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Abstract 

Obese asthma presents with inherent hyperresponsiveness to methacholine or augmented 

allergen-driven allergic asthma with an even greater magnitude of methacholine 

hyperresponsiveness. These physiologic parameters and accompanying obese asthma 

symptoms can be reduced by successful weight loss, yet the underlying mechanisms remain 

incompletely understood. We implemented mouse models of diet-induced obesity, dietary and 

surgical weight loss, and environmental allergen exposure, to examine mechanisms and 

mediators of inherent and allergic obese asthma. We report that the methacholine 

hyperresponsiveness in these models of inherent obese asthma and obese allergic asthma 

manifests in distinct anatomical compartments but that both are amenable to interventions that 

induce substantial weight loss. The inherent obese asthma phenotype, with characteristic 

increases in distal airspace tissue resistance and tissue elastance, is associated with elevated 

pro-inflammatory cytokines that are reduced upon dietary weight loss. Surprisingly, bariatric 

surgery-induced weight loss further elevates these cytokines while reducing methacholine 

responsiveness to levels similar to those in lean mice or in formerly obese mice rendered lean 

through dietary intervention. In contrast, the obese allergic asthma phenotype, with 

characteristic increases in central airway resistance, is not associated with increased adaptive 

immune responses, yet diet-induced weight loss reduces methacholine hyperresponsiveness 

without altering immunological variables. As diet-induced weight loss is effective in both 

models of inherent and allergic obese asthma, our examination of the fecal microbiome 

revealed that the obesogenic Firmicutes/Bacteroidetes ratio was normalized following diet-

induced weight loss. Our results suggest that structural, immunological, and microbiological 

factors contribute to the manifold presentations of obese asthma.  
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Introduction 

Asthma is a common chronic disorder of the airways that typically involves a complex 

interaction between airway reactivity and inflammation. About 300 million people suffer from 

asthma worldwide (1), and the US asthma prevalence is approximately 1 in 12 adults and 1 in 11 

children (2). The epidemic of obesity poses a substantial threat to public health and takes a 

great toll on health care costs (3, 4). Asthma is an important comorbidity of obesity, and 

approximately 250,000 new cases of asthma related to obesity are reported in the United 

States each year (5, 6). Furthermore, many obese asthmatics are allergic to environmental 

allergens (7). Obese asthmatics do not respond well to standard asthma controller therapy (8) 

and exhibit increased hospitalization rates (9). While most severe asthmatics are obese (10), 

we have little understanding of the mechanisms linking obesity to asthma and have no 

treatments specifically targeting asthma in obesity. 

Weight loss imparts a health benefit to the many comorbidities associated with obesity, but 

diet, exercise, and even pharmacologically-induced weight loss exhibit poor long-term efficacy. 

Bariatric surgery, on the other hand, has emerged as a promising intervention to reduce weight 

and comorbidities associated with obesity (3, 4, 11), including asthma (12-14). Morbidly obese 

patients who undergo bariatric surgery demonstrate significant improvements in asthma 

control, asthma quality of life, and airway responsiveness (15). Furthermore, bariatric surgery 

has led investigators to discover two distinct phenotypes of asthma in obesity. One is an early-

onset phenotype characterized by high IgE that appears to be conventional allergic asthma 

exacerbated by obesity (12-14), although this interpretation is complicated by the fact that after 

bariatric surgery asthmatic patients have been shown to have higher levels of inflammatory 

mediators (CD4+ lymphocytes and cytokine production from these cells) despite improved 
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asthma control (15). The other phenotype of obese asthma is a late-onset form with low IgE 

that we have postulated arises in individuals with particularly compliant airways (16). Again, 

however, there are likely to be additional contributing factors since these individuals also 

exhibit increased mediators in their visceral adipose tissue (17), suggesting the involvement of 

metabolic factors. 

It thus remains unclear as to exactly how weight loss improves symptoms and control in both 

the early-onset allergic and the late-onset non-allergic forms of obese asthma. Accordingly, in 

the present study we built on prior work in mouse models of allergic asthma (18) and obese 

asthma (19) to develop an animal model in which these questions can be addressed. To make 

this model as relevant as possible to the human population, we induced obesity via feeding a 

high-fat diet, and we achieved weight loss both through the ad libitum feeding of a low-fat diet 

and by sleeve gastrectomy, the variant of bariatric surgery that is now emerging as the gold 

standard in obese human patients. In addition, since obesity is associated with alterations in 

the intestinal commensal bacterial microbiota (20, 21), with possible consequences for asthma 

(22), we also examined how the gut microbiome is affected in these mice as a consequence of 

weight loss. 

 

Materials and Methods 

Mice. Mice purchased from The Jackson Laboratory were maintained on a 12h light/dark cycle, 

and provided food and water ad libitum at the University of Vermont. Low-fat diets (D12450B) 

and high-fat diets (D12492) were purchased from Research Diets (New Brunswick, NJ) and 
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stored under refrigerated conditions. Food in cages was replaced twice each week. Protocols 

were approved by the University of Vermont Institutional Animal Care and Use Committee. 

Model of obese inherent asthma. Twenty-week old male C57BL/6J mice were maintained on 

food containing 10% fat (low-fat diet; LFD) or 60% fat (high-fat diet; HFD) from 6 weeks of age 

until analysis at 22 weeks of age. 

House dust mite (HDM) extract model of allergic asthma. Sixteen-week old male C57BL/6J 

mice maintained on LFD or HFD since 6 weeks of age were intranasally-instilled with 1 µg 

HDM extract (Greer, Lenoir, NC) twice a week for 4 weeks while remaining on their respective 

diets. Mice were then maintained on their same diet or were subjected to the dietary weight 

loss regimen for 3 weeks, during which time they received no intranasal HDM exposures. To 

elicit an allergic asthma-like exacerbation, approximately 23-week-old mice were challenged 

intranasally 4 days in a row with 10 µg HDM extract in and analyzed 1 day later. 

Mouse models of weight loss. To model diet-induced weight loss, obese mice were switched 

from HFD to LFD. To model bariatric surgery-induced weight loss, obese mice were subjected 

to sleeve gastrectomy and maintained on HFD. 

Mouse phenotyping. Responsiveness to inhaled methacholine was assessed in closed-

chested mice using a flexiVent™ (SCIREQ, QC, Canada) with mice ventilated at 200 

breaths/minute with a 0.25 ml tidal volume and a positive end-expiratory pressure of 3 cmH2O 

(23-25). Respiratory input impedance (Zrs) data were fit to the single-compartment and 

constant-phase models. 

Immunophenotyping. Following euthanasia at the completion of flexiVent analysis, blood was 

collected and serum was prepared, from which Luminex assays were performed and HDM-
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specific immunoglobulins were measured. Lungs were then lavaged with 1 mL DPBS, the BAL 

fluid was centrifuged, and the supernatant was collected. Total and differential cell counts were 

conducted and immunoassays were performed on the BAL fluid. Lungs were dissected, 

ground to a fine powder under liquid nitrogen, protein was extracted, and cytokine were 

enumerated by ELISA. Splenocytes were then isolated (26), cultured with 15 µg/ml HDM 

extract for 96 hours, and cytokines were measured from cell supernatants by ELISA. 

Measurement of fecal bacterial diversity. From fecal pellets collected on the day of the final 

HDM challenge from mice exposed to the allergic asthma model, bacterial DNA was extracted 

(Qiagen) and subjected to quantitative PCR analysis of total eubacterial, Bacteroidetes-, 

Fermicutes-, and Proteobacteria-specific 16S rRNA (27). 

Statistical analyses. Data were analyzed using GraphPad Prism 6 for Windows (GraphPad 

Software, Inc, La Jolla, CA). Data are presented as mean ± SEM. A p value <0.05 was 

considered statistically significant. Unless otherwise indicated, * = p≤0.05; ** = p≤0.01; *** = 

p≤0.001; **** = p≤0.0001. 

 

Results 

Dietary- or Surgical-Induced Weight Loss Decreases Inherent Methacholine 

Hyperresponsiveness in a Mouse Model of Obesity 

To model the inherent methacholine hyperresponsiveness associated with obese asthma, 

mice were maintained on a high-fat diet (HFD) from 6 weeks of age until 20 weeks of age while 

lean control mice were maintained on a low-fat diet (LFD) over the same time period (Figure 

1A). At 20 weeks of age, when the lean mice weighed 30.0 ± 0.8 g, whereas the obese mice 
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weighed 38.7± 0.7 g (p ≤ 0.0001), two subgroups of obese mice were established; one was 

switched from the HFD to a LFD while another was maintained on the HFD but subjected to 

gastric sleeve bariatric surgery. Within 15 days, the HFD to LFD mice and the gastric sleeve 

mice lost substantial body weight such that their mass was insignificantly different from the 

LFD mice, whereas the mice maintained on the HFD and not subjected to surgery remained 

obese (Figure 1B). At day 15, the cellularity of the bronchoalveolar lavage (BAL) revealed a 

significant difference only between the two weight loss regimens, whereas there were no 

differences between lean and obese mice (Figure 1C). All BAL cells were identified as alveolar 

macrophages, with those from the HFD group having a lipid-laden appearance (data not 

shown). We next assessed the responsiveness of the mice to inhaled methacholine. Whereas 

there were no differences in the baseline measurements between any of the groups (data not 

shown) or following challenge with PBS and methacholine doses up to 25 mg/ml, HFD mice 

displayed significantly elevated airway resistance (R) and elastance (E) at the 50 mg/ml dose 

of methacholine compared to each of the other groups (Figure 1D-E) when assessed using 

the single compartment model. When these mechanical effects were further broken down in 

terms of the parameters of the constant phase model, the HFD mice displayed significantly 

elevated tissue resistance (G) and tissue elastance (H), but no difference in Newtonian 

resistance (RN, reflective of central airway resistance), at the 50 mg/ml dose of methacholine 

compared to each of the other groups (Figure 1F-H). These data suggest the inherent 

methacholine hyperresponsiveness of obesity manifests primarily in the distal airway and is 

reversible with substantial weight loss achieved through either surgery or diet. 

As obesity is considered a chronic pro-inflammatory disease state (28), we measured a 

number of pro-inflammatory cytokines, acute phase reactants, pancreatic peptides, and 
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adipokines that have been reported to be dysregulated in obesity. There were significant and 

substantial elevations in serum levels of tumor necrosis factor (TNF), interleukin (IL)-6, 

monocyte chemoattractant protein (MCP)-1, serum amyloid A3 (SAA3), pancreatic polypeptide 

(PP), and peptide YY (PYY) in the HFD mice subjected to sleeve gastrectomy compared to the 

other groups (Figure 2A-H). These same proteins displayed trends towards or significant 

elevations in the serum of HFD mice compared to LFD mice, and in the case of TNF, IL-6, 

MCP-1, and SAA3, a decrease as a consequence of LFD-induced weight loss. Leptin levels 

were elevated in the serum of HFD mice and returned to the lower levels observed in the LFD 

mice as a consequence of surgical or diet-induced weight loss. Adiponectin was decreased in 

the circulation of mice subjected to sleeve gastrectomy. Amylin, glucagon-like peptide (GLP)-1, 

and ghrelin were too low to reliably quantitate in the serum of any of the mice (data not 

shown). In the BAL fluid, TNF, amylin, PP, GLP-1, PYY, ghrelin, and MCP-1 were too low to 

reliably quantitate (data not shown), while IL-6 and adiponectin were no different between any 

of the groups, leptin was elevated in the HFD mice and reduced as a consequence of either 

weight loss regimen, and SAA3 was only elevated in mice subjected to sleeve gastrectomy 

(Figure 2I-L). The inherent airway responsiveness of obesity in our mice is thus dissociated 

from many of the systemic inflammatory cytokines elevated in the obese state, but is 

associated with increased serum leptin. 

Dietary Weight Loss Decreases Methacholine Hyperresponsiveness in a Mouse Model 

of Obese Allergic Asthma 

To model obese allergic asthma, mice were maintained on a HFD from 6 weeks of age until 16 

weeks of age, whereas lean control mice were maintained on a LFD during this time period. To 

simulate low-dose allergen exposure, the mice in these two groups were allergen-sensitized by 
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the intranasal instillation of 1 µg HDM extract twice a week from week 17-20 weeks (8 total 

instillations), during which they remained on their respective diets (Figure 3A). At 20 weeks of 

age, the lean mice weighed 31.8 ± 0.6 g, whereas the obese mice weighed 45.2 ± 1.0 g (p ≤ 

0.0001). Mice were then maintained on their same diet or were subjected to dietary weight loss 

(by feeding the LFD) for 3 weeks, during which time they received no intranasal HDM 

exposures. To induce an allergic asthma-like exacerbation, mice were intranasally challenged 

4 days in a row with 10 µg HDM extract and analyzed 1 day following the fourth challenge. By 

day 26 of LFD feeding, the formerly obese mice lost substantial body weight such that their 

mass was insignificantly different from the LFD mice, whereas the mice maintained on the 

HFD remained obese (Figure 3B). The BAL fluid at day 26 revealed a substantial influx of 

eosinophils, consistent with previously reported HDM models of allergic airway disease (29), 

but there were no significant differences in the total cells, macrophages, eosinophils, 

neutrophils, or lymphocytes among the LFD, HFD, or dietary weight loss groups (Figure 3C). 

Allergen exposure elicited methacholine hyperresponsiveness, as indicated by the elevated 

values for R, E, RN, G, and H (Figure 3D-H) relative to those from non-allergic mice (Figure 

1D-H, respectively). However, in contradiction to the non-allergic mice, the only significant 

change in lung mechanics in the allergic mice was a significantly elevated RN at the 50 mg/ml 

dose of methacholine in the HFD mice compared to LFD mice and mice subjected to diet-

induced weight loss (Figure 3F). The response to 50 mg/ml methacholine in the LFD mice also 

appears to be limited to roughly equivalent increases in G and H, with little effect in RN 

(Figures 3F-H), which is compatible with an increase in peripheral airway closure due to 

epithelial thickening and increased airway secretions as we have seen previously in allergic 

inflammation in mice (30). Interestingly, the allergic HFD mice seem to manifest 
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hyperresponsiveness only in the central airways (Figure 3 F-H), which is reverse of their non-

allergic counterparts (Figures 1F-H). In other words, obesity in these mice appears to have 

prevented allergic inflammation from affecting the distal airways, and even more curiously this 

effect seems to be preserved when the obese animals go on to lose weight. 

We measured trends towards or significantly reduced levels of serum IL-5, IL-13, IL-17A, IFNγ, 

IL-6, and TNF in the HFD mice and the diet-induced weight loss mice compared to the LFD 

mice (Figure 4A-F). To ascertain whether these responses in the lung following in vivo 

allergen challenge were reflective of the induced adaptive immune response, we stimulated 

splenocytes with HDM in vitro and observed significantly reduced levels of IL-5 and IL-13, with 

a trend towards reduced levels of IL-17A, in the HFD mice and the diet-induced weight loss 

mice compared to the LFD mice (Figure 4G-I). IFNγ, indicative of a Th1 response, was not 

detected in the culture supernatants from any of the groups. There was robust production of 

HDM-specific IgG1 and measurable production of HDM-specific IgG2c in all three groups of 

mice, but there were no significant differences between groups (data not shown). Furthermore, 

we measured no differences (data not shown) among any of the groups in lung expression of 

the genes encoding mucin 5 subtypes A and C (Muc5ac), chloride channel accessory 1 

(Clca1, Gob5), alpha smooth muscle actin (Acta2), myosin heavy chain (Myh11), IL-6 (Il6), 

chemokine (C-C motif) ligand 2 (Ccl2), neurotrophic tyrosine kinase receptor type 1 (Ntrk), 

complement factor D / adipsin (Cdf), tumor necrosis factor receptor superfamily member 1b 

(Tnfrsf1b), or serum amyloid A3 (Saa3). These data show that cytokines indicative of Th1, Th2 

and Th17 activity, as well as splenocyte responses to antigen restimulation, are highest in 

animals maintained on a low-fat diet, and seem to be suppressed in obese allergic asthma. 
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Dietary Weight Loss is Associated with Normalization of an Obesogenic Intestinal 

Commensal Bacterial Composition 

It is well recognized that the intestinal commensal bacterial composition affects weight gain 

and weight loss and that dietary manipulation affects the bacterial commensal composition (21, 

31). To examine the composition of intestinal bacteria in our mouse model of obese allergic 

asthma and weight loss, we measured the abundance of total eubacterial and phyla-specific 

DNA encoding 16S rRNA. There were no differences in the abundance of total eubacterial 16S 

in any of the groups (Figure 5A). However, there were significant and substantial decreases in 

the abundance of Bacteroidetes phyla in the HFD mice compared to the LFD mice and the 

diet-induced weight loss mice, as well as small but significant increases in the abundance of 

Firmicutes phyla in the diet-induced weight loss mice compared to the LFD or HFD mice 

(Figure 5B). There were no differences in the abundance of Proteobacteria in any of the 

groups. As an elevated Firmicutes/Bacteroidetes ratio has been demonstrated to promote 

weight gain (20), the presence of an elevated Firmicutes/Bacteroidetes ratio in the HFD mice 

compared the LFD mice was not surprising, but there was a rapid capacity of the diet-induced 

weight loss regimen to dramatically reestablish a lean-like Firmicutes/Bacteroidetes ratio 

(Figure 5C). 

 

Discussion 

We report herein the development of mouse diet-induced obese inherent and allergic asthma 

model systems with which we have assessed the impact of weight loss on physiological, 

immunological, and microbiological endpoints. As reported previously, mice made obese by 

feeding a HFD exhibit inherent methacholine responsiveness consistent with obese asthma 
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(32, 33). We use the term “obese inherent asthma” to describe the phenomenon of augmented 

methacholine reactivity that occurs in obesity despite the absence of overt inflammation. 

Importantly, obese controls and obese (non-allergic) asthmatics have distinct physiology (16, 

34). A new finding from our mouse model of obese inherent asthma is that weight loss 

profoundly mitigates obesity-associated inherent methacholine responsiveness, as reported in 

human subjects (7, 8, 12-15, 17, 34, 35). A potential confounding factor in drawing these 

conclusions is that we have used measurements of respiratory system mechanics as 

surrogates for lung mechanics, which presumes negligible contribution from the chest wall. 

Whereas the compliant chest wall of the mouse makes this a reasonable assumption in 

animals of normal weight (30), it does not automatically follow when the animals become 

obese. However, our estimates of the tissue parameters G and H are no different at baseline 

between the various groups of mice regardless of their obesity status (Figures 1G & 1H, 3G & 

3H), from which we can conclude that it is reasonable to continue to ignore the effects of the 

chest wall in these animals. 

The increased tissue resistance (G) and tissue elastance (H) in obese HFD mice as compared 

to lean LFD, diet-induced weight loss, and sleeve gastrectomy mice thus indicate that the 

inherent methacholine hyperresponsiveness of obese mice likely develops as a consequence 

of decreased lung volume leading to progressive derecruitment of distal airways and airway 

closure. A possible consequence of this that must be borne in mind is that distal airway closure 

might have interfered with the delivery of aerosols of allergen and agonist to the lung 

periphery. This could have reduced the amount of bronchoconstriction elicited at the higher 

methacholine doses in the obese animals. On the other hand, this cannot account for all our 

observations because the tissue parameters G and H were the same in all groups of mice at 
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baseline (Figures 1G & 1H, 3G & 3H), so the delivery of methacholine would also have been 

the same until a differential bronchoconstrictive response had developed. Genetically obese 

mice also have reduced lung volumes (36) and data from human obese asthmatics support 

this notion, as there is more distal lung collapse in obesity, which is reversed by weight loss 

(16). However, decreased lung volume is unlikely to completely explain the obese asthma 

phenotype, as improvements in airway reactivity did not correlate with improvement in 

functional residual capacity in obese asthmatic bariatric surgery patients; instead, obese 

asthmatics also have changes in airway wall compliance, thickness, or perhaps surfactant 

dysfunction (34). 

Obesity is fundamentally a state of altered adipose tissue homeostasis (28) and the adipose 

tissue from obese asthmatics is more pro-inflammatory than adipose tissue from obese non-

asthmatics (17). Neutralization of these pro-inflammatory proteins, including TNF (37), IL-1, or 

IL-17A (32), can prevent methacholine hyperresponsiveness in obesity. In our studies, mice 

rendered obese by consuming a high-fat diet demonstrated significantly higher levels of serum 

MCP-1 and leptin, along with trends towards elevated levels of TNF, IL-6, and SAA3, than 

mice on a low-fat diet or subjected to diet-induced weight loss. Activated adipose tissue 

macrophages are implicated to be the principal sources of these cytokines in the setting of 

obesity (38). Obese adipose tissue is prone to ischemia, which causes focal adipocyte 

necrosis that is subsequently cleared by macrophages (39) that become activated and induce 

chronic, background systemic inflammation (17). Interestingly, macrophage depletion in 

obesity can restore methacholine responsiveness to levels seen in lean mice (37) 

The adipokine leptin was also increased in HFD mice compared to LFD mice and mice 

subjected to surgical or diet-induced weight loss. Elevated levels of leptin are associated with 
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increased airway reactivity in obese asthmatics (17). Adiponectin is an anti-inflammatory 

adipokine, levels of which in the serum were only diminished as a consequence of sleeve 

gastrectomy. Interestingly, adiponectin-deficient mice exhibit worsened allergic airway 

inflammation and exacerbated decrements in dynamic lung compliance (indicative of effects in 

the small airways) in a model of chronic mild disease (40), while increasing serum adiponectin 

levels decreases allergic airway inflammation and methacholine hyperresponsiveness (41). 

Thus, the lean state appears to be associated with a profile of reduced systemic pro-

inflammatory cytokines and leptin, along with an abundance of circulating anti-inflammatory 

adiponectin. Interestingly, the airway epithelium expresses receptors for both leptin and 

adiponectin (17), making these cells potential targets for modulation by adipokines in obese 

asthma (42). 

Sleeve gastrectomy is the most commonly performed surgical weight loss procedure in the 

United States, accounting for approximately 50% of all weight loss procedures and surpassing 

both the bypass and the lap band (43). Interestingly, in our mouse model of sleeve 

gastrectomy, in which weight loss proceeded with similar kinetics and to a similar magnitude 

as diet-induced weight loss, inherent methacholine hyperresponsiveness was diminished, but 

TNF, IL-6, MCP-1, and SAA3, as well as the pancreatic peptides PP and PYY, were 

significantly elevated. In human patients, sleeve gastrectomy reduces circulating levels of 

ghrelin, amylin, and leptin, while increasing PP, PYY, and GLP-1 (44). Whereas we were 

unable to detect ghrelin, amylin, and GLP-1 in the serum of any of the mice, the reduction in 

leptin and increased PP and PYY in mice subjected to sleeve gastrectomy suggests that our 

bariatric surgery model induced neurohormonal changes consistent with those observed in 

humans. 
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We do not believe surgical complications account for the elevation of pro-inflammatory 

cytokines in mice subjected to sleeve gastrectomy as there was no indication of overt 

inflammation (in the BAL fluid), the mice were ambulatory and explorative, were passing both 

feces and urine, and their body weights never dropped below those of the lean mice. In 

addition, the elevated pro-inflammatory cytokines in the surgical mice could be a transient 

response of the adipose tissue macrophages to the altered adipocyte homeostasis that 

accompanies such substantial and rapid weight loss (45). In this case, it raises an interesting 

paradox about the roles of these proteins, whether they function as mediators or simply serve 

as biomarkers. It remains a possibility that the surgery per se elicited some of the protection 

from methacholine responsiveness observed in the formerly-obese mice, which could come 

about as a consequence of stress, changes to the microbiome, or other factors. 

Obese women with adult onset asthma who underwent bariatric surgery developed BAL CD4+ 

cells that secreted significantly more inflammatory cytokines in response to in vitro CD3 and 

CD28 stimulation, yet their methacholine responsiveness was significantly improved (15). In a 

separate study of obese women with adult onset asthma who underwent bariatric surgery, a 

nonsignificant improvement in methacholine responsiveness was accompanied by an increase 

in BAL IL-8 and MCP-1 (17). These results indicate that changes besides reducing pro-

inflammatory mediators lead to normalization of methacholine responsiveness following weight 

loss. 

Reduced leptin levels may help explain the decreased methacholine responsiveness in the 

surgical and diet-induced weight loss mice. The levels of serum and visceral adipose tissue 

leptin are highly correlated, and we have reported that visceral adipose leptin significantly 

correlates with airway reactivity in obese women with non-allergic asthma (17). The 
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mechanisms by which leptin might affect airway responsiveness could be related to effects on 

remodeling or surfactant function (17), or inhibition of parasympathetic drive, causing 

bronchodilation (46). 

Since diet-induced weight loss was as effective in the mice as surgery in eliciting weight loss 

and reducing the inherent methacholine hyperresponsiveness of obesity, and since there was 

substantial mortality in the HDM sensitized and challenged mice subjected to sleeve 

gastrectomy (data not shown), we elected to utilize the diet-induced weight loss regimen in the 

allergic obese asthma model. The increased Newtonian resistance (RN) in obese allergic HFD 

mice as compared to lean LFD and diet-induced weight loss mice indicate that obese mice 

have a form of allergen-induced methacholine hyperresponsiveness affecting the central 

airways, whereas the inherent methacholine hyperresponsiveness of obesity affects the more 

distal airway. It should be recognized that the cohorts of mice used in the inherent and allergic 

asthma experiments were analyzed at different times (separated by months) and were of 

different ages (by 2 weeks). Furthermore, the obese mice in the allergic asthma group were 

heavier than the obese mice in the inherent asthma group and, in contrast to the mice exposed 

to HDM, the inherent asthma mice were not instilled intranasally with a liquid. Therefore, there 

are limitations to comparing these two models and ascribing the augmented and altered 

pattern of methacholine responsiveness in the allergic mice exclusively to the consequences of 

allergen exposure. Nonetheless, our findings are consistent with the distinct physiological 

responses we have described in obese individuals with non-allergic late onset asthma, and 

those obese individuals with earlier onset allergic disease (47). We have no evidence of 

augmented inflammation or remodeling in these mice, as there were no differences in the 

expression of pro-inflammatory genes (Il6, Ccl2, Cdf, Tnfrs1b, Ntrk2, and Saa3), mucus-
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associated genes (Muc5ac and Clca1/Gob5), smooth muscle actin (Acta2), or myosin 

(Myh11). However, it is possible that there are alterations in the airways at levels that would 

not be reflected by altered gene expression in whole lung samples. The low lung volumes 

could manifest as alterations to the contractile properties of the smooth muscle (48), which 

could affect methacholine responsiveness by exacerbating existing smooth muscle dysfunction 

in obese allergic asthma. 

Given that allergic asthma is frequently driven by ILC2s, Th2 cells, and their secreted 

cytokines, we examined whether the increased methacholine hyperresponsiveness of obese 

allergic asthma would correlate with augmented markers of the atopic response. Indeed, all of 

the HDM sensitized mice demonstrated a marked abundance of eosinophils in BAL. However, 

HDM sensitized mice with the most marked response to methacholine challenge, the HFD 

group, did not show signs of an increased Th2 response relative to lean mice, nor was there 

an alteration in the degree or type of response in the diet-induced weight loss mice relative to 

the HFD mice. In fact, IL-5, IL-13, IL-17A, IL-6, and TNF were lower in the obese or diet-

induced weight loss mice compared to the LFD mice, which demonstrated the lowest 

methacholine reactivity. Perhaps our findings are not surprising, as serum IL-5 and IL-13 levels 

in obese allergic asthmatic humans have been reported to be no different from lean allergic 

asthmatics (49). As we have recently reviewed (19), investigators using mouse models of high-

fat diet-induced allergic asthma have reported inconsistent findings regarding the magnitude of 

the adaptive (Th2) immune response, airway eosinophilia, and methacholine 

hyperresponsiveness relative to mice fed a low-fat diet. Reasons for these discrepancies 

include mouse strain, weights, ages, antigen used, antigen delivery, and duration of antigen 

exposure. Futhermore, all of these models, including ours, used antigen exposures after the 
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mice had become obese, which does not model the early-onset obese allergic asthma 

phenotype more prevalent in the human population. 

Alterations in the intestinal microbial composition can affect and be affected by body weight 

(21). Characteristically obesogenic gut bacterial commensal profiles include an increased 

Firmicutes/Bacteroidetes ratio (20, 50) that can be reversed by preventing weight gain or 

promoting weight loss (51, 52) Interestingly, several forms of weight loss in humans (53), 

including bariatric surgery (54), also reduce the Firmicutes/Bacteroidetes ratio. The impact that 

the commensal microbiota could have on the complex pathophysiologic manifestations of 

obese asthma are manifold, including the absorption of micronutrients and the generation of 

circulating metabolites that could affect structure and function, as have been recently reviewed 

(55). How microbiome changes are participating in the resolution of obesity associated asthma 

remains to be determined. 

While human diet and exercise studies indicate that a minimum of 5-10% weight loss is 

required to impact asthma control (56, 57), we obtained more substantial weight loss in our 

mouse models (15-25%). How much weight loss is required for the beneficial effects we 

observed is unknown, nor is it known how sustained the impacts of weight loss are in our 

mouse models. In obese asthmatics undergoing a behavioral weight reduction program, 

significant improvements in spirometry, methacholine responsiveness, asthma control, and 

asthma quality of life were seen within 3 months (58). In obese asthmatics subjected to 

bariatric surgery, the decreased risk for a severe exacerbation remained substantially reduced 

for as long as has been studied (up to 24 months) (59), while asthma symptoms were reduced 

and spirometry was improved for as long as 5 years (60). That obesity-associated asthma 

manifestations are amenable to improvement through weight loss both in our system and 
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human studies reinforces the value of these mouse models for the study of disease 

pathogenesis and treatment. 

 

Figure Legends 

Figure 1. Bariatric surgery or low-fat diet decrease body weight and inherent methacholine 

responsiveness in a model of obese asthma. 

C57BL/6J male mice that had been maintained on 10% fat diets (low-fat diet, LFD) or 60% fat 

diets (high-fat diet, HFD) since 6 weeks of age were maintained on these diets until 20 weeks 

of age, at which time they were maintained on their same diets or HFD mice were placed on 

LFD or maintained on the HFD and subjected to gastric sleeve (GS) surgery (A). Mice weights 

were recorded following interventions (B) and on day 15 the total cellularity of the 

bronchoalveolar lavage (BAL) was assessed (C). Responsiveness to inhaled methacholine 

was calculated using the single-compartment model, which measures resistance (R) and 

elastance (E), respectively (D and E). Mice were also assessed for methacholine 

responsiveness using the constant phase model, which measures Newtonian resistance (RN), 

tissue resistance (G), and tissue elastance (H), respectively (F-H). N=8 mice per group. For B, 

* = compared to HFD on day 0; @ = compared to HFD on day 15; # = compared to day 0 

within treatment (by color). 

Figure 2. Bariatric surgery or low-fat diet affect pro-inflammatory cytokine, pancreatic 

hormone, and adipokine levels in the circulation and lavageable airspaces in a model of obese 

asthma. 
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On day 15 following dietary or surgical interventions (as described in Figure 1), serum (A-H) 

and BALF (I-L) levels of cytokines were measured by Luminex assay. N=8-12 mice per group. 

Figure 3. Low-fat diet decreases body weight and central airway methacholine 

hyperresponsiveness in a model of obese allergic asthma. 

C57BL/6J male mice that had been maintained on 10% fat diets (low-fat diet, LFD) or 60% fat 

diets (high-fat diet, HFD) since 6 weeks of age were administered two doses per week of 1 µg 

house dust mite (HDM) extract intranasally beginning at 16 weeks of age. Mice were 

maintained on their respective diets until 20 weeks of age, at which time a group of HFD mice 

were placed on LFD. Groups of mice were then maintained on their same diet or were 

subjected to the dietary weight loss regimen for 3 weeks (beginning on day 0), during which 

time they received no intranasal HDM exposures. To induce an allergic asthma-like 

exacerbation, 23-week-old mice were intranasally challenged 4 days in a row with 10 µg HDM 

extract and analyzed 1 day following the fourth challenge (A). Body weights were recorded 

relative to the day of dietary intervention (B) and on day 26 the total cellularity of the 

bronchoalveolar lavage (BAL) was assessed (C). Responsiveness to inhaled methacholine 

was calculated using the single-compartment model, which measures resistance (R) and 

elastance (E), respectively (D and E). Mice were also assessed for methacholine 

responsiveness using the constant phase model, which measures Newtonian resistance (RN), 

tissue resistance (G), and tissue elastance (H), respectively (F-H). N=8-10 mice per group. For 

B, * = compared to HFD on day 0; @ = compared to HFD on day 26; # = compared to day 0 

within treatment (by color). 

Figure 4. Obesity-associated decreases in allergen-driven cytokine production are not 

corrected by weight loss in a model of obese allergic asthma. 
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On day 26 following dietary intervention (as described in Figure 3), lung tissue (A-F) and HDM-

restimulated splenocyte culture supernatant (G-I) levels of cytokines were measured by ELISA. 

N=8-10 mice per group. 

Figure 5. Weight loss corrects the elevated gut commensal Firmicutes/Bacteroidetes ratio 

associated with obesity. 

On day 26 following dietary intervention (as described in Figure 3), fecal pellet total eubacterial 

16S rRNA (A) and phlya-specific 16S rRNA (B) DNA content was quantitated, and the 

Firmicutes/Bacteroidetes ratio, relative to that found in the LFD mice, was calculated (C). N=8-

10 mice per group.  
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Weight Loss Decreases Inherent and Allergic Methacholine Hyperresponsiveness in 

Mouse Models of Diet-Induced Obese Asthma 
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Materials and Methods 

Mice. Mice were purchased from The Jackson Laboratory and were then housed in an 

American Association for the Accreditation of Laboratory Animal Care (AALAC)-approved 

facility at the University of Vermont, maintained on a 12h light/dark cycle, and provided food 

and water ad libitum. Low-fat diets (D12450B) and high-fat diets (D12492) were purchased 

from Research Diets (New Brunswick, NJ) and stored under refrigerated conditions. Food in 

cages was replaced twice each week. Protocols were approved by the University of Vermont 

Institutional Animal Care and Use Committee. Mice were euthanized with sodium pentobarbital 

(150 mg/kg by i.p. injection; Wilcox Pharmacy, Rutland, VT). 

Model of obese inherent asthma. Twenty-week old male C57BL/6J mice were purchased from 

The Jackson Laboratory having been maintained on food containing 10% fat (low-fat diet; LFD) 

or 60% fat (high-fat diet; HFD) from 6 weeks of age. Mice were acclimated at UVM for a week 

following shipping and were maintained on their same food or subjected to dietary or surgical 

weight loss regimens. 
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House dust mite (HDM) extract model of allergic asthma. Sixteen-week old male C57BL/6J 

mice maintained on LFD or HFD since 6 weeks of age were purchased from The Jackson 

Laboratory and allergen-sensitized by the intranasal instillation of 1 µg (by protein) HDM 

extract (Greer, Lenoir, NC) in 40 µl saline twice a week for 4 weeks. Mice remained on their 

respective diets and HDM exposure regimens until approximately 20 weeks of age. Groups of 

mice were then maintained on their same diet or were subjected to the dietary weight loss 

regimen for 3 weeks, during which time they received no intranasal HDM exposures. To elicit 

an allergic asthma-like exacerbation, approximately 23-week-old mice were challenged 

intranasally 4 days in a row with 10 µg HDM extract in 40 µl saline and analyzed 1 day 

following the fourth challenge. 

Mouse model of bariatric surgery-induced weight loss. Mice were fasted overnight and the 

following day were placed under stable anesthesia using isoflurane/O2, the abdomen was 

shaved and sterilized, and buprenorphine was administered to mice atop a heating pad. After 

the stomach was externalized, the gastrosplenic ligament connecting the left superior stomach 

to the spleen was divided using electrocautery, thereby freeing the gastric fundus from the 

surrounding tissue. The right and left inferior poles of the stomach were then extended 

downward with forceps. Using a Ligaclip Clip Applier (Ethicon, Somerville, NJ), a 10-mm clip 

was placed horizontally from the other side of the stomach, thereby excluding the entire inferior 

aspect of the stomach and creating the gastric sleeve. The excluded part of the stomach was 

then excised with scissors and the cut edges of the stomach sterilized with 70% alcohol 

solution. Similar to other previous reports (1-3), this eliminated more than 80% of stomach 

volume while maintaining gastric and duodenal continuity of the GI tract. The stomach was 

then returned to the abdomen and the abdomen closed with a running 6-0 vicryl stitch and the 
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skin was then closed by interrupted suturing using 6-0 nylon monofilament. One ml 

subcutaneous saline (warmed) was provided for fluid maintenance. Mice were monitored 

continuously until ambulatory and were monitored daily for food intake and body weight. 

Carprofen analgesic was given daily for 3 days or as needed beyond that time. 

Mouse model of diet-induced weight loss. Obese mice were switched from a diet in which 60% 

of the calories originate from fat to a diet in which the fat content is only 10% of the total 

calories. Mice were maintained on the 10% fat diet a time sufficient to induce significant and 

substantial weight loss compared to the matched high-fat diet-fed mice that continued to gain 

weight, which was at least 2 weeks. 

Assessment of airway responsiveness to methacholine. Responsiveness to inhaled 

methacholine was assessed in closed-chested mice. Mice were anaesthetized with i.p. sodium 

pentobarbital (90 mg/kg), the trachea was cannulated, the mice were connected to a 

flexiVent™ computer controlled small animal ventilator (SCIREQ, QC, Canada), and the mice 

were ventilated at 200 breaths/minute with a 0.25 ml tidal volume, as previously described (4-

6). Next, the mice were paralyzed with an i.p. injection of pancuronium bromide i.p. (0.8 µg/kg). 

The animals were stabilized over about ten minutes of regular ventilation at a positive end-

expiratory pressure (PEEP) of 3 cmH2O. A standard lung volume history was then established 

by delivering two total lung capacity maneuvers (TLC) to a pressure limit of 25 cmH2O and 

holding for three seconds. Next, two baseline measurements of respiratory input impedance 

(Zrs) were obtained. This was followed by an inhalation of aerosolized PBS (control) for 10 

seconds, achieved by an in-line piezo electric nebulizer (Aeroneb, Aerogen, Galway, Ireland). 

Zrs was then measured every 10 seconds for 3 minutes (18 measurements of Zrs in total). 

This complete sequence of maneuvers and measurements was then repeated for aerosol 
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exposures to three ascending doses of aerosolized methacholine (12.5, 25, and 50 mg/ml). 

Data were fit to the single-compartment model (7) to provide values for resistance (R), 

reflecting constriction in the lungs, and elastance (E), reflecting the elastic rigidity of the lungs. 

Data were also fit to the constant phase model to provide values reflecting airway resistance 

(RN), tissue damping (G), and tissue resistance (H). R, E, RN, G, and H were calculated for 

each mouse by averaging three measurements at each methacholine dose: the peak value 

and those immediately preceding and following it.  The average values (± SEM) of R, E, RN, G, 

and H in each of the mouse groups, at each incremental methacholine dose, are reported 

(n=8-10mice/group). 

Serum collection and analysis. Following euthanasia at the completion of flexiVent analysis, 

approximately 300 µl of blood was collected via cardiac puncture of the right ventricle using a 

25g needle attached to a 1 ml syringe, transferred into serum separator tubes (Becton 

Dickinson, Franklin Lanes, NJ), centrifuged, and serum was kept frozen at -80ºC. Serum was 

analyzed by custom Luminex-based multiplex assays (EMD Millipore, Billerica, MA) for mouse 

amylin, GLP-1, ghrelin, IL-6, TNF, PP, PYY, leptin, MCP-1, adiponectin, and SAA3, according 

to manufacturer instructions. Serum HDM-specific IgG1 and IgG2c were measured by ELISA, 

as previously described (8) except that HDM extract was used to coat the plates and serum 

was used over a series of eight 4-fold dilutions starting at 1:20. 

Bronchoalveolar lavage (BAL) collection and processing. Following blood collection, lungs 

were lavaged with 1 mL DPBS (Sigma-Aldrich, St. Louis, MO). The BAL fluid was centrifuged 

at 400 x g, the supernatant was collected and frozen. Total cell counts in the resuspended 

pellet were enumerated using an Advia 120 Hematology System (Bayer HealthCare, 

Leverkusen, Germany). Differential analysis was performed by H&E stain of cytospins and 
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counting approximately 200 cells per slide. Mouse amylin, GLP-1, ghrelin, IL-6, TNF, PP, PYY, 

leptin, MCP-1, adiponectin, and SAA3 were analyzed from BAL fluid by custom Luminex-

based multiplex assays (EMD Millipore) according to manufacturer instructions. 

Analysis of cytokines in lung tissues. Following the collection of BAL fluid, lungs were 

dissected, ground to a fine powder using a liquid nitrogen-chilled mortar and pestle, and an 

aliquot was subsequently resuspended and vortexed in 400 µL of saline. The suspensions 

were transferred into separate QiaShredder spin columns (Qiagen, Valencia, CA) and 

centrifuged at 13,000 x g at 4ºC for 10 minutes. Flow-throughs were then transferred to clean 

microcentrifuge tubes, while avoiding the pellet on the bottom, and were stored at -80ºC until 

analysis. Following thawing on ice, total protein concentrations were assessed using a 

Bradford assay (Bio-Rad, Hercules, CA), and relative cytokine concentrations were 

enumerated using ELISAs for mouse IL-5, IL-6, IL-13, IL-17A, and IFNγ (R&D Systems, 

Minneapolis, MN), as well as TNF (BD Biosciences, San Jose, CA), according to 

manufacturer’s instructions. 

In vitro antigen restimulation and cytokine quantitation. Following collection of lungs, spleens 

were harvested, mechanically disrupted, and splenocytes were isolated using Lymphocyte 

Separation Media (MP Biomedicals, Solon, OH), as previously described (9). Cells were 

counted with an Advia 120 Hematology System and 4x106 cells/ml were cultured in RPMI-

1640 supplemented with 5% FBS (Cell Generation, Fort Collins, CO), 2500 µg/ml glucose, 2 

mM L-glutamine, 10 µg/ml folic acid, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, 

100U/ml penicillin, and 100 µg/ml streptomycin and treated with 15 µg/ml HDM extract (Greer). 

Supernatants were collected after 96 hours of incubation at 37°C in 5% CO2. Analysis of 
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cytokine content from cell supernatants was performed using ELISA kits for IL-5, IL-13, IL-17A, 

and IFNγ (R&D Systems, Minneapolis, MN). 

Quantitative RT-PCR. Total RNA was extracted from an aliquot of the snap-frozen and 

pulverized lung lobes using the PrepEase RNA Isolation kit (USB Corp., Cleveland, OH) and 

reverse transcribed to cDNA using the iScript kit (Bio-Rad, Hercules, CA). Primers were 

designed for mouse Muc5ac (5’-CCATGCAGAGTCCTCAGAACAA-3’ and 5’-

TTACTGGAAAGGCCCAAGCA-3’), Gob5 (Clca1) (5'-AAGCAAACCACTCCCATGAC-3; and 

5'-TGCGAAAGCATCAACAAGAC), Acta2 (5'-TGTGCTGGACTCTGGAGATG-3' and 5'-

GAAGGAATAGCCACGCTCAG-3'), Il6 (5'-CCGGAGAGGAGACTTCACAG-3' and 5'-

GAGCATTGGAAATTGGGGTA-3'), Myh11 (5'-CTCTGGCCTCTTCTGTGTGG-3' and 5'-

TCTTTCTTGCCCTTGTGGGA-3'), CCL2 (MCP-1) (5’-GAGCTACAAGAGGATCACCAGCA-3’ 

and 5’-GTTCTGATCTCATTTGGTTCCGATCC-3’), Ntrk2 (5’-CGTTGACCCGGAGAACATC-3’ 

and 5’-AAACTTTAAGCCGGAATCCAC-3’), Cdf (5’-GGAGTGACGGATGACGACTC-3’ and 5’-

CATGGTACGTGCGCAGATTG-3’), Saa3 (5’-CAGGATGAAGCCTTCCATTG-3’ and 5’-

CATGACTGGGAACAACAGGA-3’), and Tnfrs1b (5’-TGCCAGCTCCAGGATTTCAG-3’ and 5’-

CTCAGCCCTCACTTGACCTG-3’) using NCBI Primer-BLAST and synthesized by Integrated 

DNA Technologies (Coralville, IA). Quantitative RT-PCR was performed using SYBR Green 

Supermix (Bio-Rad) and normalized separately to Gapdh (5’-ACGACCCCTTCATTGACCTC-3’ 

and 5’-TTCACACCCATCACAAACAT-3’) and Actb (5’-TCCTTCGTTGCCGGTCCACA-3’ and 

5’-CGTCTCCGGAGTCCATCACA-3’) using the ∆∆CT method, as previously described (32). 

The choice of housekeeping gene used for normalization had no influence on the overall 

results. 
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Measurement of fecal bacterial diversity. From fecal pellets collected on the day of the final 

HDM challenge from mice exposed to the allergic asthma model, bacterial DNA was extracted 

(Qiagen) and subjected to quantitative PCR analysis of the 16S ribosomal RNA (rRNA) 

present in all eubacteria as well as the 16S rRNA present specifically in the flora of the mouse 

gastrointestinal tract, including the phyla Bacteroidetes (Bacteroides, mouse intestinal 

Bacteroides), Fermicutes (Clostridium perfiringens, Eubacterium rectale/Clostridium coccoides, 

and Lactobacillus/Lactococcus), and Proteobacteria (Enterobacteriaceae, Salmonella, and 

Helicobacter pylori) using primers described previously (10). Standards were generated from 

the pooled products of mixed mouse fecal samples following 20 rounds of PCR, which were 

subsequently used to establish standard curves for each of the primer reactions over a range 

of 4-fold dilutions between 1:100 and 1:400,000. Cycle threshold (Ct) values for each PCR 

reaction were applied to the respective standard curve, run on each plate on a Bio-Rad CFX96 

or Chromo4 96-well quantitative real-time PCR detection system. PCR product abundance 

was log-transformed and the average abundance in the low-fat diet group was used to 

normalize relative abundance from each animal, values that were then used to calculate the 

mean ± SEM for each bacterial 16S rRNA in each mouse group. The average relative 

abundance of specific 16S rRNAs of each plyla in each mouse were used to calculate the 

overall Bacteroidetes, Fermicutes, and Proteobacteria abundance, from which the 

Fermicutes:Bacteroidetes ratios were calculated. 

Statistical analyses. Data were analyzed by two-tailed unpaired t test, one-way ANOVA or two-

way ANOVA and Tukey post hoc test using GraphPad Prism 6 for Windows (GraphPad 

Software, Inc, La Jolla, CA). Data are presented as mean ± SEM. A p value <0.05 was 
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considered statistically significant. Unless otherwise indicated in the figure legends, * = p≤0.05; 

** = p≤0.01; *** = p≤0.001; **** = p≤0.0001. 
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