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Vertical sleeve gastrectomy
associates with airway
hyperresponsiveness in a
murine model of allergic
airway disease and obesity
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Introduction: Asthma is a chronic airway inflammatory disease marked by airway

inflammation, remodeling and hyperresponsiveness to allergens. Allergic asthma

is normally well controlled through the use of beta-2-adrenergic agonists and

inhaled corticosteroids; however, a subset of patients with comorbid obesity

experience resistance to currently available therapeutics. Patients with asthma

and comorbid obesity are also at a greater risk for severe disease, contributing to

increased risk of hospitalization. Bariatric surgery improves asthma control and

airway hyperresponsiveness in patients with asthma and comorbid obesity,

however, the underlying mechanisms for these improvements remain to be

elucidated. We hypothesized that vertical sleeve gastrectomy (VSG), a model of

metabolic surgery in mice, would improve glucose tolerance and airway

inflammation, resistance, and fibrosis induced by chronic allergen challenge

and obesity.

Methods: Male C57BL/6J mice were fed a high fat diet (HFD) for 13 weeks with

intermittent house dust mite (HDM) allergen administration to induce allergic

asthma, or saline as control. At week 11, a subset of mice underwent VSG or Sham

surgery with one week recovery. A separate group of mice did not undergo

surgery. Mice were then challenged with HDM or saline along with concurrent

HFD feeding for 1-1.5 weeks before measurement of lung mechanics and

harvesting of tissues, both of which occurred 24 hours after the final HDM

challenge. Systemic and pulmonary cytokine profiles, lung histology and gene

expression were analyzed.

Results: High fat diet contributed to increased body weight, serum leptin levels

and development of glucose intolerance for both HDM and saline treatment

groups. When compared to saline-treated mice, HDM-challenged mice

exhibited greater weight gain. VSG improved glucose tolerance in both saline
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and HDM-challenged mice. HDM-challenged VSG mice exhibited an increase in

airway hyperresponsiveness to methacholine when compared to the non-

surgery group.

Discussion: The data presented here indicate increased airway hyperresponsiveness

in allergic mice undergoing bariatric surgery.
KEYWORDS

asthma, obesity, sleeve gastrectomy, bariatric surgery, airway hyperresponsiveness,
airway inflammation, mouse model
Introduction

Asthma is a heterogenous chronic airway inflammatory disease

impacting roughly 300 million people worldwide (1) and over 25

million people in the United States (2). Each year around 250,000

adults in the US are diagnosed with asthma and comorbid obesity

(3, 4), a condition known to be poorly controlled by currently

available pharmacologic therapies, contributing to increased

hospitalization, poor asthma management, and decreased quality

of life (5–9). Asthma in adults with comorbid obesity may be

characterized by distinct endotypes involving different immune

mechanisms (10). Generally, asthma which is diagnosed early in

life is associated with high type 2 immune responses and an allergic

clinical phenotype (5). Obesity contributes to the severity of allergic

asthma (11) and corticosteroid insensitivity (12), complicating

effective treatment of patients. Asthma onset following the

development of obesity in adulthood is more prevalent in females

and associated with a non-allergic phenotype and low type 2

immune responses (5, 13). Current projections estimate that

48.9% of the US population will experience obesity by 2030 (14).

The rising prevalence of both asthma and obesity will necessitate a

better understanding of disease development and care.

Allergic asthma is classically defined by allergen-induced airway

inflammation and is represented by elevated serum immunoglobin

E (IgE), type 2 cytokine (interleukins-4, -5, and -13 [IL-4, IL-5, IL-

13]) production, and sputum eosinophilia (>1%-3%) (15, 16). The

type 2 cytokine response drives airway inflammation,

hyperresponsiveness (AHR), and remodeling which manifests as

increased sub-epithelial fibrosis, mucus hypersecretion, and hyper-

reactivity to environmental allergens (17). Although allergic asthma

is commonly well controlled with beta-2-adrenergic agonists and

inhaled corticosteroids (18), obesity significantly impairs

therapeutic efficacy (7–9); however, the underlying mechanism(s)

of this therapeutic impairment is poorly understood.

Despite the lack of effective standard and biologic therapies for

asthma patients with comorbid obesity, weight loss through

bariatric surgery is associated with improved asthma control and

maintenance (19). A study conducted by Santos et al. found

individuals who underwent bariatric surgery experience improved

lung capacity, dynamic lung volumes and total respiratory
02
resistance, with greater improvement occurring in patients with

asthma and comorbid obesity (20). Additionally, a review of weight

loss through surgical and non-surgical intervention identified

bariatric surgery patients to have greater decreases in medication

use, hospitalization, AHR, and improved lung function (21);

benefits which occur as soon as 30 days post-operative and are

sustained for at least 3 years (22).

Bariatric surgery may be modeled in obese rodents using

vertical sleeve gastrectomy (VSG) procedures, as reviewed in (23,

24). These models have low mortality and may closely resemble the

human surgical procedures in that post-operative outcomes may be

observed that allow for evaluation of the physiological effects of

bariatric surgery in obese mice and rats. Obesity in rodents may be

induced using high fat, high carbohydrate or Western “cafeteria”

diets (25), which stimulates significantly altered immune responses

(26), gut microbiota changes (27) and inherent airway

hyperresponsiveness (28). When combined with acute or chronic

allergic challenge, models of obesity demonstrate that marked

changes to pulmonary inflammation, remodeling and

responsiveness occur that are distinct from changes induced by

allergen exposures alone (26).

While studies have identified improvements in asthma

exacerbation and control with bariatric surgery, the underlying

physiological changes are poorly understood. This study reports the

effects of VSG in a mouse model of obese allergic asthma. We

hypothesized that VSG would improve glucose tolerance and

airway inflammation, resistance, and fibrosis induced by chronic

allergen challenge in obese mice. Surprisingly, and contrary to our

hypothesis, our data show that in this model, VSG augmented

allergen-induced airway resistance. A better understanding of how

modeling of bariatric surgery in rodent modulates experimental

asthma responses may provide insights regarding the impact of

bariatric surgery in asthma and comorbid obesity.

Methods

Animals

Five-week-old male C57BL/6J mice were purchased from

Jackson Laboratory. Animal care and experimental protocols were
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approved by the Duke University Institutional Animal Care and

Use Committee and carried out in accordance with the American

Association for the Accreditation of Laboratory Animal Care

guidelines. Male C57BL/6J mice were used for experiments as

they are more susceptible to diet-induced obesity than female

C57BL/6J mice (29). All mice were housed in pathogen free

facilities at Duke University. At week 0, 10, and 12 of the

protocol, mice were tested for oral glucose tolerance and weighed.
Oral glucose tolerance test

Mice were fasted for 5 hours prior to the glucose tolerance test.

A bolus of 10% glucose solution (200 mL) was administered by oral

gavage. The mice were restrained, and blood was collected from the

tail vein. Blood was collected prior to gavage and at 10-, 30-, and 90-

minutes post-gavage. Glucose levels were determined by an Accu-

Chek Performa (Roche) blood glucose meter.
Diet and treatments

Mice were fed a high-fat diet (HFD – 60% kcal fat, Research

Diets #D12492i) for 10 weeks to induce obesity. A separate group of

mice were fed a standard chow diet (normal chow – 13% kcal fat)

for the same time frame. For the first 2 weeks, HFD-fed mice

received intranasal phosphate-buffered saline (saline) or house dust

mite (HDM) allergen (Greer Laboratories, XPB70D3A2.5, lots

#360924 (Endotoxin 872.5 EU/vial) and #369446 (Endotoxin

1542.5 EU/vial), 50 µg of protein delivered in 40 µl PBS (30)) 3

days per week under light isoflurane anesthesia for allergen

sensitization. After a 4-week break, in which mice continued to

consume HFD, intranasal administration of PBS or HDM

continued 3 days per week for 4 weeks. On week 11, mice

underwent vertical sleeve gastrectomy (31) (VSG; n= 8 per group)

or sham surgery (31) (n= 9 - 10 per group) followed by a 1-week

recovery and were pair fed a liquified standard chow diet (powdered

chow mixed with water). A third group of mice (n=11) did not

undergo surgery (Non-surgery, NS) and were rested for 2 weeks and
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fed standard chow to match the surgery group. After recovery, all

mice were then placed back on HFD and administered intranasal

saline or HDM 3 days per week for 1-1.5 weeks (Figure 1).
Surgery

Surgeries were performed as described in Douros et al. (32)

Prior to VSG or Sham surgery, mice were fasted overnight. Mice

were anesthetized under isoflourane and a roughly 1.5 cm midline

incision was made below the xyphoid process. The suspensory

ligament was incised, and the spleen was separated from the

stomach. A Ligaclip (LS400, Ethicon) was placed on the stomach

at the angle of His, forming a tube between the esophagus and

pylorus, separating the majority of the stomach which was then

excised. The Ligaclip was attached with three sutures through the

stomach walls, and then the excision was closed with a continuous

suture. Sham surgeries were identical to VSG except the stomach

was not clipped and excised: a midline incision was made, the

suspensory ligament was incised, and the stomach was separated

from the spleen. The stomach was removed temporarily and then

placed back in the abdomen and the incision was closed.
Lung mechanics measurements

Airway responsiveness to intravenous methacholine was

measured 24 hours after the final HDM exposure using a

computer-controlled small animal ventilator (FlexiVent, Scireq) as

previously described (33). The resulting impedance signal was used

to calculate Newtonian resistance (Rn), total respiratory system

resistance (Rtot), elastance (E), tissue damping (G), and tissue

elastance (H). Central airway and total respiratory sensitivity

(provocative concentration of methacholine resulting in a

doubling of baseline airway resistance [PC100] and reactivity [K])

were calculated using non-linear regression analysis with

exponential growth curve fit of the methacholine dose-response

curve for each animal (34). Briefly, the data points in the dose

response to methacholine underwent non-linear regression analysis
FIGURE 1

Schematic depiction of experimental time course. 5-week-old mice underwent oral glucose tolerance testing (OGTT) on weeks (Wk) 0, 10 and 12.
50 mg of house dust mite extract or saline (vehicle control) was delivered via intranasal administration in 40 mLs saline 3 times per week (doses
shown as arrows) for the durations shown. High fat diet (HFD – 60% kcal fat) or standard chow diet (13% kcal fat) was given ad libitum for the
durations shown. Vertical sleeve gastrectomy (VSG) or Sham surgeries were performed at week 11. Mice were pair fed after surgery. Lung mechanics
measurements as well as bronchoalveolar lavage (BAL) and tissue collection in mice occurred at week 13.
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with exponential growth curve fit. In doing so, dose response data

were linearized. Thus, the linear curve fits the equation Y = mX + b.

The slope (m) of the linear curve represents “K” (reactivity). PC100

is the bronchoconstrictor provocative concentration that causes a

100% increase (doubling) in baseline resistance.
Bronchoalveolar lavage (BAL)

Immediately following lung mechanics measurements, lungs

were lavaged with 1 mL saline 3 times. BAL fluid cells were

separated by centrifugation, and cells were attached to slides

using a Cytospin 3 Cytocentrifuge (ThermoFisher), fixed and

stained with Easy III (Azer Scientific). Differential cell counts

were obtained by counting 200 total cells under 200x magnification.
Lung histology

Tissues were harvested immediately after BAL. Lungs were

inflated to 25 cmH2O, fixed in 4% paraformaldehyde, and

embedded in paraffin. Sections were stained with hematoxylin

and eosin (H&E), Masson’s trichrome, and periodic acid-Schiff

(PAS). Histological scoring was performed as described in Ihrie

et al. (35) H&E sections were scored 0-4 for peribronchial

inflammation, including depth and circumference of

inflammatory cells in 10 circular airways per mouse lung section.

PAS-stained sections were scored 0-4 for positive staining of airway

epithelial layer mucus in 10 airways per mouse lung section (35).

For both H&E and PAS, a score of 0 indicates little-to-no

inflammation or mucus, respectively, and a score of 4 indicates

severe inflammation or mucus, respectively. Scores for H&E

staining were recorded across the 10 airways and the

circumference and depth parameters were averaged together to

determine the mean H&E score per mouse. For PAS staining, scores

were recorded across the 10 airways to determine the mean PAS

score per mouse. Peribronchial Masson’s trichrome staining was

quantified by color thresholding in ImageJ in 9-10 airways per

mouse lung section (35).
mRNA quantification in mouse lung tissue

During harvest, the right middle lung lobe was immediately

placed into TRI Reagent (MilliporeSigma). Lungs were then

homogenized, and total RNA was isolated via standard procedure

according to manufacturer’s instructions. RNA concentration was

measured on a NanoDrop ND-1000 (ThermoFisher) and cDNA

was prepared using the Applied Biosystems High-Capacity Reverse

Transcription Kit. Quantitative real-time polymerase chain reaction

(qRT-PCR) was then performed using Applied Biosystems TaqMan

Gene Express ion Master Mix and TaqMan pr imers

(g lyceraldehyde-3 phosphate dehydrogenase [Gapdh]

Mm99999915_g1, elastin [Eln] Mm00514670_m1, collagen type 1

alpha 1 chain [Col1a1] Mm00801666_g1, collagen type 1 alpha 2

chain [Col1a2] Mm00483888_m1, glucagon-like peptide-1 receptor
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[Glp1r] Mm00445292_m1, interleukin-13 receptor alpha 1

[Il13ra1] Mm01302068_m1, interleukin-13 receptor alpha 2

[Il13ra2] Mm00515166_m1, interleukin-4 receptor alpha [Il4ra]

Mm01275139_m1, transforming growth factor beta 1 [Tgfb1]

Mm01178820_m1, mucin 5AC [Muc5ac] Mm01276718_m1, and

mucin 5B [Muc5b] Mm00466391_m1). Fold change was calculated

with the delta Ct method using the saline/NS as the control

treatment, and Gapdh as the endogenous control.
Enzyme-linked immunosorbent assay
(ELISA)

Leptin (DY498), IL-13Ra2 (DY539), total (EMIGHE) and

HDM-specific (3037) IgE, IL-13 (DY413), IL-5 (DY405), and

total and active TGF-b1 (DY1679), were measured in serum, BAL

fluid or homogenized lung tissue by ELISA using kits purchased

from R&D systems or ThermoFisher Scientific. For lung tissue

homogenates, total protein was determined using bicinchoninic

acid (BCA) assay (Pierce) and 15-20 ng protein/well were used in

ELISAs. All ELISAs were quantified using a microplate reader

(FLUOstar Omega). Total (K1503PD-1) and active (K1503OD-1)

glucagon-like peptide-1 (GLP-1) in serum was measured with V-

PLEX Kits by Meso Scale Diagnostics, and plates were read using

the MESO QuickPlex SQ 120 (MSD). All protein concentrations

were analyzed as recommended by the manufacturer.
Statistical analysis

Statistical analyses were performed in GraphPad Prism 9 or

JMP (SAS, Cary, NC). Outliers were tested with the Robust

Regression and Outlier Removal (ROUT) method (36) and were

removed where appropriate. We compared the mouse allergen

challenge and surgery groups using parametric or non-parametric

tests accordingly (one or two-way ANOVA, Kruskal-Wallis, or t-

test), with appropriate post-test, to evaluate significance. PC100 and

Reactivity (K) values were determined using non-linear regression

with exponential growth curve fit and analyzed with one-tailed t-

test with Welch’s correction factor when variances were

significantly different as described previously (34).
Results

Diet and glucose tolerance

To assess the effects of HFD feeding on body weight and glucose

tolerance, mice were weighed and administered an oral glucose

tolerance test at the beginning of the protocol, 3 days prior to

surgery and again 1-1.5 weeks after surgery. Mice gained weight

after 8 weeks of HFD feeding, with increased body weight observed

in mice fed the HFD compared to a standard diet for the same time

frame (Figure 2A). In addition, serum leptin levels were markedly

elevated in HFD-fed mice compared to standard chow fed mice

after 8 weeks (Figure 2B). Greater weight gain was observed in
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https://doi.org/10.3389/fendo.2023.1092277
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Womble et al. 10.3389/fendo.2023.1092277
HDM-challenged mice when compared to saline-challenged control

mice (Figure 2C). Saline/VSG mice had less weight gain over the

course of the study when compared to saline/NS mice (Figure 2D),

with a similar trend seen in the HDM mice. Sham mice did not

experience notable weight change when compared to NS mice, and

no differences in post-surgical weight change were observed

between Sham and VSG mice regardless of challenge group

(Figure 2E). HFD contributed to glucose intolerance at week 10

for both HDM and saline treated mice (Figures 3A, B). Glucose

tolerance improved across both procedural groups at week 12 when

compared to week 10 measures (Figures 3C–F, Supplementary

Figures 1A, B), with greatest improvement in the VSG mice

(Figures 3F, G). The mortality rate for Sham and VSG procedures

mice was 13.6% and 19.0%, respectively. Taken together, these data

show that our model of diet-induced obesity effectively induced

weight gain, increased circulating leptin and glucose intolerance in

mice, and that VSG improved glucose tolerance in both HDM- and

saline-challenged obese mice.
Lung histology

Histological assessments of peribronchial inflammation, mucus

production and fibrosis as well as airspace inflammatory cell counts

were determined at the end of the protocol. H&E- and PAS-stains of

mouse lung tissue demonstrated elevated peribronchial

inflammatory cell infiltrates and airway epithelium mucus

production, respectively, in HDM-challenged mice when

compared to saline-challenged control mice (Figures 4A–D),

consistent with models of allergic airway disease. No difference

was observed between surgery groups in either H&E- or PAS-
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stained airways (Figures 4A–D). In HDM-challenged mice,

peribronchial collagen deposition had a non-significant increase

following VSG (p=0.06) compared to NS mice (Figures 4E, F);

however, no difference is observed between HDM- or PBS-

challenged mice.

Differential cell counts in BAL fluid are consistent for allergic

airway disease, with HDM-challenged mice displaying increased

eosinophilia (Figure 5A) and reduced macrophages (Figure 5D),

when compared to saline-challenged mice. HDM-challenged

surgery mice also exhibited increased lymphocytes compared to

saline-challenged surgery mice, which was not apparent in NS mice

(Figure 5B). No differences in neutrophil counts were observed in

HDM-challenged mice compared to saline-challenged mice

(Figure 5C). Additionally, no differences were observed for any

cell type as a result of Sham or VSG when compared to NS mice in

either the saline or HDM challenged groups (Figures 5A–D). These

histological data demonstrate that our model of chronic allergic

airways disease resulted in marked airway eosinophilic

inflammation and mucus production, but that no differences were

observed between surgical groups, either at baseline or following

HDM exposure.
Lung mechanics

Airway hyperresponsiveness (AHR) is a key feature of allergic

asthma pathobiology (37). Obese mice exhibit inherent AHR to

bronchocontrictors (38–40). In order to determine the effect of VSG

on lung mechanics, mice were assessed via Flexivent at 1-1.5 weeks

following surgery. We observed that airway responsiveness across

all groups of HFD-fed mice increased with increasing doses of
A B

D E

C

FIGURE 2

Mouse body weight change. (A) Body weight after 8 weeks of HFD or standard chow (SC) diet feeding. (B) Serum leptin levels after 8 weeks of HFD
or standard chow diet feeding. (C) Change in mouse body weight from week (wk) 0 to week 8, n=18-20 mice per group. (D) Body weight change in
mice from wk 0 to wk 12, n=8-11 mice per group. (E) Body weight change from pre-surgery (wk 10) to post-surgery (wk 12), n=8-10 mice per
group. (A, B were analyzed using a Two-way ANOVA with a Tukey and Sidak post-hoc test. (C) was analyzed using a non-parametric t-test. (D, E)
were analyzed using a Two-way ANOVA with a Tukey and Sidak post-hoc test. *p<0.05, **p<0.01, ****p<0.0001.
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A B

D E F

G

C

FIGURE 3

Glucose tolerance. (A) Glucose tolerance curves at week (wk) 0 and wk 10, n= 28-29 mice per group. (B) Blood glucose area under the curve (AUC)
at wk 0 and wk 10. (C, D) Glucose tolerance curves at wk 10 and wk 12 for (C) Sham (*p<0.05 for HDM/Sham wk 10 vs wk 12 and PBS/Sham wk 10
vs wk 12) and (D) VSG mice (*p<0.05 for HDM/VSG wk 10 vs wk 12), n=8-10 mice per group. (E) Glucose tolerance curves at wk 10 for HDM-
challenged mice. (F) Glucose tolerance curves at wk 12 for HDM-challenged mice. (G) Blood glucose AUC at wk 10 and wk 12 for Sham and VSG
mice. (A, C–F) were analyzed using paired t-test and One-way ANOVA and (B, G) were analyzed using a Two-way ANOVA with a Tukey and Sidak
post-hoc test. *p<0.05, ****p<0.0001.
A

B D

E

F

C

FIGURE 4

Peribronchial inflammation, mucus and fibrosis. (A) Representative images of H&E-stained mouse lung sections taken at x20 magnification, scale bar
= 50mm. (B) Mean peribronchial inflammation score of H&E-stained lung sections, n=5-6 mice per group, 9-10 airways per mouse. (C)
Representative images of PAS-stained mouse lung sections taken at x20 magnification, scale bar = 50mm. Arrows indicated positively stained cells in
airway epithelium. (D) Mean airway mucus score of PAS-stained lung sections, n=5-6 mice per group, 9-10 airways per mouse. (E) Representative
images of Masson’s trichrome-stained mouse lung sections taken at x20 magnification, scale bar = 50mm. (F) Mean percentage peribronchial
Masson’s trichrome staining, n=5-6 mice per group, 9-10 airways per mouse. Grey bars and ▲ = saline-challenged mice; pink bars and ▼ = HDM-
challenged mice. (B, D, F) were analyzed using a Two-way ANOVA with a Tukey and Sidak post-hoc test. ****p<0.0001.
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methacholine (Figures 6A, C). Although HDM challenge did not

further increase airway resistance in obese NS mice compared to

saline control, the percent change from baseline in Rn was higher in

HDM/VSG mice when compared to saline/VSG mice at 400 mg/kg
of methacholine (Figures 6B, D). In mice challenged with HDM, we

observed reduced Rtot sensitivity (PC100) and increased Rtot

reactivity (K) with VSG (Figures 6E, F), compared to Sham and

NS groups, again indicating that VSG enhances airway resistance.

Central airway resistance was also augmented in HDM-challenged

VSG mice compared to saline-challenged VSG mice, as

demonstrated by reduced Rn sensitivity and elevated Rn reactivity

(Figures 6F, G). No differences were observed between groups with

regards to elastance (E), tissue damping (G), tissue elastance (H)

(Supplementary Figure 2). Taken together, our data provide

evidence that at early time points following surgery, VSG

stimulates increased total respiratory and central airways

resistance in allergic mice.
Lung tissue mRNA expression

Quantitative RT-PCR was used to determine mRNA expression

changes for genes involved in mediating allergen-induced airway

inflammatory and fibrotic responses in lungs of mice in each

treatment and surgery group. NS mice challenged with HDM

exhibited expected increased expression of Muc5ac, Muc5b, Tgfb1,

and Il13ra2 in lung tissue compared to NS saline-treated mice

(Figures 7A, C–E). Interestingly, both Sham and VSG HDM-

challenged mice display decreased lung expression of Il13ra2

when compared to HDM-challenged NS mice (Figure 7A). When
Frontiers in Endocrinology 07
compared to NS in saline control mice, VSG exhibited a non-

significant increase in expression of lung Glp1r (p=0.07) while

expression of lung Glp1r in HDM-challenged mice is consistent

across all surgery groups (Figure 7B). Lung mRNA expression of

Il4ra, Il13ra1, Col1a1, Col1a2, and Eln was not different between

groups (Supplementary Figure 3). Collectively, these data show that

interleukin-13 signaling regulation and airway mucin expression

may be disrupted in allergic mice with surgery.
Circulating and pulmonary markers

As allergen and high fat diet feeding as well as VSG can alter

circulating and tissue-specific levels of metabolic factors and

immune signaling molecules (26, 31), we sought to measure

these factors in serum, BAL fluid or lung tissue of mice in our

model. Active GLP-1 levels were elevated in serum of HDM-

challenged mice that underwent VSG, when compared to the

HDM/NS group (Figure 8A). Serum leptin levels appeared to be

elevated in HDM-challenged mice when compared to saline

control across all surgery groups although this effect did not

reach significance (Figure 8B). However, VSG appeared to reduce

serum leptin levels in HDM-challenged mice relative to Sham and

NS mice, with a non-significant reduction in VSG mice

challenged with HDM compared to HDM/NS mice (p=0.07). In

saline treated mice, serum IL-13Ra2 levels were elevated in the

VSG group when compared to the NS and Sham groups

(Figure 8C), while HDM-challenged mice displayed similar IL-

13Ra2 concentrations across all surgery groups. As expected,

total IgE levels were elevated in HDM-challenged mice relative to
A B

DC

FIGURE 5

BAL fluid cellularity. Relative percentages of (A) eosinophils, (B) lymphocytes, (C) neutrophils, and (D) macrophages in BAL fluid, n=7-11 mice per
group. Grey bars and ▲ = saline-challenged mice; pink bars and ▼ = HDM-challenged mice. (A–D) were analyzed using a Two-way ANOVA with a
Tukey and Sidak post-hoc test. **p<0.01, ***p<0.001, ****p<0.0001.
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saline control mice, characteristic of allergic airway disease

(Figure 8D). Total IgE was elevated in both groups of VSG

mice relative to Sham and NS mice and was further increased

in HDM/VSG mice when compared to saline/VSG mice. HDM-

specific IgE levels were similar in HDM/VSG mice compared to

HDM/NS mice (Figure 8E), and undetectable in all groups of

saline-challenged mice (data not shown). GLP-1 and IL-13Ra2
protein production was undetectable in all mouse BAL fluid

samples (data not shown). Pulmonary levels of total or active

TGF-b1, as measured in BAL fluid or lung tissue, were

unremarkable between the saline and HDM-challenged mice,

irrespective of surgery groups (Supplementary Figure 4).

Additionally, IL-5, IL-13 and IL-13Ra2 levels, measured in

lung tissue, were consistent across all surgical and intranasal

treatment groups (Supplementary Figure 4). Thus, measurement

of serum and pulmonary biomarkers show that allergic responses

were induced in all three surgical groups, but that VSG may be

involved in modulation of IL-13Ra2 production.
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Discussion

In this study, we investigated the impact of VSG on airway and

metabolic physiology, inflammation and fibrosis in a murine model

of allergic asthma following chronic HDM challenge. To our

knowledge, this study is the first to use a combined chronic

allergic airway disease model with obesity and metabolic surgery

in experimental mice to assess respiratory disease parameters.

Previous studies have investigated the association of bariatric

surgery in human patients with allergic asthma (41, 42), or in

models of inherent AHR in obese mice, but to date, no studies have

been performed in mouse models of chronic allergic airway disease,

which allow for analyses of metabolic and inflammatory

mechanisms associated with allergen-driven airway pathology.

Furthermore, prior VSG studies in mice and rats have shown the

influence of this surgery on metabolic physiology, adipose tissue

inflammation, gut hormone and adipokine regulation, but these

studies did not report features of lung physiology (43–46). Our
A B

D
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C

FIGURE 6

Effects of HDM challenge and VSG on lung mechanics. (A) Newtonian resistance [Rn], (B) percent change in Newtonian resistance (p<0.05 for HDM/
VSG vs Saline/VSG), (C) total respiratory resistance [Rtot], and (D) percent change in total respiratory resistance with intravenous methacholine
challenge, n=8-11 mice per group. (E) PC100 for Rtot, n=8-10 mice per group. (F) Reactivity [K] for Rtot, n=8-10 mice per group. (G) PC100 for Rn,
n=8-10 mice per group. (H) Reactivity [K] for Rn, n=7-10 mice per group. (A–D) were analyzed using repeated measures ANOVA and (E–H) were
analyzed using one-tailed t-test with Welch’s correction factor. *p<0.05; **p<0.01.
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work provides a foundation for the biological impact of VSG on

lung function and airway and systemic inflammatory biomarkers in

obese allergic mice.

Obesity was effectively induced in mice after 8 weeks of HFD

feeding as demonstrated by elevated body weight and serum leptin

levels in HFD-fed mice compared to mice on a normal chow diet for

the same time frame, and these observations were valid for both

HDM-exposed mice and those administered saline. Additionally,

we observed increased body weight gain in HDM-challenged

C57BL/6 male mice compared to saline challenged mice after 8

weeks of HFD feeding. Liang et al. made a similar observation in

experiments involving chronic administration of ovalbumin to

female C57BL/6 mice fed a 60% kcal fat diet for 12 weeks in

which the authors reported increased body weight in HFD-fed mice

administered ovalbumin compared to mice on HFD alone. Both
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studies commenced the HFD feeding in 4-5-week-old mice. This

intriguing finding that suggests an interaction between allergic

exposures and weight gain that may be attributable to alterations

of gut microbiota or immune signaling in mice with combined

obesity and allergic exposures (47, 48). Future investigations will

explore possible mechanisms of increased house dust mite-induced

weight gain in obese mice.

The design of our model was intended to reflect acute airway

sensitization with a clinically relevant aeroallergen (HDM),

followed by chronic (4 week) exposure to the same allergen in the

context of obesity. We show that our model of chronic respiratory

HDM challenge resulted in the expected robust induction of murine

peribronchial inflammation, airway mucus production and

eosinophilia, increased serum IgE and lung expression of mucins,

Tgfb1, and Il13ra2, regardless of surgery status. Furthermore, We
A B
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FIGURE 7

mRNA expression in lung tissue. Lung mRNA expression as measured by quantitative RT-PCR of (A) Il13ra2, (B) Glp1r, (C) Tgfb1, (D) Muc5ac, (E)
Muc5b, n=6-11 mice per group. Grey bars and ▲ = saline-challenged mice; pink bars and ▼ = HDM-challenged mice. (A–E) were analyzed using a
Two-way ANOVA with a Tukey and Sidak post-hoc test. *p<0.05, **p<0.01.
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expected that at the end of this 10-week protocol, these obese mice

would exhibit allergen-induced airway inflammation, and indeed

our model was effective in eliciting these responses.

The addition of VSG or Sham surgery to the model allowed us

to test the hypothesis that VSG would improve features of allergic

airway disease in obese mice. At baseline, we observed that VSG

mice had increased circulating levels of IL-13Ra2, a negative

regulator of type 2 cytokine signaling and allergic asthma

responses (49, 50). However, contrary to our hypothesis, we

found that AHR to methacholine increased in these mice in the

setting of reduced lung tissue expression of Il13ra2. A summary of

our findings is shown in Table 1.

Ather et al. showed that sleeve gastrectomy in HFD-fed mice

significantly reduced airway responsiveness to methacholine

compared to the inherent AHR exhibited by non-surgery HFD-

fed mice, driven primarily by changes in distal airway responses

(51). Unlike our study, mice were not challenged with allergen. On

the other hand, similar to our study, they also found that surgery led

to increased airway and systemic biomarkers of inflammation but

reduced levels of leptin compared to HFD-fed non-surgery mice.

Serum levels of the gut hormone, peptide YY (PYY), were also

elevated after the sleeve gastrectomy mice; however, the authors

were unable to detect GLP-1 in either BAL fluid or serum. Sham

surgery mice were not included in their study. In keeping with our
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study, their results highlight the impact obesity on airway

inflammation and hyperresponsiveness. However, in the present

study, we demonstrate that in the presence of hypersensitivity and

exposure to inhaled allergens, metabolic surgery may not reduce

airway inflammation and AHR in individuals with obesity.

In a study conducted by Dixon et al., asthma patients with

obesity who underwent bariatric surgery experienced improved

AHR at 12 months post-surgery (41). This improvement was only

evident in patients with normal baseline serum IgE levels, and not in

patients with atopic asthma and elevated baseline IgE levels,

suggesting that the interaction of atopy and obesity impacts the

response to surgery in patients with asthma. Our mouse model

attempts to recapitulate a phenotype of chronic allergic asthma

specific in patients with comorbid obesity; thus, our findings that

VSG fails to improve AHR in this model is consistent with the

reports that bariatric surgery has differing effects in patients with

asthma and comorbid obesity, depending on the underlying asthma

phenotype. Indeed, similar to the findings reported by Dixon et al.,

we observed no improvement in airway resistance following VSG in

mice with elevated IgE. An important post-operative complication

of vertical sleeve gastrectomy in humans is development of de novo

gastroesophageal reflux (52), which is a known risk factor for

exacerbations associated with airways hyperresponsiveness in

asthma (53). It is possible that in our model, VSG contributed to
TABLE 1 Summary of Findings.

Measurement Tissue VSG vs NS VSG vs Sham

IL-13Ra2 Serum ↑ ↑

Il13ra2 mRNA Lung tissue ↓ No change

Total IgE Serum ↑ ↑

Total respiratory resistance (Rtot) Lung mechanics ↑ ↑

Central airway resistance (Rn) Lung mechanics ↑ No change
A B

D E

C

FIGURE 8

Measurement of cytokines and total and HDM-specific IgE in mouse serum. (A–E) Serum concentrations of (A) Active GLP-1, (B) Leptin, (C) IL-
13Ra2, (D) Total IgE, and (E) HDM Specific IgE, n=6-11 mice per group. Grey bars and ▲ = saline-challenged mice; pink bars and ▼ = HDM-
challenged mice. (A–D) were analyzed using a Two-way ANOVA with a Tukey and Sidak post-hoc test. (E) were analyzed using a non-parametric t-
test *p<0.05, **p<0.01, ***p<0.001.
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increased gastroesophageal reflux, leading to the observed increased

in airways resistance in the mice that underwent VSG. Allen et al.

demonstrated that acid aspiration in mice triggered acute AHR,

possibly related to increased airway epithelium permeability (54).

Although we did not specifically investigate gastroesophageal reflux

or airway epithelium permeability in our model, it is plausible that

in our model, VSG stimulated acute post-operative acid aspiration

that led to increased airway resistance to methacholine.

VSG in rodent models has been used extensively by researchers

to study the effects of the procedure on metabolic physiology,

including body weight (55), insulin resistance (56), glucose

tolerance (57), gastric emptying (46) and central control of satiety

(58). VSG also improves hypercapnic ventilatory responses in mice,

in a mechanism requiring leptin signaling (59). Our model

corroborated that VSG reduced body weight gain and improved

glucose tolerance, an effect that was not observed in Sham surgery

mice. The lack of specific VSG effects on body weight gain and

glucose tolerance may be attributed to the short time of follow-up

after surgery at 3 weeks, designed to capture the maximal effects of

HDM challenge and better assess the specific effects of VSG while

avoiding resolution of airway inflammation that may occur over

longer times of follow-up after surgery. Other rodent models (31,

44) that have employed VSG/Sham surgery to investigate glucose

tolerance and body weight have reported these measurements at 5-

12 weeks after surgery and resumption of HFD feeding, allowing

time for the HFD to stimulate weight gain and impaired glucose

tolerance in Sham surgery mice. Thus, we speculate that in our

model, more time on a HFD following surgery would be needed to

demonstrate significant effects of VSG on these features of

metabolic disease.

Unique to our study is the investigation of Il13ra2 expression

and production. IL-13Ra2 was originally believed to be a non-

signaling decoy receptor which bound IL-13 with high affinity,

competing with the IL-4Ra and IL-13Ra1 subunits for IL-13

binding and negatively regulating IL-13 signaling (50). Recent

studies suggest its role in development of inflammatory and

fibrotic features of disease which may include a capacity to

mediate IL-13 signaling (60, 61). Consistent with findings by

Piyadasa et al. (62), our study demonstrated higher Il13ra2

expression in lung tissue in the HDM/NS group when compared

to PBS/NS mice. However, expression decreased in HDM-

challenged mice that underwent Sham or VSG surgeries,

suggesting a surgery effect. On the other hand, baseline levels of

circulating soluble IL-13Ra2 were increased in HDM-challenged

VSG mice when compared to Sham and NS group, suggesting that

VSG elicits changes in Il13ra2 transcript processing that increase

soluble IL-13Ra2 (63) or that changes in Il13ra2 expression occur

in response to the development of airway inflammation. Further

studies are warranted to investigate the biological importance of

VSG- and allergen-induced changes in IL-13Ra2 expression

in obesity.

Our study has several limitations that impact interpretation of

the data. As this study aimed to serve as a model of bariatric surgery

in human asthma patients, induction of obesity in mice using a

HFD was required; thus, no comparisons with lean mice were
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included in the study. Also, only male mice were used for this study

as male C57BL/6J mice are more susceptible to weight gain on a

HFD than female mice (29). Sex differences may be important in

this setting as asthma, in general, as well as obesity-associated

asthma is more prevalent in adult females than males (2, 64). More

studies using female mice in a mixed sex study to compare

responses to male mice are needed to define sex differences using

our model. In addition, collection of tissues and lung mechanics

measurements was done at a short follow-up time after surgery

when some metabolic effects were not as yet evident. Future work

including both sexes, as well as in other strains of mice (e.g. Balb/c

(65)) would help validate our counter-intuitive findings and provide

a better approximation of how bariatric surgery impacts features of

asthma in patients with obesity. Additionally, conducting the

experiment across longer timepoints following surgery, with

increased chronic exposure to allergen challenge and HFD, will

give a better understanding of specific changes in physiology (e.g.

glucose tolerance) and how these impact allergic airway disease.

In conclusion, the current study demonstrates that VSG in a

murine model of chronic allergic airway disease increases airway

resistance in the short term following surgery and alters IL-13Ra2
expression. This study offers insight as to the mechanisms

governing effects on airway pathobiology following bariatric

surgery in patients with allergic asthma and comorbid obesity.

Further studies of allergic airway disease in experimental mice

employing VSG that investigate the long-term impacts of surgery

in the context of obesity are warranted.
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PA, et al. Murine models of obesity. Obesities (2022) 2(2):127–47. doi: 10.3390/
obesities2020012

26. Kong J, Yang F, Bai M, Zong Y, Li Z, Meng X, et al. Airway immune response in
the mouse models of obesity-related asthma. Front Physiol (2022) 13:909209. doi:
10.3389/fphys.2022.909209

27. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to
marked but reversible alterations in the mouse distal gut microbiome. Cell Host
Microbe (2008) 3(4):213–23. doi: 10.1016/j.chom.2008.02.015

28. Johnston RA, Theman TA, Lu FL, Terry RD, Williams ES, Shore SA. Diet-
induced obesity causes innate airway hyperresponsiveness to methacholine and
enhances ozone-induced pulmonary inflammation. J Appl Physiol (1985) (2008) 104
(6):1727–35. doi: 10.1152/japplphysiol.00075.2008

29. Grove KL, Fried SK, Greenberg AS, Xiao XQ, Clegg DJ. A microarray analysis of
sexual dimorphism of adipose tissues in high-fat-diet-induced obese mice. Int J Obes
(Lond) (2010) 34(6):989–1000. doi: 10.1038/ijo.2010.12

30. Cyphert-Daly JM, Yang Z, Ingram JL, Tighe RM, Que LG. Physiologic response
to chronic house dust mite exposure in mice is dependent on lot characteristics. J
Allergy Clin Immunol (2019) 144(5):1428–32 e8. doi: 10.1016/j.jaci.2019.07.019

31. Wilson-Perez HE, Chambers AP, Ryan KK, Li B, Sandoval DA, Stoffers D, et al.
Vertical sleeve gastrectomy is effective in two genetic mouse models of glucagon-like
peptide 1 receptor deficiency. Diabetes (2013) 62(7):2380–5. doi: 10.2337/db12-1498

32. Douros JD, Lewis AG, Smith EP, Niu J, Capozzi M, Wittmann A, et al. Enhanced
glucose control following vertical sleeve gastrectomy does not require a beta-cell glucagon-
like peptide 1 receptor. Diabetes (2018) 67(8):1504–11. doi: 10.2337/db18-0081
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1092277/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1092277/full#supplementary-material
https://doi.org/10.1111/j.1398-9995.2004.00526.x
https://www.cdc.gov/asthma/most_recent_national_asthma_data.htm
https://www.cdc.gov/asthma/most_recent_national_asthma_data.htm
https://doi.org/10.1016/j.jaci.2018.02.004
https://doi.org/10.1164/rccm.200611-1717OC
https://doi.org/10.1016/j.jaci.2011.03.036
https://doi.org/10.1016/j.jaip.2021.04.035
https://doi.org/10.1016/j.jaci.2010.12.010
https://doi.org/10.4187/respcare.02202
https://doi.org/10.1183/09031936.06.00077205
https://doi.org/10.1016/j.cell.2021.02.016
https://doi.org/10.1111/j.1365-2222.2011.03863.x
https://doi.org/10.1371/journal.pone.0036631
https://doi.org/10.1164/rccm.200906-0896OC
https://doi.org/10.1056/NEJMsa1909301
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.1016/j.jaip.2019.11.008
https://doi.org/10.1016/j.jaip.2019.11.008
https://doi.org/10.1513/AnnalsATS.201506-377AW
https://doi.org/10.1513/AnnalsATS.201506-377AW
https://doi.org/10.1016/j.coi.2020.10.004
https://doi.org/10.1016/j.rmed.2011.12.012
https://doi.org/10.1016/j.pulmoe.2019.07.007
https://doi.org/10.1007/s11695-021-05255-7
https://doi.org/10.1007/s00464-018-6500-x
https://doi.org/10.3389/fnut.2016.00025
https://doi.org/10.1007/s11695-019-04205-8
https://doi.org/10.3390/obesities2020012
https://doi.org/10.3390/obesities2020012
https://doi.org/10.3389/fphys.2022.909209
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1152/japplphysiol.00075.2008
https://doi.org/10.1038/ijo.2010.12
https://doi.org/10.1016/j.jaci.2019.07.019
https://doi.org/10.2337/db12-1498
https://doi.org/10.2337/db18-0081
https://doi.org/10.3389/fendo.2023.1092277
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Womble et al. 10.3389/fendo.2023.1092277
33. Chen M, Hegde A, Choi YH, Theriot BS, Premont RT, Chen W, et al. Genetic
deletion of beta-Arrestin-2 and the mitigation of established airway
hyperresponsiveness in a murine asthma model. Am J Respir Cell Mol Biol (2015) 53
(3):346–54. doi: 10.1165/rcmb.2014-0231OC

34. Thanawala VJ, Forkuo GS, Al-Sawalha N, Azzegagh Z, Nguyen LP, Eriksen JL,
et al. beta2-adrenoceptor agonists are required for development of the asthma
phenotype in a murine model. Am J Respir Cell Mol Biol (2013) 48(2):220–9. doi:
10.1165/rcmb.2012-0364OC

35. Ihrie MD, McQuade VL, Womble JT, Hegde A, McCravy MS, Lacuesta CVG,
et al. Exogenous leptin enhances markers of airway fibrosis in a mouse model of
chronic allergic airways disease. Respir Res (2022) 23(1):131. doi: 10.1186/s12931-022-
02048-z

36. Motulsky HJ, Brown RE. Detecting outliers when fitting data with nonlinear
regression - a new method based on robust nonlinear regression and the false discovery
rate. BMC Bioinf (2006) 7:123. doi: 10.1186/1471-2105-7-123

37. Sakai H, Suto W, Kai Y, Chiba Y. Mechanisms underlying the pathogenesis of
hyper-contractility of bronchial smooth muscle in allergic asthma. J Smooth Muscle Res
(2017) 53(0):37–47. doi: 10.1540/jsmr.53.37

38. Shore SA, Rivera-Sanchez YM, Schwartzman IN, Johnston RA. Responses to
ozone are increased in obese mice. J Appl Physiol (1985) (2003) 95(3):938–45. doi:
10.1152/japplphysiol.00336.2003

39. Zhu M, Williams AS, Chen L, Wurmbrand AP, Williams ES, Shore SA. Role of
TNFR1 in the innate airway hyperresponsiveness of obese mice. J Appl Physiol (1985)
(2012) 113(9):1476–85. doi: 10.1152/japplphysiol.00588.2012

40. Park HJ, Han H, Oh EY, Kim SR, Park KH, Lee JH, et al. Empagliflozin and
dulaglutide are effective against obesity-induced airway hyperresponsiveness and
fibrosis in a murine model. Sci Rep (2019) 9(1):15601. doi: 10.1038/s41598-019-
51648-1

41. Dixon AE, Pratley RE, Forgione PM, Kaminsky DA, Whittaker-Leclair LA,
Griffes LA, et al. Effects of obesity and bariatric surgery on airway hyperresponsiveness,
asthma control, and inflammation. J Allergy Clin Immunol (2011) 128(3):508–15 e1-2.
doi: 10.1016/j.jaci.2011.06.009

42. Chapman DG, Irvin CG, Kaminsky DA, Forgione PM, Bates JH, Dixon AE.
Influence of distinct asthma phenotypes on lung function following weight loss in the
obese. Respirology (2014) 19(8):1170–7. doi: 10.1111/resp.12368

43. Ahn CH, Choi EH, Lee H, Lee W, Kim JI, Cho YM. Vertical sleeve gastrectomy
induces distinctive transcriptomic responses in liver, fat and muscle. Sci Rep (2021) 11
(1):2310. doi: 10.1038/s41598-021-81866-5

44. Chambers AP, Jessen L, Ryan KK, Sisley S, Wilson-Perez HE, Stefater MA, et al.
Weight-independent changes in blood glucose homeostasis after gastric bypass or
vertical sleeve gastrectomy in rats. Gastroenterology (2011) 141(3):950–8. doi: 10.1053/
j.gastro.2011.05.050

45. Douros JD, Niu J, Sdao S, Gregg T, Merrins MJ, Campbell J, et al. Temporal
plasticity of insulin and incretin secretion and insulin sensitivity following sleeve
gastrectomy contribute to sustained improvements in glucose control. Mol Metab
(2019) 28:144–50. doi: 10.1016/j.molmet.2019.07.003

46. Chambers AP, Smith EP, Begg DP, Grayson BE, Sisley S, Greer T, et al.
Regulation of gastric emptying rate and its role in nutrient-induced GLP-1 secretion
in rats after vertical sleeve gastrectomy. Am J Physiol Endocrinol Metab (2014) 306(4):
E424–32. doi: 10.1152/ajpendo.00469.2013

47. Pizzolla A, Oh DY, Luong S, Prickett SR, Henstridge DC, Febbraio MA, et al.
High fat diet inhibits dendritic cell and T cell response to allergens but does not impair
inhalational respiratory tolerance. PloS One (2016) 11(8):e0160407. doi: 10.1371/
journal.pone.0160407

48. Ramos-Ramirez P, Malmhall C, Johansson K, Adner M, Lotvall J, Bossios A. Lung
regulatory T cells express adiponectin receptor 1: Modulation by obesity and airway
allergic inflammation. Int J Mol Sci (2020) 21(23):8990. doi: 10.3390/ijms21238990
Frontiers in Endocrinology 13
49. Zheng T, Liu W, Oh SY, Zhu Z, Hu B, Homer RJ, et al. IL-13 receptor alpha2
selectively inhibits IL-13-induced responses in the murine lung. J Immunol (2008) 180
(1):522–9. doi: 10.4049/jimmunol.180.1.522

50. Andrews AL, Nasir T, Bucchieri F, Holloway JW, Holgate ST, Davies DE. IL-13
receptor alpha 2: A regulator of IL-13 and IL-4 signal transduction in primary human
fibroblasts. J Allergy Clin Immunol (2006) 118(4):858–65. doi: 10.1016/
j.jaci.2006.06.041

51. Ather JL, Chung M, Hoyt LR, Randall MJ, Georgsdottir A, Daphtary NA, et al.
Weight loss decreases inherent and allergic methacholine hyperresponsiveness in
mouse models of diet-induced obese asthma. Am J Respir Cell Mol Biol (2016) 55
(2):176–87. doi: 10.1165/rcmb.2016-0070OC

52. King K, Sudan R, Bardaro S, Soriano I, Petrick AT, Daly SC, et al. Assessment
and management of gastroesophageal reflux disease following bariatric surgery. Surg
Obes Relat Dis (2021) 17(11):1919–25. doi: 10.1016/j.soard.2021.07.023

53. Denlinger LC, Phillips BR, Ramratnam S, Ross K, Bhakta NR, Cardet JC, et al.
Inflammatory and comorbid features of patients with severe asthma and frequent
exacerbations. Am J Respir Crit Care Med (2017) 195(3):302–13. doi: 10.1164/
rccm.201602-0419OC

54. Allen GB, Leclair TR, von Reyn J, Larrabee YC, Cloutier ME, Irvin CG, et al.
Acid aspiration-induced airways hyperresponsiveness in mice. J Appl Physiol (1985)
(2009) 107(6):1763–70. doi: 10.1152/japplphysiol.00572.2009

55. Chambers AP, Kirchner H, Wilson-Perez HE, Willency JA, Hale JE, Gaylinn
BD, et al. The effects of vertical sleeve gastrectomy in rodents are ghrelin independent.
Gastroenterology (2013) 144(1):50–2 e5. doi: 10.1053/j.gastro.2012.09.009

56. Ben-Haroush Schyr R, Al-Kurd A, Moalem B, Permyakova A, Israeli H, Bardugo
A, et al. Sleeve gastrectomy suppresses hepatic glucose production and increases hepatic
insulin clearance independent of weight loss. Diabetes (2021) 70(10):2289–98. doi:
10.2337/db21-0251

57. Douros JD, Niu J, Sdao S, Gregg T, Fisher-Wellman K, Bharadwaj M, et al.
Sleeve gastrectomy rapidly enhances islet function independently of body weight. JCI
Insight (2019) 4(6):e126688. doi: 10.1172/jci.insight.126688

58. Chambers AP, Wilson-Perez HE, McGrath S, Grayson BE, Ryan KK, D'Alessio
DA, et al. Effect of vertical sleeve gastrectomy on food selection and satiation in rats.
Am J Physiol Endocrinol Metab (2012) 303(8):E1076–84. doi: 10.1152/
ajpendo.00211.2012

59. Arble DM, Schwartz AR, Polotsky VY, Sandoval DA, Seeley RJ. Vertical sleeve
gastrectomy improves ventilatory drive through a leptin-dependent mechanism. JCI
Insight (2019) 4(1):e124469. doi: 10.1172/jci.insight.124469

60. He CH, Lee CG, Ma B, Kamle S, Choi AMK, Elias JA. N-glycosylation regulates
chitinase 3-like-1 and IL-13 ligand binding to IL-13 receptor alpha2. Am J Respir Cell
Mol Biol (2020) 63(3):386–95. doi: 10.1165/rcmb.2019-0446OC

61. Yang SJ, Allahverdian S, Saunders ADR, Liu E, Dorscheid DR. IL-13 signaling
through IL-13 receptor alpha2 mediates airway epithelial wound repair. FASEB J (2019)
33(3):3746–57. doi: 10.1096/fj.201801285R

62. Piyadasa H, Altieri A, Basu S, Schwartz J, Halayko AJ, Mookherjee N.
Biosignature for airway inflammation in a house dust mite-challenged murine model
of allergic asthma. Biol Open (2016) 5(2):112–21. doi: 10.1242/bio.014464

63. Tabata Y, ChenW,Warrier MR, Gibson AM, Daines MO, Hershey GK. Allergy-
driven alternative splicing of IL-13 receptor alpha2 yields distinct membrane and
soluble forms. J Immunol (2006) 177(11):7905–12. doi: 10.4049/jimmunol.177.11.7905

64. Liu J, Yuan M, Chen Y, Wang Y, Wang Q, Zhang Q, et al. Global burden of
asthma associated with high body mass index from 1990 to 2019. Ann Allergy Asthma
Immunol (2022) 129(6):720–30 e8. doi: 10.1016/j.anai.2022.08.013

65. Walker JK, Ahumada A, Frank B, Gaspard R, Berman K, Quackenbush J, et al.
Multistrain genetic comparisons reveal CCR5 as a receptor involved in airway
hyperresponsiveness. Am J Respir Cell Mol Biol (2006) 34(6):711–8. doi: 10.1165/
rcmb.2005-0314OC
frontiersin.org

https://doi.org/10.1165/rcmb.2014-0231OC
https://doi.org/10.1165/rcmb.2012-0364OC
https://doi.org/10.1186/s12931-022-02048-z
https://doi.org/10.1186/s12931-022-02048-z
https://doi.org/10.1186/1471-2105-7-123
https://doi.org/10.1540/jsmr.53.37
https://doi.org/10.1152/japplphysiol.00336.2003
https://doi.org/10.1152/japplphysiol.00588.2012
https://doi.org/10.1038/s41598-019-51648-1
https://doi.org/10.1038/s41598-019-51648-1
https://doi.org/10.1016/j.jaci.2011.06.009
https://doi.org/10.1111/resp.12368
https://doi.org/10.1038/s41598-021-81866-5
https://doi.org/10.1053/j.gastro.2011.05.050
https://doi.org/10.1053/j.gastro.2011.05.050
https://doi.org/10.1016/j.molmet.2019.07.003
https://doi.org/10.1152/ajpendo.00469.2013
https://doi.org/10.1371/journal.pone.0160407
https://doi.org/10.1371/journal.pone.0160407
https://doi.org/10.3390/ijms21238990
https://doi.org/10.4049/jimmunol.180.1.522
https://doi.org/10.1016/j.jaci.2006.06.041
https://doi.org/10.1016/j.jaci.2006.06.041
https://doi.org/10.1165/rcmb.2016-0070OC
https://doi.org/10.1016/j.soard.2021.07.023
https://doi.org/10.1164/rccm.201602-0419OC
https://doi.org/10.1164/rccm.201602-0419OC
https://doi.org/10.1152/japplphysiol.00572.2009
https://doi.org/10.1053/j.gastro.2012.09.009
https://doi.org/10.2337/db21-0251
https://doi.org/10.1172/jci.insight.126688
https://doi.org/10.1152/ajpendo.00211.2012
https://doi.org/10.1152/ajpendo.00211.2012
https://doi.org/10.1172/jci.insight.124469
https://doi.org/10.1165/rcmb.2019-0446OC
https://doi.org/10.1096/fj.201801285R
https://doi.org/10.1242/bio.014464
https://doi.org/10.4049/jimmunol.177.11.7905
https://doi.org/10.1016/j.anai.2022.08.013
https://doi.org/10.1165/rcmb.2005-0314OC
https://doi.org/10.1165/rcmb.2005-0314OC
https://doi.org/10.3389/fendo.2023.1092277
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Vertical sleeve gastrectomy associates with airway hyperresponsiveness in a murine model of allergic airway disease and obesity
	Introduction
	Methods
	Animals
	Oral glucose tolerance test
	Diet and treatments
	Surgery
	Lung mechanics measurements
	Bronchoalveolar lavage (BAL)
	Lung histology
	mRNA quantification in mouse lung tissue
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	Diet and glucose tolerance
	Lung histology
	Lung mechanics
	Lung tissue mRNA expression
	Circulating and pulmonary markers

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


