cells, allowing the airway epithelial barrier to become perme-
able to molecules that exacerbate asthma through leaky tight junctions and adherens junctions.*’ Dysfunction and
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damage to the airway epithelium may contribute to an increase in particles and pathogens reaching the submucosa of the
airways, causing persistent inflammation, heightened immune responses, and compromising the barrier function from
external pathogens.*' Breakdown in the barrier function activates more immune responses, generating oxidative stress,
and may worsen AHR.® Over time, recurrent exacerbations of asthma result in airway remodeling, a process that results
in permanent changes to the airway wall through alterations in protein composition of the extracellular matrix and
fibroblast and smooth muscle proliferation.****

In patients with asthma, the responsibility of the airway epithelial barrier to provide a tight seal also appears to be
compromised (Table 1). Methods to study paracellular permeability involve a combination of measuring transepithelial electrical
resistance (TEER) of epithelial cell monolayers and monitoring concentrations of various sizes of fluorescein isothiocyanate
(FITC)-dextran or other labelled molecules, such as mannitol, bovine serum albumin (BSA), and pyranine, which do not pass
between epithelial cells when junctions are intact. Immunofluorescent staining of junction proteins and quantification of gene and
protein expression are also used to provide additional evidence of epithelial integrity or permeability.

When visualized through immunofluorescence, primary human bronchial epithelial cells (HBECs) isolated from
patients with asthma, show an unorganized, uneven arrangement of occludin and ZO-1 compared to healthy patients,
which show a more continuous arrangement of tight junction proteins.** Furthermore, protein expression of ZO-1 is
decreased in HBECs from patients with asthma compared to HBECs from healthy patients.** Upon examination of
airway biopsies, an uneven distribution of tight junctions is present, which is in agreement with the pattern seen in the
cultured HBECs.** Using primary airway epithelial cells cultured from healthy patients and those with asthma, the
decrease in TEER changes in proportion to the severity of the disease. Cells with the lowest TEER also have low ZO-1
expression.** Permeability assays demonstrate that FITC-dextran passage from the apical to the basolateral membrane is
higher compared to airway epithelial cells cultured from healthy donor cells.**

In another study by Tan et al, mice challenged with different concentrations of house dust mite extract injected either
intranasally or intraperitoneally acutely develop either eosinophilic, mixed, or neutrophilic phenotypes of experimental
asthma.” Structurally, tight junction protein expression in the lung changes among these three phenotypes of asthma following
treatment with HDM extract. mRNA and protein expression of ZO-1 decreases, whereas mRNA and protein expression of
Claudin-4 increases. Claudin-4 levels are highest in neutrophilic mice.” Although Claudin-18 has only been found in the
alveolar epithelium, its mRNA expression is decreased in all three asthma phenotypes compared to healthy mice.”

As a chronic inflammatory lung disease, asthma generates oxidative and nitrosative stress.” While normal metabolic
processes also generate oxidants, excessive production of oxidants becomes harmful to host tissues.* Markers of
oxidative stress, including 3-bromotyrosine, F2-isoprostanes, exhaled nitric oxide, superoxide, nitrites, nitrates, lipid
peroxides, total protein carbonyls, total glutathione, aldehydes, and alkanes, are elevated in urine, exhaled breath
condensate, and plasma samples of patients with asthma compared to healthy adult patients.*>*’ In exhaled breath
condensate samples, patients with persistent asthma show higher hydrogen peroxide levels than those with mild
intermittent asthma®® and those who are healthy.*” Based on evidence demonstrating increased oxidative stress in
asthma, oxidants may be contributing to the airway epithelium permeability that is observed in asthma models from
primary human epithelial cells and mice (Table 1).

Several studies demonstrate the effect of strong oxidants on airway epithelium permeability. Of human bronchial
epithelial cells (HBECs) isolated from healthy and allergic asthma patients, only cells from hosts with asthma
demonstrate a significant decrease in TEER after 2 and 6 hours of 10 parts per billion (ppb) ozone exposure.>
Paracellular permeability to BSA also increases only in the HBEC cultures from patients with asthma following
a 6-hour ozone exposure at concentrations between 10 and 100 ppb.°® While asthmatic epithelial cells respond more
severely to ozone than cells from healthy patients, ozone still increases airway epithelium permeability in those who are
healthy.’'->* Evidence of this ozone effect in healthy patients comes from studies measuring in vivo diethylenetriami-
nepentaacetic acid (DTPA) clearance rates in patients without asthma after ozone exposure.’’>? Even in healthy non-
asthma patients, the clearance rate is much faster after ozone exposure, demonstrating causality between ozone and
airway permeability.’'>* Since these acute exposures have been shown to affect the airways in healthy patients, chronic
exposures to sources of oxidative stress would be expected to augment airway epithelium permeability in patients with
asthma.
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Table | Allergens, ROS, RNS, and Cytokines Affecting the Airway Epithelium in Human Cells

Authors Type Treatment TEER Permeability Junction Protein Expression
Sweerus et al, Bronchial brushing epithelial None ND ND Decreased claudin-18 mRNA
2017''® cells from patients with and
without asthma
Claudin-18 KO 16HBEC None ND Increased to 0.5 kDa pyranine Decreased
Primary human airway epithelial | IL-13 Decrease ND Decreased claudin-18 mRNA and
cells protein; No change in claudin-1, —4, -7
mRNA
Hardyman et al, Human bronchial brushing TNF-a Decrease 4kDa FITC-dextran permeability | Occludin, claudin-3, —4, —8 staining
2013% epithelial cells increase decrease
Xiao et al, 2011** | Human bronchial biopsies from | None Decrease on day 21 of Increase permeability to 4kDa Decreased ZO-1| protein expression
patients with and without differentiation of ALl cultures and 20kDa FITC-dextran
asthma
Tan et al, 2019° HBEC IL-1B Decrease FITC-dextran increase
|6HBEC TNF-a Decrease Mannitol increase Decreased claudin-4, occludin
Callaghan et al, I6HBEC TNF-a + Retinoic Acid Increase Decrease (compared to TNF-a Preserved expression of claudin-4,
2020%° treated cells) occludin
HBECs of patients with and NO, Decrease Increase in "*C-BSA ND
without asthma
Bayram et al, HBECs of patients with and Ozone Decrease Increase in "*C-BSA ND
2002°° without asthma
|6HBE | 40- IL-4 Decrease 3kDa dextran increase ND
Saatian et al, |6HBE | 40- IL-13 Decrease 3kDa dextran increase ND
2013'"¢
Sajjan et al, 2008%” | Primary human tracheal RVI6, RV39, or RVIB Decrease ND Loss of ZO-1 around cell periphery
epithelial cells
|6HBEC | 40- RV39 or RVIB Decrease Increase to inulin Loss of ZO-1 around cell periphery
Calu-3 RB39 Decrease ND Loss of ZO-1
Singh et al, 2007¢® | Primary HBECs RSV Decrease Reduced actin polymerization
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Table | (Continued).

protease activity (Citeq,
ALK) or high chitinase
activity (Greer)

decreases TEER within 20
minutes; 24-hour exposure to
Citeq decreases TEER

Authors Type Treatment TEER Permeability Junction Protein Expression
Heijink et al, 16HBEC HDM Decrease ND Disrupted ZO-1I and E-cadherin
2010'"7 arrangement around airways
Trautmann et al, Bronchial biopsies of asthma None ND ND Staining for E-cadherin decreased
2005''8 and healthy patients
Petecchia et al, Calu-3 TNF-0, IL-4, or INFy Decrease in TEER measured ND Decrease in ZO-1 and occludin
2012'"° using paracellular conductance (1/ expression

TEER)
Post et al, 2012'%° |6HBEI40- HDM extracts with high Acute exposure to Greer extract | ND HDM disrupts E-cadherin, ZO-1,

occludin localization

Wan et al, 1999'2'

16HBE[40-, MDCK cells

Derp |

ND

Increase in mannitol permeability

and Der p |

ZO-1 disruption, decrease in occludin

Kim et al, 2018%7

NHBE cells

2 ppm ozone or filtered

air

Decrease in TEER after 3-hour

ozone exposure

Increase in claudin-3, decrease in claudin-
4

Abbreviations: AL, Air-liquid interface; BSA, bovine serum albumin; Calu-3, non-small-cell lung cancer epithelial cell line; FITC, fluorescein isothiocyanate; HBEC, human bronchial epithelial cells; HDM, house dust mite allergen; IL-1j,
interleukin-| beta; IL-4, interleukin-4; IL-13, interleukin-13; IFNy, interferon gamma; KO, knockout; MDCK, Madin-Darby canine kidney; ND, Not determined; NHBE, Normal human bronchial epithelial; NO,, nitrite; ppm, parts
per million; RSV, respiratory syncytial virus; RV, rhinovirus; TEER, transepithelial electrical resistance.
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Box | Future Areas of Study for Clinical and Basic Science Research on Asthma and Obesity

Questions for Future Research

Which oxidative stress-provoked inflammatory cytokines are significantly involved in epithelial barrier dysfunction?
How does the interaction of obesity and asthma pathobiology alter airway epithelial barrier and tight junction protein expression and activity?
What are the effects of dietary fat or fiber on the airway epithelium?

Are patients with metabolic syndrome more susceptible than metabolically healthy individuals to airway epithelium permeability?

How does excess circulating leptin affect airway epithelial barrier integrity in the presence of allergic and non-allergic triggers of asthma?
How does the excess leptin or other adipokines affect expression of occludins, claudins, E-cadherins, and other cell adhesion molecules present
between airway epithelial cells?

Can antioxidants, such as adiponectin, improve epithelium permeability by reducing oxidative stress?

Following an ozone exposure (either acute or chronic), is airway epithelium permeability higher among patients who have asthma and obesity,
compared to healthy patients or those with asthma alone?

Does the cellular composition of the airway epithelium differ between patients with asthma versus patients with asthma and obesity?

Notes: Many questions remain to be investigated and answered, especially in regard to understanding the different factors that may be contributing to treatment resistance
in patient populations with asthma and obesity. More explorations of how the airway epithelial cells and epithelium are damaged, how tight junction complexes are affected,
and how oxidative stress damages the airways are needed.

Surprisingly, however, lung clearance rates of DTPA do not consistently differ between healthy patients and those
with asthma.>*>* A study conducted by Georas et al involving mannitol inhalation by ten healthy participants and eleven
patients with mild asthma demonstrated that the average mannitol levels in serum did not differ significantly between
subjects with and without asthma.>® While this finding suggests that epithelial permeability may not play a significant
role in asthma, the study was conducted only in with patients with mild asthma that did not have any exacerbations
within six months of the study.> Patients who have both asthma and obesity often have worse asthma symptoms and, in
this study, those with severe asthma were excluded.’> Whether patients with obesity and severe persistent asthma have
a more permeable airway epithelium still remains to be determined.’® Further explorations of clearance rates among
patients with asthma and comorbid obesity are needed to understand lung epithelium permeability in vivo (Box 1).

Other studies demonstrate sensitivity of asthma patients to strong oxidants. In human lung epithelial cell lines (BEAS-
2B), increasing the concentration of PM confirms elevation of ROS production after PM exposure.’® Following an
infection with Pseudomonas aeruginosa, BEAS-2B cells challenged with PM are more susceptible to bacterial invasion
than cells not challenged with PM. PM exposure reduces barrier integrity through decreased TEER and expression of
occludin and claudin-1, suggesting that environmental pollutants can induce oxidative stress, which affects junction
protein expression.”®

Animal models also display epithelial changes in response to oxidants (Table 2). In a study conducted by Kim et al,
wild-type mice subjected to a six-hour per day, short-term exposure of ozone’’ had a significant increase in

Table 2 Allergens and ROS Affecting the Airway Epithelium in Mouse Models

Authors Type Treatment TEER Permeability Junction Protein Expression
Sweerus et al, | Claudin-18 KO None ND Tracheal permeability increased | ND

2017''® mice to 0.5 kDa pyranine

Tan et al, Balb/c mice HDM ND ND Decreased claudin-18, ZO-1
2019° expression

Kim et al, Balb/c mice 0.1, 1, and 2 ppm ozone | ND ND Increased claudin-4 and claudin-3,
2018% or filtered air decreased claudin-14

Michaudel ST2-deficient | ppm ozone exposure | ND Increase in Evans Blue leakage Decreased ZO-1, claudin-4, and
et al, 2017°® C57BL/6) mice for | hour into BAL fluid E-cadherin expression

Abbreviations: HDM, house dust mite allergen; kDa, kilodaltons; KO, knockout; ND, not determined; OVA, ovalbumin; ppm, parts per million; SCID, severe combined
immunodeficiency mutation; ST2, IL-33 receptor; ZO, zona occludens.
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bronchoalveolar lavage (BAL) macrophage, eosinophil, and neutrophil cell number, indicating airway inflammation.
Ozone exposure also resulted in an increase in ROS, as measured by the elevated lung carbonyl levels.”” Although the
expression of sealing claudin proteins, Claudin-3 and Claudin-4, was significantly higher in ozone-exposed mice than
FA-challenged mice, the circular distribution pattern appeared to be disrupted for claudins —3 and —4 in the ozone
challenged airway.”’

However, claudin-4 expression is not consistently increased following ozone challenge. Michaudel et al determined
that a 1 ppm ozone exposure for an hour resulted in decreased claudin-4 in ST2-deficient C57BL/6J mice,”® whereas Kim
et al revealed an increase in claudin-4 levels in BALB/c mice after chronic exposure to 0.1, 1, or 2 ppm of ozone or
ambient air for 6 h for 3 days.”” However, these discrepancies may be due to differences in the mouse models used, as
well as the length of time ozone exposures were administered. Still, given that evidence suggests that oxidative stress-
inducing agents, including ozone and PM, disrupt barrier proteins and increase airway epithelium permeability, the
airway epithelium of patients with both asthma and obesity may be more severely affected, placing patients at higher risk
for experiencing serious exacerbations and infections.>®

Changes to the airway epithelium in asthma may be accelerated or worsened by comorbidities, specifically obesity,
which contributes additional ROS as an endogenous source of oxidative stress. In fact, in patients with obesity, asthma is
more severe and airway closure occurs to a greater extent than in lean patients with asthma.® While asthma with
comorbid obesity is associated with Type 2-low asthma, a subset of patients with obesity have allergic asthma. In
response to allergens, such as HDM and fungi, cell culture models of human bronchial epithelial cells show decreases in
tight junction proteins and epithelial resistance, along with increased permeability (Table 1).°° The processes by which
obesity alters cell signaling and inflammatory pathways involved in atopic and nonatopic asthma have not yet been fully
elucidated. We hypothesize that the airway epithelium of patients with asthma and comorbid obesity is affected by
oxidative stress-induced disruptions in junctional protein dysfunction (Figures 2 and 3).

Sources of Oxidative Stress in Asthma and Obesity

In asthma, one potential source of oxidative stress in the lung is uncoupling of nitric oxide synthase (NOS), which results in
reduced nitric oxide (NO) bioavailability and favors generation of superoxide over NO.°*¢! The balance between l-arginine
and NO is maintained by NOS, which forms NO using L-arginine as a substrate.’” L-arginine levels are also dependent on
arginase, an enzyme that has been shown to be more active during asthma, causing the ratio of L-arginine to asymmetric
dimethylarginine (ADMA) to decrease.®® Higher levels of ADMA have been shown to promote oxidative stress in lung
epithelial cells of mice.®' Furthermore, ADMA inhibits NOS, reducing NO levels and resulting in oxidative stress.

Mitochondrial dysfunction is also seen in airway epithelial cells in patients with asthma and in patients with asthma
and comorbid obesity. Among patients with asthma, those with obesity demonstrate higher rates of glycolysis in both
platelets and airway epithelial cells, compared to those who are lean.> Asthma also increases the oxygen consumption
rate, ATP production, and activity of NOS in platelets and epithelial cells.®* Notably, platelet and airway epithelial cells
from patients with asthma show an increase in mitochondrial superoxide and H,O, production, two cellular sources of
ROS.®* Furthermore, those with asthma and obesity demonstrate even higher levels of H,O, production compared to
those with asthma alone.®® Inhibiting NOS decreases H,O, production in both airway epithelial cells and platelets,
suggesting that oxidant production occurs during NOS uncoupling.®®> Another potential mechanism for mitochondrial
dysfunction in patients with asthma and comorbid obesity is the observation that in the airway epithelial cells of this
subset of patients, levels of the antioxidant enzyme paraoxonase-2 (PON-2) are lower than in patients who are healthy,
have asthma, or have obesity. PON-2 localizes to the inner mitochondrial membrane and plays a vital role in reducing
oxidative stress from oxidants produced by the mitochondria.®****

Increased oxidative stress is also seen with viral infections of the lung.' The NOX family of NADPH oxidases are key
producers of ROS in cells in response to microorganisms and pathogens.” They are a seven-member family widely
distributed in the body. Different NOX isoforms are expressed in different cell types and participate in host defense to
inhibit viral propagation and bacterial infection. NOX2, NOX4, dual oxidase (DUOX)1, and DUOX2 are expressed in
airway epithelial cells and become activated in asthma, increasing oxidative stress."*® In 16HBE14o-cells infected with
rhinovirus, increased ROS was associated with a significant upregulation in NOX1 and DUOX2 activity.®® Respiratory
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infections, including rhinovirus, also result in decreased TEER of the airway epithelium and increased permeability to
inulin (Table 1).47%® This defect in the epithelial barrier function is associated with disruption to tight junction structure.
Whereas ZO-1 is normally located in the cytoplasm of 15HBE14o-cells, ZO-1 was lost between cells, where the protein
normally provides cell-to-cell connection.®’ The increased permeability present after initial infection of primary human
airway epithelial cells with rhinovirus, facilitates migration of bacteria from the apical end of the epithelium to the
basolateral end.®’

Viral infections also increase host susceptibility to bacterial infections.®” Patients with asthma are more likely to
develop more severe and longer duration respiratory tract infections.®” Moreover, 80% of asthma exacerbations were
found to be associated with colds in adults.”” Obesity is associated with higher risk for developing severe upper
respiratory infections in adults. Adults with obesity also develop more frequent asthma exacerbations due to respiratory
tract infections.”’ Given the evidence demonstrating that viral respiratory infections disrupts the airway epithelium and is
associated with higher oxidant burden, people with both obesity and asthma may be much more susceptible to airway
epithelium damage and dysregulation especially after a viral or bacterial infection.

Environmental oxidants have also been shown to affect respiratory epithelial cells, especially in the context of viral
infections, such as rhinovirus.”? Rhinovirus and environmental pollutant exposure (O3 or NO,) independently increase
the release of interleukin-8 (IL-8), an inflammatory cytokine, in both BEAS-2B cells and human nasal epithelial cells
(HNECs).”? Challenge of these cells to virus with and without Oy or NO, significantly increases IL-8, which suggests
that exogenous sources of oxidant stress can enhance the inflammatory response of epithelial cells in the respiratory
system.’? This concept is further supported by the treatment of BEA-2B cells with the antioxidant N-acetylcysteine
(NAC); NAC reduced IL-8 release in rhinovirus infected cells and in cells challenged with either O3 or NO,.”*> However,
because IL-8 release is not completely blocked by NAC, this finding indicates that although oxidant stress significantly
increases cytokine production, it is not the only cause for cytokine secretion in airway epithelial cells.”?

Effects of ROS, Cytokines, and Adipokines in Obesity: Lessons from the

Intestinal Epithelium

Oxidative stress in obesity may result in low-grade, persistent systemic inflammation which can have a greater effect in
people with asthma. While it has not been established whether patients with asthma and comorbid obesity exhibit greater
epithelium permeability, adipose tissue signaling compromises epithelial integrity in the intestine.”® As a secretory organ,
adipose cells are a source of adipokines, most notably leptin, and cytokines that are associated with asthma, including
TNF-0, IL-6, and interleukin-1 beta (IL-1B).”* Importantly, oxidative stress contributes to the elevated levels of these
cytokines and adipokines.”” To determine the effect of ROS on cytokine production, 3T3-L1 adipocytes were treated with
glucose oxidase, which increases production of H,O, within the cell. This treatment was found to increase lipid
peroxidation and decrease adiponectin secretion in a dose-dependent manner. Similarly, in 3T3-L1 adipocytes treated
with external H,O,, mRNA levels of adiponectin decreased, while IL-6 and TNF-oo mRNA increased, demonstrating that
ROS promotes production of inflammatory cytokines.'®’® Furthermore, in obese KKAy mice, a genetically modified
mouse that becomes obese shortly after birth and serves as a model for type 2 diabetes, higher H,O, levels are observed
in plasma, as well as lipid peroxidation in white adipose tissue (WAT).'® As shown previously in the 3T3-L1 adipocytes,
mRNA of adiponectin decreased in both plasma and WAT, while levels of TNF-a increased in obese KKAy mice,
implicating the role of ROS in elevating cytokine levels.'®

TNF-a

Patients with uncontrolled asthma are likely to have higher TNF-a and TNF-a receptor levels in BAL fluid and on
peripheral blood monocytes.”””® To determine the role of TNF-a in asthma, TNF-o was neutralized with antibodies in
mice after challenged with ovalbumin. When T-helper 17 cells, which produce interleukin-17A (IL-17A), a cytokine that
may recruit neutrophils into the airways, were transferred to the trachea of ovalbumin-challenged mice, increased
neutrophil and macrophage migration, as well as increased concentrations of TNF-a and IL-17A levels, were observed
in BAL fluid.” Stained lung sections confirmed an increase in airway inflammation. Mice treated with anti-TNF-a
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antibodies had decreased //6 transcription and reduced airway inflammation, although the amount of inflammation
remained higher than in control mice.”” Targeting TNF-a has had mixed results in patients with moderate to severe
asthma suggesting that there are other complex effects of TNF-a that need to be better understood.*>*' Studies show that
TNF-a has the capacity to reduce the strength of the airway epithelial barrier by decreasing epithelial resistance and
permeability (Table 1).%? Challenging human bronchial epithelial cells at air-liquid interface (ALI) with basolateral TNF-
a increases TNF-a, IL-1B, IL-6 and decreases expression of occludin and claudin expression indicating disturbance of
tight junctions. Treatment with a Src-family kinase (SFK) inhibitor reverses the increase in airway epithelium perme-
ability. TNF-o decreases TEER and increases the passage of FITC-dextran molecules.®? Because SFK activation is
dependent on TNF-a, the results obtained from inhibiting its activity provide evidence for TNF-a’s role in affecting tight
junction structures.®> TNF-a also disrupts apical junction complexes.®? E-cadherin levels decrease and p120 catenin
increase after TNF-a treatment, both of which are components of adherens junctions. This disruption of the adherens
junction may contribute to other changes in the tight junctions and barrier function.®” It has yet to be determined whether
targeting specific molecules involved in cytokine release or maintenance of junction proteins can be a potential
therapeutic for people with severe asthma.

IL-6

IL-6 is another example of a proinflammatory cytokine known to be increased in populations of patients with obesity.**
In addition, IL-6 and IL-6 mRNA are elevated in the BAL fluid of patients with Type 2-low asthma.®>**¢ Among those
with asthma, patients with high circulating IL-6 levels are more likely to have higher BMIs, hypertension, and lower
measures of lung function (forced expiratory volume (FEV1) and forced vital capacity (FVC)).®” Peters et al conducted
a study of 93 healthy subjects, 249 subjects with non-severe asthma, and 387 subjects with severe asthma.®” The
threshold for “IL-6 high” classification was based on the 95th percentile for plasma IL-6 in healthy subjects, which was
~3.1 pg/mL. Patients with high IL-6 levels had higher BMI, worse lung function (lower FEV1) and more exacerbations.
Although 75% of “IL-6 high” patients had obesity, 37% of patients with obesity were part of the “IL-6 high” category.
Among those with severe asthma, a history of diabetes was more common for those with high plasma IL-6 levels.
Asthma control test scores demonstrated poorer asthma control in IL-6 high groups. The likelihood of a patient having
had a visit to the emergency department and a hospitalization in the last year, in addition to exacerbations in the past 1
and 2 years, increased for those having high plasma IL-6 levels.®’

In patients with high levels of plasma IL-6 trans-signaling (IL-6 TS) demonstrate downregulation of genes involved
in apical junctional complexes, including CTNNBI (B-catenin), CLDNI, CLDNS, CLDNI8 (claudins-1, —8, —18), and
TJPI (ZO-1).2% No change is observed in OCLN (occludin) mRNA expression between IL-6 TS-high and IL-6 TS-low
patients.* In human bronchial epithelial cells, treatment with IL-6 and soluble IL-6 receptor show the greatest decrease
in TEER, compared to IL-6 and its receptor alone.®® However, other groups report that IL-6 treatment significantly
increases epithelial permeability to mannitol without a decrease in TEER.*

The effect of IL-6 has also been studied in intestinal Caco-2 cells.”® IL-6 decreases TEER in these cells, and
resistance is most affected by IL-6 added to the basolateral membrane more than the apical membrane.’® Epithelial
permeability to urea, but not mannitol, inulin, or dextran, which are larger molecules, also increases in Caco-2 cells.”®
Supporting the permeability results, protein expression of claudin-2, a leaky claudin expressed in the intestines, increases,
which may be causing the decrease in TEER.” A separate study also determined that larger molecules, like dextran, were
impermeable to Caco-2 monolayers treated with IL-6.°" Permeability for small ions, however, was found to increase, and
TEER was reduced after 48 hours of IL-6 treatment to the basal end of the cells. Claudin-2 protein also increased in
a dose-dependent manner in response to increasing IL-6 concentrations.”!

IL-1B

Interleukin-1 beta (IL-1B) is a cytokine that may also affect obesity and airway inflammation. TNF-a, common to both
asthma and obesity, increases IL-1p release in primary bronchial epithelial cells grown at air-liquid interface (ALI).* IL-
1B mRNA expression was significantly elevated in mouse models of eosinophilic, neutrophilic, and mixed asthma types
compared to control mice, with the highest levels of IL-1p mRNA and pro-IL-1B protein in neutrophilic asthma.’ ALI-
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cultured HBECs were treated with IL-1p, which decreased TEER after 12 hours. In addition to a decrease in resistance,
FITC-dextran levels were higher in IL-1B-treated HBEC cultures, suggesting that in asthma, especially neutrophilic
asthma, the cytokines produced contribute to increased epithelial permeability.” However, the mRNA expression of
occludins and CLDNI and CLDN4 (claudin-1 and —4) is unchanged by either IL-1p or IL-17A.° This study also
determined that IL-1B and IL-17 may be acting together to disrupt barrier function. Future research efforts may be
directed towards understanding which cytokines act synergistically to promote epithelial barrier dysfunction (Box 1).

The effects of IL-1B have also been studied in the intestinal epithelium.®? IL-1B reduces epithelial resistance and as
TEER decreases, paracellular permeability of the Caco-2 cells measured by inulin flux increases. This increase in
permeability appears to be NF-kB dependent. NF-kB p65, a subunit of the NF-«xB transcription factor, is normally present
in the cytoplasm. However, more p65 is found in the nucleus when cells are stimulated with IL-1. Inhibiting NF-xB p65
prevents IL-1B-induced permeability.””

Adipose Tissue

Although, to our knowledge, the effects of comorbid obesity and asthma on lung epithelial permeability have not yet
been studied, evidence suggests that obesity induces changes to intestinal tight junctions and epithelial permeability.”***
Genser et al compared intestinal permeability in patients with severe obesity and non-obese patients.”® The tight junction
protein, occludin, was decreased in jejunal samples of patients with obesity. In investigating the effect of lipid micelles
on Caco-2 cells, lipids did not change epithelial resistance, but did increase permeability to macromolecules. Importantly,
micelles with digested triglycerides had a significant effect on permeability to sulfonic acid, 4kDa dextran, and 10kDa
dextran, whereas micelles containing bile did not. However, upon further examination, the increase in permeability may
be more likely to be evident in jejunum samples from diabetic patients with obesity, compared to nondiabetic patients
with obesity.”

In mice, high fat diet (HFD)-induced obesity significantly increased conductance and intestinal permeability to FITC-
dextran and reduced TEER, compared to mice on a normal chow diet.”” Stained sections of intestine and colon reveal the
large presence of immune cells, indicating inflammation.”® As in the previous studies, claudin-2 levels in both the small
intestine and colon are significantly higher in obese mice than control mice. Occludin and B-catenin, a component of the
adherens junction, are unchanged. Expression of several claudins (-1, =3, —4, —7, —15) and E-cadherin decreases in
obese mice in the small intestine. Interestingly, claudin-7 expression in the colon increases in HFD-fed mice, suggesting
that changes to the epithelium are not uniform, but are unique to the type of tissue in which they reside.””

Work by Suzuki and Hara provides insight into the possible causes of intestinal epithelial permeability in obese states,
which may be through dietary fat intake and the presence of bile. In Otsuka Long Evans Tokushima Fatty (OLETF) obese
rats and their lean strain, LETO, fed high fat diets, intestinal permeability, measured by the amount of phenolsul-
fonphthalein and chromium ethylenediaminetetraacetate (Cr-EDTA) excreted in urine, increases compared to rats fed
a normal diet.”® After consuming their respective diets for 15 weeks, HFD-fed OLETF rats had the greatest degree of
intestinal permeability. All HFD-fed rats had increased leptin levels, but leptin was significantly higher specifically in
OLETEF rats, suggesting that obese phenotype modifies hormone expression. Plasma TNF-a levels were also significantly
higher in OLETF fed HFD, compared to standard diet OLETF and LETO rats.”® Diet also influences the composition of
junction proteins. HFD-fed OLETF rats had decreased expression of claudin-3, claudin-1, junctional adhesion molecule 1
(JAM-1), and occludin, compared to standard diet-fed OLETF rats. Consistent with findings of Genser et al, the presence
of emulsified fat affects permeability and epithelial resistance of Caco-2 cell cultures. However, while Genser et al did
not find bile micelles to affect permeability significantly, Suzuki and Hara observed that a 20% rat bile solution increased
permeability to luciferase even more than a 1% fat emulsion solution. While decreases in the expression of JAM-I1,
claudin-1, and claudin-3 were indirectly proportional to the concentration of rat bile and fat emulsion used, occludin
expression was significantly elevated at the highest treatment concentration. Whether high dietary fat intake or other
aspects of obesity affect the lung epithelium during the pathogenesis of asthma has yet to be determined (Box 1).”°
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Leptin and Adiponectin Balance

Adipocytes secrete adipokines, most notably leptin and adiponectin, which affect feeding habits, weight, and interactions
with the immune system.”” Leptin is a peptide hormone and levels of leptin are directly proportional to the amount of
adipose tissue present.”’ In relationship to other cytokines involved in inflammation, leptin is able to increase secretion of
TNF-a and IL-6.”® This stimulation establishes a feed-forward mechanism where TNF-a and IL-1p can further increase
the leptin production.”® Leptin is pro-inflammatory, while adiponectin acts as an anti-inflammatory factor.”” However,
both TNF-o and IL-6 suppress adiponectin expression,”’ indicating that when leptin levels are high in the body,
adiponectin may be significantly inhibited, promoting more inflammation.

Leptin and its receptor are expressed by 16HBE cells, normal HBECs, and primary bronchial epithelial cells from
airway brushings, and may be a potential link between obesity and asthma.’” In obese, leptin receptor-deficient mice (db/
db), BAL fluid shows elevated leptin and reduced adiponectin concentrations compared to lean wildtype mice.' This
difference in the leptin-adiponectin balance may promote oxidative stress in the lung, exacerbating asthma symptoms and
inflammation.'”" Leptin augments the sensitivity of ovalbumin-challenged mice to methacholine compared to control
mice, suggesting that leptin can worsen asthma symptoms.'®

Again, evidence from studies of the intestinal epithelium may shed light on potential pathways in which obesity alters
asthma pathogenesis, and especially the airway epithelium. Using 0b/0b mice lacking the leptin protein and db/db mice
lacking a functional leptin receptor, both of which have an obese phenotype, Brun et al, showed that in obese mice,
TEER was reduced, the intestinal epithelium was more permeable to horse radish peroxidase (HRP), and the IL-1p, IL-6,
and TNF-a cytokines were elevated, compared to wildtype lean mice.'”> Consistent with these changes, ZO-1 and
occludin distribution in the epithelium were also significantly disrupted.'®® Furthermore, Le Dréan et al sought to
determine the mechanisms by which obesity contributes to intestinal permeability and focused on the potential effects of
visceral adipose tissue (VAT), leptin, and adiponectin.”® Adult rats born from intrauterine growth restriction (IUGR)
conditions are more susceptible to developing higher amounts of VAT and have significantly increased leptin mRNA
expression, as expected. Although ZO-1 protein expression in the colon did not differ between control and IUGR rats,
barrier properties of the epithelium did change, with TEER decreasing. Interestingly, the decrease in resistance was not
due to any increases in TNF-a and IL-6. In a separate experiment, VAT from HFD-fed rats was isolated and transplanted
into lean rats. This procedure resulted in increased epithelial permeability of FITC-dextran, as well as a decrease in ZO-1
protein expression. No change was observed in TNF-a and IL-6 levels, which points to an inflammation-independent
mechanism for obesity reducing the integrity of the epithelial barrier. Confirming this finding, Caco-2 cells cultured with
adipocytes demonstrate a decrease in TEER and significantly increased levels of leptin and adiponectin.”

To determine the effect of leptin on intestinal permeability, leptin was injected into normal rats and Zucker rats, which
lack functional leptin receptors.”® In normal rats, leptin increased intestinal permeability as demonstrated by increased
Cr-EDTA in urine. No change in permeability was detected in Zucker rats, indicating that leptin interacting with its
receptor is necessary for permeability to increase. Furthermore, claudin-1 and occludin arrangements in the colon were
disrupted. In cultured colonic epithelial cells, leptin treatment results in a decrease in TEER, but adiponectin does not.
The study also determined that leptin influences cytoskeleton rearrangement through the ras homolog family member
A (RhoA)/Rho-kinase pathway, which participates in airway remodeling and hyperresponsiveness, especially in severe
asthma.”'%* In cells treated with leptin, RhoA, a GTPase which activates the Rho-kinase ROCK, activation is increased,
and the F-actin cytoskeleton changes form. This activation is reversed by the addition of a ROCK inhibitor.”* These
findings suggest that leptin contributes to epithelium paracellular permeability, and the potential exists for this phenom-
enon to also occur in patients with asthma and comorbid obesity. More studies must be conducted to understand the
effects of leptin on the airway epithelium specifically (Box 1).

Future Directions and Clinical Implications

Several clinical trials have been conducted to determine the efficacy of antioxidant molecules on reducing oxidative
stress and improving asthma control. However, potential treatments such as Vitamin D3 supplementation did not
significantly reduce asthma exacerbations nor did Vitamin D3 improve asthma control.'®> In this study, 29% of patients
enrolled in the control group experienced the primary outcome of treatment failure within 28 weeks, most often through
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needing additional steroid treatment or experiencing an exacerbation. Because the event rate was lower than expected,
a greater sample size may have been needed to detect differences between the control and Vitamin D3 supplementation
group. However, a beneficial effect was found in the percentage of participants in the Vitamin D3 group who were able to

reduce their dose of ciclesonide, a corticosteroid used to treat asthma symptoms, by 75% compared to the placebo

1
group.'?

Additional clinical trials targeting patients with asthma and comorbid obesity are ongoing. One potential avenue for
treatment is adjusting diet. A pilot study is being conducted to determine the effect of three different nutrition plans (diet
following Dietary Guidelines for Americans (DGA), diet following DGA with medium-chain triglyceride supplementa-
tion, and a ketogenic diet) on asthma control and lung function in adults with obesity and asthma (NCT05222451).
Weight loss has also generated interest as an intervention and a 5% reduction in weight was found to have positive effects
on asthma control in patients with asthma and obesity.'”® Currently, Semaglutide, a glucagon-like peptide (GLP-1)
receptor agonist used to achieve weight loss in patients with obesity and improve glycemic control in patients with Type
2 Diabetes Mellitus, is being studied in a randomized control trial to determine if the drug improves asthma control in
adult patients with obesity and persisting asthma symptoms (NCT05254314).'°7 GLP-1 is a hormone secreted by the
intestine and acts to promote insulin secretion and inhibit glucagon secretion.'®® Epithelial cells in the lung express the
GLP-1 receptor, stimulating investigations in the potential role for GLP-1 agonists in treating asthma symptoms in
patients with obesity or metabolic dysregulation.'®!*® Other studies are targeting genes involved in both asthma and

obesity, such as the p2-adrenergic receptor (ADRB2).''” 111

B2-agonists are bronchodilators used to manage asthma.
A randomized clinical trial involving patients with type-2 low asthma is being conducted to determine if responses to the
B2-agonist albuterol is improved when used in conjunction with Roflumilast, a phosphodiesterase inhibitor which blocks
the degradation of cyclic adenosine monophosphate, resulting in airway smooth muscle cell relaxation
(NCT04108377).""" It will be interesting to see if this is effective, as a recent double-blinded placebo-controlled trial
with roflumilast in people with obesity and late-onset, poorly controlled asthma did not improve asthma control and
actually appeared to increase risk of exacerbation.''

Another pilot study in patients with asthma and comorbid obesity is currently underway (NCT04026711) with the
antioxidant, Mitoquinone (MitoQ), which targets mitochondrial ROS. In mouse studies, mitoquinone decreased lung
cytokine release, eosinophil infiltration, and AHR to methacholine in an obese, allergic asthma mouse model.''® In
a separate open-label pilot study involving adult patients with asthma and obesity, L-citrulline supplementation for 2
weeks improved asthma control and lung function.''® L-citrulline is postulated to protect airway epithelial cells from
NOS uncoupling, thereby reducing oxidant stress.''* L-citrulline supplementation for obese asthma is now being studied
in a double blinded placebo controlled trial (NCT03885245). While treatments involving antioxidants are promising
potential avenues for treating asthma in patients who also have obesity, more research is needed to understand the
mechanism of redox signaling and how ROS can specifically be targeted to improve nonallergic asthma in people with

obesity (Box 1).

Conclusion

While asthma is more likely to be severe and difficult to control among patients with asthma and comorbid obesity, the
manner in which obesity changes asthma outcomes is not well understood. We hypothesize that oxidative stress is
playing an important role in altering the structure and organization of the airway epithelium. Because obesity profoundly
changes intestinal epithelial tight junction and junctional protein expression, there is a significant opportunity for parallel
research in patients with asthma and comorbid obesity. Important research has already been conducted to demonstrate the
effects of exogenous oxidative stress on airway epithelial tight junction complexes, permeability, and cytokine secretion
in asthma. Damage to the airway epithelium arising from oxidative stress may be contributing to airway inflammation
and airway permeability and subsequent AHR and airway remodeling in patients with asthma and obesity. With the
projected increase in obesity in the US and the high prevalence of asthma, research of asthma with comorbid obesity is
especially relevant today and will continue to be in the future.
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