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Table of contents 

Chapter 1 General Introduction 9  

Chapter 2 Aims and Thesis Outline 29 

Chapter 3 Obesity is Associated with Neutrophil Dysfunction and Attenuation 33 

 of Murine Acute Lung Injury 

 American Journal of Cell and Molecular Biology. 2012; 47(1): p. 120-127 

Chapter 4 A comparative study of pulmonary host defense in murine obesity 63 

 models: important insights into neutrophil function 

 Submitted 

Chapter 5 Paradoxical Modulation of the Pulmonary Innate Immune Response in 87 

 Murine Obese ARDS 

 In preparation 

Chapter 6 Leptin as Regulator of Pulmonary Immune Responses: Involvement in  105 

 Respiratory Diseases 

 Pulmonary Pharmacology & Therapeutics. 2013; 26(4): p. 464-72 

Chapter 7 The Role of Leptin in the Development of Pulmonary Neutrophilia 129 

 in Infection and Acute Lung injury 

 Critical Care Medicine. 2014; 42(2):e143-51 

Chapter 8 Hyperleptinemia Impairs Pulmonary Host Defense 159 

 In Revision 

Chapter 9 General Discussion and Future Perspectives 185 

   

 Summary 201 

 Samenvatting 207 

 Valorisation 213 

 List of abbreviations 221 

 Acknowledgements/Dankwoord 225 

 List of Publications 233 

 Curriculum Vitae 237 



 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

 

 

 

 

 

CHAPTER 1 

 

General Introduction 

 

 

 

 

 

 

 

 



Chapter 1 

 

10 

Obesity 

Obesity is a rapidly expanding epidemic globally, with a markedly increased prevalence 

of overweight and obesity for adults (27.5%) and for children (47.1%) in the past 30 years 

(1). Recent reports from the World Health Organization (WHO) indicate that in 2014 

more than 1.9 billion adults (18 years and older) were overweight, and of this 

overweight population, over 600 million people were obese. About 13% of the world’s 

adult population was obese in 2014 (11% men and 15% women). Furthermore, another 

39% of the adult population was overweight (38% men and 40% women)(2). Body Mass 

Index (BMI) (3) is a population measure (kg/m
2
) that is commonly used to classify 

underweight, overweight, and obesity in adults (Table 1.1), and although the most 

recent classification index includes BMI over 40, the incidence of subjects with a BMI as 

high as 60 and over is growing. The increased prevalence of overweight and obesity has 

been accompanied by a substantial increase of direct medical costs of obesity. Obesity 

alone accounted for between 0.7% (4) and 2.8% (5) of total health care expenditures 

worldwide and when costs associated with being overweight were also included, this 

increased to 9.1% (6) of total health care expenditures worldwide (7).  

Table 1.1 BMI classification. 

 

 

 

 

 

 

Obesity and Comorbidities 

Obesity contributes to a number of comorbidities that can occur in many organ systems, 

including the endocrine system, cardiovascular system, and respiratory system, among 

others. Overweight and obesity lead to adverse metabolic effects on blood pressure, 

cholesterol, triglycerides, adipokines and insulin resistance.  Obesity is a risk factor for 

cardiovascular diseases (CVD), which includes: coronary heart disease (CHD), myocardial 

infarction, angina pectoris, congestive heart failure, stroke, hypertension and atrial 

fibrillation (8, 9). In the Framingham Heart Study the effect of obesity on the risk of CVD, 

diabetes, hypertension and hypercholesterolemia was evaluated. The age-adjusted risk 

for both CVD and hypertension was increased in obese subjects, with a slightly higher 

risk reported in women compared to men (10). Hypertension is considered a risk factor 

for CVD and is also related to obesity. Analysis of the Women’s Health Study found a 

significant association between obesity, development of hypertension and diabetes in an 

Classification BMI (kg/m2) 

Underweight < 18.50 

Normal weight 18.50 – 24.99 

Overweight  25.00 – 29.99 

Obese Class I 30.00 – 34.99 

Obese Class II 35.00 – 39.99 

Obese Class III ≥ 40.00  
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on average 10 year follow-up study (11). In addition, the long-term risk for type 2 

diabetes is significantly elevated with increasing body weight (12). Despite the known 

risk of type 2 diabetes associated with obesity, weight loss has the potential to improve 

outcomes, but is also associated with improved diabetes control and a reduction in 

cardiovascular disease risk factors and medication use (13).  

Furthermore, it has been shown that obesity is associated with elevated cholesterol 

levels, which results in an elevation of total cholesterol and triglycerides and a reduction 

in high-density cholesterol (HDL). Abdominal obesity can cause an increased production 

of low-density cholesterol (LDL) particles that are smaller and denser than normal, 

putting an obese individual at greater risk of atherosclerosis (14). Endothelial cell 

dysfunction may be one of the consequences of obesity-associated low grade 

inflammation and dyslipidemia, and increases the formation and evolution of atheroma 

(15). Obesity is also a risk factor for liver disease, in particular nonalcoholic 

steatohepatitis (NASH) or “fatty liver” (16-18). NASH is associated with obesity, 

dyslipidemia, hypertension, and insulin resistance, which are all components of the 

metabolic syndrome that increase cardiovascular risk (19). NASH has a prevalence of 

approximately 70% in people with type 2 diabetes (19), and although evidence is limited, 

weight loss may be beneficial for reducing the risk of NASH in obese patients (20). The 

net impact of the increased burden of disease associated with obesity is increased 

mortality, which is well established in the obese population. An increase in years of life 

lost was found among obese versus non-obese subjects in an analysis of the NHANES 

database (21), and obese subjects experience a lower health-related quality of life 

compared with normal weight subjects (22).  

The chronic low-grade inflammatory response seen in obesity has been described as 

‘metainflammation’ (metabolically triggered inflammation). This is principally triggered 

by nutrients and metabolic surplus, and engages a similar set of molecules and signaling 

pathways to those involved in classical inflammation (23). However, obesity-induced 

inflammation is different from classical inflammation in several key aspects. Obesity is a 

chronic disease and produces a tonic low-grade activation of the innate immune system, 

and additionally, there are recurrent acute episodes of nutrition-related immune 

activation that is induced by nutrient availability (24-26), and as mentioned before, the 

multi-organ involvement of obesity-induced inflammation is also unique (27). An 

important feature of inflammation is infiltration of inflamed tissues by immune cells, 

such as neutrophils, macrophages and eosinophils. However, little is known about the 

effects of obesity on innate immune cell function and consequently their role in the 

pathogenesis of pulmonary diseases.  

Adipokine Dysregulation 

One of the characteristics of obesity is adipokine dysregulation, and this may promote 

obesity-linked metabolic disorders and cardiovascular disease. Adipose tissue is an 

endocrine organ and secretes a number of adipokines which play a central role in energy 
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and vascular homeostasis as well as in immunity. Some adipokines such as adiponectin 

and omentin are downregulated in obesity, while most adipokines are overproduced, 

including leptin, visfatin and apelin. Leptin and adiponectin are well characterized over 

the past years and are shown to have multiple implications in the immune response as 

well as in the pathogenesis of a variety of diseases. Leptin is a 16 kDa non-glycosylated 

polypeptide encoded by the ‘obese’ (ob) gene (28). Circulating leptin levels parallel 

adipose tissue mass but also reflect immediate changes in nutritional status as they 

decrease soon after the beginning of fasting (29). Obesity is typically associated with high 

circulating leptin levels and a leptin-resistant state (30). Leptin has been reported to 

participate in diverse physiological functions in both the central nervous system and the 

periphery, including appetite and body mass control, metabolism, endocrine function, 

immune response, wound healing, reproduction, cardiovascular pathophysiology, and 

respiratory tissue development, remodelling and function. Moreover, several metabolic 

effects of leptin include stimulation of fatty acid oxidation (31, 32) and glucose uptake 

(33, 34), in addition to preventing lipid accumulation in adipose as well as non-adipose 

tissue. An extensive review on leptin as a regulator of the pulmonary immune response 

can be found in Chapter 6. In contrast to leptin, circulating adiponectin is negatively 

correlated with BMI (35, 36) and is decreased in obese subjects, in patients with type 2 

diabetes or cardiovascular disease (37). Adiponectin is a 30kDa protein which is 

abundantly produced by adipose tissue and it circulates in blood in relatively large 

amounts in different molecular forms (38, 39). It plays an important role in energy 

metabolism such that total adiponectin and high molecular weight (HMW) adiponectin 

concentrations decrease in obesity and increase following weight loss (40-43). 

Furthermore, an inverse correlation was observed of total and HMW adiponectin with 

BMI, glucose-, insulin- and triglyceride levels, the degree of insulin resistance, and 

visceral fat accumulation (41). Altered expression of adiponectin and its receptors as 

seen in obesity and type 2 diabetes reduces adiponectin sensitivity and subsequently 

insulin resistance which aggravates hyperinsulinemia.  

 

Pulmonary Innate Immune Response and Obesity 

The most important function of the respiratory system is to diffuse O2 into the body and 

remove CO2 from the body. With each breath the lung is exposed to various noxious 

gasses, particulates, pathogens and allergens which may cause adverse reactions leading 

to inflammation and may consequently increase the risk for respiratory infections. The 

pulmonary innate immune response forms a first line of defense against invading 

pathogens by recognizing particles and inducing effector cell responses to fight and clear 

the exogenous trigger. Invading microorganisms are detected by myeloid and 

structural/resident cells of the respiratory system by binding to their pattern recognition 

receptors (PRR) to bacterial ligands (44). Neutrophils and macrophages are the main 

effector cells in bacterial pneumonia as well as acute respiratory distress syndrome 
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(ARDS), whereas epithelial and dendritic cells also play an important role in bridging the 

innate and adaptive immune response. As a reaction to invading pathogens, molecules 

on the microbe called pathogen-associated molecular patterns (PAMPs), will bind and 

activate Toll-like receptors (TLRs) and other PRRs (45). TLR4 recognizes 

lipopolysaccharide (LPS), which is a component of the outer membrane of Gram-

negative bacteria, and TLR2 recognizes peptidoglycan on Gram-positive bacteria. 

Following TLR (typically present on alveolar macrophages and type II epithelial cells) 

activation, intracellular signaling cascades are initiated through the adaptor proteins 

MyD88 and TRIF, and lead to the activation of transcription factors, thereby regulating 

the expression of pro-inflammatory mediators, including cytokines (IL-1, TNFα and IL-6), 

chemokines and adhesion molecules (44). This initial inflammatory phase includes the 

controlled, alveolar macrophage-driven recruitment of neutrophils to the lung. 

Activation of resident macrophages, that combat the offending invaders, also initiates 

the release of early components of the innate immune response. Movement of 

neutrophils from the bone marrow, through the circulation and infiltration of the lung 

will then be induced by these pro-inflammatory mediators (e.g. IL-6 and IL-8) via 

activation and recruitment of neutrophils to release more cytokines and chemokines 

(46), which further enhance the inflammatory response. Following the neutrophil 

response, monocytes are recruited to the site of infection/inflammation at which they 

differentiate into macrophages to participate in pathogen clearance and help in the 

resolution phase of the inflammatory response. Critical for the resolution phase of the 

inflammatory response is the process of ‘efferocytosis,’ or the change in macrophage 

phenotype from pro-inflammatory to anti-inflammatory (also described as ‘M1’ to ‘M2’ 

shift), that is driven by phagocytosis of the dying neutrophils (47). One of the ligands 

expressed by apoptotic cells, phosphatidylserine (PS) carries particular importance. PS is 

normally confined to the inner leaflet of the cell membrane, but is rapidly exposed on 

the cell surface during early apoptosis (48). Interestingly, neutrophils as well as other 

leukocytes may also expose PS on their cell surfaces when they become activated, 

though in this case the exposure is transient rather than permanent as seen in apoptosis. 

Nevertheless, it has become apparent that such transient exposure itself may be enough 

to trigger some recognition and removal before the cells actually die (47). Recent studies 

suggest that clearance of apoptotic neutrophils is driven by signaling species of an 

oxidized form of PS, lysophosphatidylserine (lyso-PS) (49). Lyso-PS is expressed on the 

surface of neutrophils upon activation of NADPH oxidase, and can enhance the 

engulfment of apoptotic neutrophils by macrophages via the G-protein-coupled receptor 

G2A (50). Lyso-PS is thus considered to be one of several “eat-me” signals that mark 

neutrophils entering apoptosis for rapid removal by alveolar macrophages.  

Monocytes and Macrophages 

Monocytes and macrophages are part of the mononuclear phagocyte system (MPS), 

which plays major roles in development, scavenging, inflammation and anti-pathogen 

defenses. Homeostatic control of monocyte/macrophage development is mostly 
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influenced by CSF-1 (better known as M-CSF) (51). Granulocyte-macrophage colony-

stimulating factor (GM-CSF) is another factor involved in the development of 

mononuclear phagocytes but only during the inflammatory state and not under 

homeostatic conditions (52, 53). Recruited monocytes are innate effectors of the host 

defense against microbes, and they kill pathogens via phagocytosis, production of 

reactive oxygen species (ROS), nitric oxide (NO), myeloperoxidase (MPO), and 

inflammatory cytokines (54). The original concept of the MPS suggested that classical 

monocytes are recruited in the tissue to become tissue-resident macrophages under 

homeostatic condition, and inflammatory activated macrophages during an infection 

(54). However, the theory that tissue macrophages only originate from circulating 

peripheral blood monocytes that migrate into tissues upon stimulation, needs to be 

reconsidered. Recent studies showed that tissue-resident macrophages in the lung can 

also develop from fetal monocytes that adopt a stable phenotype shortly after birth in 

response to instructive cytokines, and then self-maintain throughout life (55, 56). Key 

features of macrophages and their activation state are plasticity and flexibility. The 

macrophage phenotype can be modified from a pro-inflammatory state (M1 

macrophages) to a more anti-inflammatory state (M2 macrophages). M1 activating 

stimuli include IFNγ, LPS and TNFα, whereas anti-inflammatory (M2) stimuli include IL-4, 

IL-10, IL-13 and TGFβ (57).  

In obesity, excessive amounts of adipose tissue are present, and adipose tissue is seen as 

an important endocrine organ (58) producing adipokines, which not only serve as 

metabolic regulators, but also possess immunoregulatory properties. Macrophages are 

the most abundant leukocyte population in adipose tissue and appear to be at the center 

of obesity-related inflammation (59). Increased tissue inflammation through adipocyte 

release of cytokines (e.g. TNFα (60, 61)), chemokines (e.g. MCP1/CCL2 (55)), and pro-

inflammatory fatty acids (62) drives alterations in leukocyte number and phenotype, 

thereby expanding the inflammatory environment within adipose tissue beds. In obese 

subjects, adipose tissue macrophage numbers are markedly increased, and this 

population shifts toward the classical pro-inflammatory (M1) state, whereas adipose 

tissue macrophages in lean subjects are mostly M2 (63). M1 macrophages form crown-

like structures around necrotic adipocytes in the inflamed tissue and produce substantial 

amounts of pro-inflammatory cytokines, such as IL-6, TNFα, and MCP-1. The increased 

adipose tissue inflammation seen in obese subjects may consequently lead to the low-

grade systemic inflammatory state that is associated with obesity. The effects of obesity 

on adipose tissue macrophage function and phenotype are very well characterized, 

however, the downstream effects of the alterations that occur in this setting on, in 

particular, the alveolar compartment remains under-investigated.  

Neutrophils 

Neutrophils are continuously generated in the bone marrow from myeloid precursors 

and are the first leukocytes to be recruited to sites of inflammation (64-68). Neutrophil 
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recruitment is initiated by changes on the surface of the endothelium induced by 

inflammatory mediators (histamine, cysteinyl-leukotrienes and cytokines), which are 

released by tissue-resident leukocytes when they come into contact with pathogens (69-

71). Endothelial cells can also be activated by PRR-mediated detection of pathogens that 

increase the expression of adhesion molecules, such as E-selectin and P-selectin (69, 72). 

The selectins will bind to their glycosylated ligands (PSGL1), leading to the capturing of 

free-flowing neutrophils to the endothelial surface and subsequent rolling along to 

vessel. During the ‘rolling’ process, neutrophils become activated after contact with 

chemokines (CXCL8 (human IL-8), CXCL1 (murine KC), CXCL2 and CXCL5 (LIX)) on the 

endothelial surface. These chemokines signal through CXCR2 to activate neutrophils and 

promote their adhesion to the endothelium (73, 74). The adhesion step prepares 

neutrophils for transmigration. Neutrophils usually transmigrate at endothelial cell-cell 

junctions, to which they actively crawl. The tendency of the neutrophils is to crawl 

perpendicularly (shortest distance from neutrophil adherence point to endothelial 

junction). The active crawling depends on the interaction of endothelial cell-expressed 

ICAM1 with neutrophil expressed MAC1 (75). In order to leave the vasculature, 

neutrophils first cross the endothelium and then the basement membrane. This 

transmigration process requires integrins and CAM’s (ICAM1, ICAM2, and VCAM1), as 

well as junctional proteins (PECAM1, JAMs, ECAM). Once neutrophils are emigrated, they 

move away from the endothelium, suggesting that a new chemotactic gradient is 

required which overrides the first gradient. Thus, chemoattractants can be functionally 

divided into intermediate and end-target chemoattractants. Once neutrophils arrive at 

the site of inflammation and encounter microorganisms, they phagocytose them. After 

encapsulation in phagosomes, the neutrophils release several antimicrobial factors, such 

as ROS or antibacterial proteins (cathepsins, defensins, lactoferrin and lysozyme) (76-78) 

, in order to kill the pathogens. The antibacterial proteins are released from the 

neutrophil granules either into phagosomes or into the extracellular milieu, thus acting 

on either intra- or extracellular pathogens. Although neutrophils provide a first line of 

defense against pathogens and microbes, excessive recruitment and activation can lead 

to bystander tissue damage.  

A limited amount of studies have been performed investigating the effects of obesity on 

neutrophil development and function. Human peripheral blood derived neutrophils from 

obese subjects are suggested to be hyperresponsive in their superoxide response and 

appear to have increased chemotactic features (79). However, studies performed in 

mouse models of obesity, show that bone-marrow derived neutrophils from obese and 

hypercholesterolemic mice may have defects in their development and functional 

responses compared to lean controls (80, 81). Therefore, more research is needed to 

delineate the obesity-associated alterations in effector cell response (neutrophils and 

macrophages) that may consequently affect host defense. 

 



Chapter 1 

 

16 

Obesity and Respiratory Diseases 

Since the obesity epidemic is increasing worldwide, the number of obese subjects with 

respiratory complaints has been rising. It is believed that obese people with respiratory 

disease may have worse exacerbations of asthma and chronic obstructive pulmonary 

disease (COPD), but are also thought to be more prone to develop respiratory infections, 

as well as sleep apnea. Obesity is associated with chronic low-grade systemic 

inflammation that is thought to enhance systemic complications. These systemic 

complications may in turn lead to dysregulation of the immune response and 

consequently affect onset and progression of respiratory diseases.  

Obesity and Asthma 

Asthma is a prevalent and complex disorder that can occur in genetically predisposed 

individuals, through a series of gene-environment interactions (82). Acute and chronic 

inflammation of the bronchi and the conducting airways plays a central role in the 

pathogenesis of asthma, and lead to airflow obstruction and the respiratory symptoms 

of the disease, such as wheezing, coughing, chest tightness, and dyspnea. Inflammation 

is also important in the development of the airway hyperresponsiveness observed in 

asthmatics, as well as in the emergence of airway remodeling. Originally, a Th1/Th2 

imbalance was proposed to explain the Th2 mediated allergic airway inflammation in 

asthmatics. However, recent research has focused increasingly on the failure of 

endogenous tolerance mechanisms, including impaired function of regulatory T-cells 

(Tregs) (83) and airway epithelial cells (82).  

An increasing amount of studies have suggested that obesity may increase the 

prevalence and incidence of asthma, and modify the phenotype and prognosis of 

asthma. Obese asthmatics tend to have more severe and poorly controlled disease, 

which is in part due to the fact that they do not respond as well to standard therapy (84). 

In recent work two distinct phenotypes of asthma have been observed and described: 1) 

classic early onset asthma that is complicated by subsequent development of obesity, 

and 2) late onset asthma arising as a consequence of obesity. In the former phenotype, 

patients have a high prevalence of atopy and allergic disease and tend to be younger at 

diagnosis. Subjects suffering from asthma with the late onset phenotype have a lower 

prevalence of allergic disease and their late onset asthma arises as a consequence of 

obesity (85). There are several factors that may be involved in the existence of these 

different phenotypes and may complicate the assessment of underlying mechanisms. 

Obesity has well described effects on lung function and mechanics, and physiological 

studies suggest that obesity-associated altered lung mechanics leads to symptoms of 

dyspnea that occur in the absence of airway inflammatory changes commonly observed 

in asthma (86). Furthermore, alterations in inflammatory profiles and adipokine 

dysregulation seen in obesity may be a key-player in the diverse asthma phenotypes 

observed in the obese population. Several publications have reported an inverse 
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relationship between airway eosinophilia and BMI (87) or waist circumference (88). In 

addition, some studies suggest an increase in airway neutrophilia in obese asthmatics 

(89, 90); however, this effect may be gender-dependent. A recent study by Rastogi et al. 

identified systemic inflammation as a potential mechanism linking metabolic 

dysregulation and pulmonary function deficits in obese adolescent asthma suggesting 

that aspects of the metabolic syndrome may influence the lung innate and adaptive 

immune response and increase susceptibility to obesity-related asthma (91).  

Obesity and Chronic Obstructive Pulmonary Disease 

Chronic Obstructive Pulmonary Disease (COPD) is the third leading cause of mortality 

globally (92) and symptoms include shortness of breath, exercise limitation, cough and 

chest tightness. COPD is usually progressive and patients commonly suffer from disease 

exacerbations. Cigarette smoke is the primary cause of COPD; however, other risk factors 

have been identified including occupational exposure to noxious particles or gasses, air 

pollution as well as genetic predisposition (93). COPD is recognized as a complex and 

heterogeneous multi-component disease characterized by airflow obstruction (chronic 

bronchitis and emphysema) associated with both structural changes and low-grade 

systemic inflammation (94).  

The relationship between COPD and body composition has been extensively studied. 

Underweight and low BMI are risk factors for mortality in COPD patients, independent of 

disease severity (95, 96). Furthermore, at the other end of the spectrum, overweight and 

obesity are common in COPD (97), particularly in those with mild to moderate airflow 

obstruction. Obesity is recognized as a risk factor for respiratory symptoms (98) and 

functional limitation (99) in COPD patients. Differential effects have been observed 

regarding mortality and disease severity. While obesity may be associated with lower 

mortality in patients with severe airflow obstruction, an increase in mortality was 

observed in obese patients with mild to moderate COPD (96, 100). In a recent study 

Sood and colleagues examined current and former smokers at risk for or with mild to 

moderate COPD with a follow up period of ~6 years (101). Their results demonstrated 

that at baseline, high BMI in obese smokers (BMI >30 kg/m
2
) was associated with worse 

health status and lower FEV1, whereas in lean smokers (BMI<25 kg/m
2
) these 

associations were reversed (101).   

Obesity, Acute Respiratory Distress Syndrome and Respiratory Infections 

Recent studies have demonstrated that human obesity is associated with increased risk 

for developing bacterial and viral respiratory infections (102), as well as an elevated risk 

of developing Acute Respiratory Distress Syndrome (ARDS) (103). Interestingly, however, 

we and others have shown that, once ARDS has developed, obesity is also associated 

with rapid attenuation of the inflammatory response and improved outcomes in both 

patients (103, 104), and animal models (80). As a corollary to the impaired inflammatory 

response seen in obese ARDS models, it was demonstrated that pulmonary host defense 
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is diminished following both influenza (105, 106) and bacterial pneumonias (107, 108), 

with consequent lung injury and death. Recent clinical studies have demonstrated 

associations between obesity and risk for both bacterial and viral pneumonias, as well as, 

increased disease severity and mortality (109-111), whereas others have suggested a 

protective effect of increasing BMI on mortality in this setting (112, 113). Reasons for 

this inconsistency may include pathogen-specific defects in the immune response or 

differences in the metabolic state (lipid-, glucose-, and adipokine levels amongst others) 

of individual obese subjects. Differences between mouse models of obesity may also, in 

part, determine the effects on the pulmonary immune response and subsequently the 

susceptibility to and outcome of respiratory infections. However, there are a limited data 

available comparing different models of obesity and their metabolic state on the level of 

immune cell dysfunction and consequently the effects on host defense.  

 

Animal Models of Obesity 

Thorough investigation of complex diseases requires that the disease be studied in the 

context of the entire organism. The increase in overweight and obesity worldwide makes 

it imperative to develop animal models which share similarities with human obesity and 

its co-morbidities. Animal models of obesity can be placed into two different categories, 

with the first one being based on manipulations or mutations of one or several genes, 

and the second one in which genetically normal animals are exposed to an obesogenic 

environment, such as a high fat diet. A variety of different mouse models have been 

used for obesity-related studies on respiratory diseases. Although it has been suggested 

that human obesity is best mimicked in the diet-induced obesity mouse model of high fat 

diet (10% vs. 60% fat) (114-116), three hyperphagic mutant models are also commonly 

reported, including leptin ‘resistant’ db/db mice (leptin receptor (ObRb) deficient) (117), 

aleptinemic ob/ob mice (leptin (ob-gene) deficient) (118), and otherwise hyperphagic 

CPE
fat/fat

 mice (carboxypeptidase-E deficient) (119). Here, the outcomes of studies 

looking at obesity’s effects on various pulmonary diseases. 

Asthma 

Innate airway hyperresponsiveness was observed in obese ob/ob, db/db and CPE
fat/fat 

mice, as well as in DIO mice, but only when they gained over 45% of their initial body 

weight (120-123), and since this was observed in both mice that lack leptin, as well as 

mice with very high leptin levels, it was suggested to be unlikely that leptin was involved, 

even though leptin has the potential to augment airway responsiveness by itself (124). In 

addition, obesity has been shown to augment the pulmonary inflammatory response 

following acute ozone (O3) exposure, a common trigger for asthmatic episodes in 

different mouse models of obesity, including ob/ob (124), db/db (125) , CPE
fat/fat

 (121) 

and DIO mice (120).  



General Introduction 

 

19 

Chronic Obstructive Pulmonary Disease 

The characteristic features of human COPD can be modeled in mice by exogenous 

administration of proteases, chemicals, particulates and exposure to cigarette smoke 

(126-129). Cigarette smoke is the major cause of COPD, and is a profound stimulus of the 

innate immune response leading to inflammation that drives COPD pathogenesis. The 

“smoking-mouse model” has many of the characteristic features of human COPD, 

including chronic lung inflammation, impaired lung function, emphysema, mucus 

hypersecretion, small airway thickening and remodeling, vascular remodeling, lymphoid 

aggregates and pulmonary hypertension. However, chronic bronchitis as well as the 

severe states (GOLD 3-4) of COPD cannot be modeled in mice (128). Furthermore, only a 

limited amount of studies have examined the effects of obesity on COPD in animal 

models. Vernooy et al. showed that cigarette exposure of genetically obese ob/ob and 

db/db mice resulted in increased pulmonary neutrophilia and a decrease in the amount 

of CD4+, CD8+ and dendritic cells in the lung compared to smoke exposed controls, 

suggesting that obesity modulates the innate and adaptive immune response upon 

cigarette smoke exposure in mice (130). In addition, a recent study from Esquivel et al. 

suggests that chronic cigarette smoke exposure decreases the inflammatory response 

caused by sucrose-induced obesity in rats, however, obesity did not prevent 

development of emphysematous lesions (131).  

Acute Lung Injury 

Obese leptin receptor deficient mice are suggested to be protected against oxidant-

induced lung injury by exposure to hypoxia and also against the development of lung 

injury and fibrosis following intratracheal bleomycin instillation (132, 133). Acute lung 

injury is the leading cause of death in sepsis (134). A study by Khan et al., suggests that 

diet-induced obesity reduces myeloperoxidase levels (a measure of pulmonary 

inflammation)  in the lung in a sepsis model of cecal-ligation puncture (CLP), thereby 

protecting the mice from early sepsis-induced lung injury (135). Obesity is associated 

with alterations in several metabolic factors and adipokine dysregulation is one of them, 

resulting in increased serum leptin levels, whereas adiponectin levels are decreased. 

Adiponectin deficiency has been shown to increase lung injury and inflammation early 

after LPS exposure, likely through an exaggerated inflammatory response in the 

pulmonary vascular endothelium (136). These results were extended in a study using 

diet-induced obese mice, showing that alterations in pulmonary endothelial cells 

observed in obese mice were associated with enhanced susceptibility to LPS-induced 

lung injury. Restoration of serum adiponectin levels in these mice reversed the effects of 

obesity on the lung endothelium and the increased susceptibility to acute injury, 

suggesting that the impaired pulmonary vascular homeostasis and enhanced 

susceptibility to injury seen in obese mice may, at least in part, be due to adipokine 

dysregulation (137). In this thesis the effects of the adipokine leptin on pulmonary 

immune function in obesity will be discussed.  
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Respiratory Infection 

Until now, bacterial infections have only been examined in mouse models of genetically-

induced obesity, and results have been inconsistent. Obese ob/ob mice show impaired 

survival following infection with Klebsiella pneumoniae, Streptococcus pneumoniae, and 

Mycobacterium abscessus (107, 138, 139). The reduced bacterial clearance witnessed in 

these leptin-deficient ob/ob mice does not appear to be due to impaired recruitment of 

inflammatory cells, but rather from defective phagocytosis of bacteria by macrophages 

and neutrophils (107, 138, 140). Moreover, macrophages from leptin-deficient mice 

show diminished leukotriene synthesis in vitro, and leukotrienes have been shown to 

enhance macrophage phagocytosis. Both the phagocytic response of macrophages and 

neutrophils and the synthesis of leukotrienes can be restored by exogenous 

administration of leptin in these leptin-deficient mice (107, 138, 140). Recently, it was 

shown that the pulmonary host defense in obese hyperphagic CPE
fat/fat

 mice (with 

modest metabolic abnormalities) following Streptococcus pneumoniae infection 

appeared to be functional (141).  

When looking at viral infections in obese mouse models, it was shown that DIO mice 

have a higher mortality rate following infection with influenza compared to their lean 

controls (142, 143). Furthermore, it has been shown that diet-induced obesity results in 

selective impairment of dendritic cell (DC) functions and that obesity leads to delayed 

recruitment of mononuclear cells to the lung during influenza infection. In addition, 

while migration of antigen-loaded DCs to the lymph node appears to be normal in obese 

mice, the ability of DCs to present antigens to CD8
+
 T-cells is impaired, and this may be 

caused by a lack of co-stimulation by DCs (144). In a study by Karlsson et al., it was 

shown that increased morbidity and mortality during a secondary influenza infection is 

due to impairment in the ability to generate and maintain functional influenza specific 

memory T-cells (145). Furthermore, increased mortality after H1N1 infection in DIO and 

ob/ob mice was also associated with increased lung pathology, impaired wound repair 

and subsequent pulmonary edema (146). It has also been shown that diet-induced 

obesity impairs antibody responses following influenza vaccination (147). In addition, a 

recent study by Radigan et al., showed that global leptin receptor deficiency (db/db 

model) impairs viral clearance and reduced survival during influenza A pneumonia, 

similar to studies in DIO mice. However, loss of leptin receptor specifically in alveolar 

macrophages and lung epithelial cells did not explain these findings, suggesting that 

other cells (T-cells and NK-cells) within or outside the lung may be responsible for this 

observation (148). Moreover, the effects of obesity-associated metabolic factors on the 

immune response may also play an important role in this impaired response to viral 

pneumonia, and further studies dissecting the effects of various metabolic factors, such 

as high lipid levels and adipokine dysregulation, on the immune response need to be 

tested outside of the obesogenic environment.  
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Aims and Thesis Outline  

Host defense against invading pathogens requires functional interplay between 

neutrophils, monocytes and macrophages, epithelial cells, and inflammatory cytokine 

signaling which are hallmarks of an intact innate immune response. Obesity is associated 

with dysregulation of the innate immune response, which is characterized by mildly 

increased levels of circulating pro-inflammatory cytokine levels and evidence of 

leukocyte and vascular activation. Previous studies have shown that obesity is associated 

with an increased risk of developing the Acute Respiratory Distress Syndrome (ARDS), 

while other studies have revealed obesity-associated defects in the innate immune 

response of subjects with ARDS, accompanied by improved outcomes from this disease. 

Furthermore, Recent meta-analyses suggest that obese individuals are at greater risk for 

and mortality from respiratory infections. However, the manner in which obesity-

associated immune dysregulation may paradoxically contribute to increased 

susceptibility to ARDS and respiratory infections, yet improved outcomes from ARDS, as 

well as the involvement of host factors associated with an obese environment, remain 

unclear.  

The overall aim of this thesis was to explore the mechanisms underlying the altered 

pulmonary innate immune response and host defense in obesity. It was demonstrated 

that obese subjects with ARDS have lower levels of several pro-inflammatory cytokines, 

suggesting that the inflammatory response may be altered in patients with ARDS and a 

high BMI. To further study the effects of obesity on the pulmonary innate immune 

response and subsequently the behavior of neutrophils in pulmonary host defense, we 

describe the effects of murine obesity on the pulmonary immune response following 

LPS-induced lung injury in Chapter 3. Two different models of murine obesity (diet-

induced obese mice and obese mutant mice) were used to examine the pulmonary 

response to LPS-exposure. In addition, the effects of obesity on neutrophil function were 

preliminarily explored.    

In Chapter 3 we found an attenuation of the inflammatory response in obese mice 

compared to their lean controls. However, differences were observed between the two 

models of obesity used. Therefore, we set out to examine the effects of obesity on 

bacterial infection and injury to the lung in the four most commonly used mouse models 

of obesity in Chapter 4. In addition, we further dissected the obesity-associated defects 

of neutrophil function.  

Given that obesity is associated with an increased risk for the development of ARDS, yet 

is also associated with rapid attenuation of the inflammatory response and improved 

outcomes in both patients and animal models (Chapter 3), we decided to examine 

possible mechanisms controlling this paradoxical ‘shift’ in the inflammatory environment 

of the lung following injury. Little was known about obesity’s effect on lung macrophages 

in either baseline or acutely inflamed conditions. Given the paradoxical findings 

witnessed in obese ARDS, one might predict that alveolar macrophage function and 



Aims and Thesis Outline 

 

31 

phenotype are abnormally ‘skewed’ by obesity in opposite directions between the 

baseline (uninjured) state and that of established ARDS. Chapter 5 describes the alveolar 

macrophage response in uninjured obese mice, and how the observed pro-inflammatory 

phenotype of these cells may be modulated in the course of established ARDS.  

Obesity is associated with adipokine dysregulation and consequently a leptin-resistant 

state. Studies performed on the role and function of the adipokine leptin in a variety of 

diseases emphasize the importance of leptin as a key adipokine with several 

physiological processes, but also its potential implications in the pathogenesis of disease. 

Yet, many pieces of the pathogenic puzzle linking leptin to pathophysiology and clinical 

disease are missing. In Chapter 6, the involvement of leptin in the regulation of the 

pulmonary immune response in lung disease is reviewed. 

One of the hallmarks of severe pneumonia and associated acute lung injury is neutrophil 

recruitment to the lung. Leptin is thought to be up-regulated in the lung following injury 

and to exert diverse effects on leukocytes. Therefore, Chapter 7 was aimed at 

determining whether leptin might participate directly to the development of pulmonary 

neutrophilia during pneumonia and ARDS.  

Leptin is found in extremely high levels in obesity. Interestingly, several conditions that 

have inconsistently been associated with pneumonia risk, including pregnancy, diabetes, 

and chronic renal failure, are also associated with hyperleptinemia. In Chapter 8 we 

investigated whether obesity-associated hyperleptinemia, and not body mass per se, 

could be linked to the impaired response to pulmonary pathogens and increased 

susceptibility to infections. 

In Chapter 9 the results of this thesis are discussed in a broader perspective and an 

outline of future directions is presented.  
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Abstract 

Rationale: Although obesity is implicated in numerous health complications leading to 

increased mortality, the relationship between obesity and outcomes for critically ill 

patients appears paradoxical. Recent studies have reported better outcomes and lower 

levels of inflammatory cytokines in obese patients with ALI/ARDS, suggesting that 

obesity may ameliorate the effects of this disease by yet unknown mechanisms.  

Methods: We investigated the effects of obesity in both leptin-resistant db/db obese 

and iet-induced obese mice using an inhaled lipopolysaccharide model of acute lung 

injury. Obesity-associated effects on neutrophil chemoattractant response were 

examined in bone marrow neutrophils using chemotaxis and adoptive transfer; 

neutrophil surface levels of chemokine receptor CXCR2 were determined by flow 

cytometry.  

Results: Airspace neutrophilia, capillary leak, and plasma IL-6 were all decreased in 

obese relative to lean mice in established lung injury (24h). No difference in airspace 

inflammatory cytokine levels was found between obese and lean mice in both obesity 

models during the early phase of neutrophil recruitment (2h-6h); yet early airspace 

neutrophilia was reduced in db/db obese mice. Neutrophils from uninjured obese mice 

demonstrated diminished chemotaxis to the chemokine KC compared to lean controls, 

and adoptive transfer of obese mouse neutrophils into injured lean mice revealed a 

defect in airspace migration of these cells. Possibly contributing to this defect, neutrophil 

CXCR2 expression was significantly lower in obese db/db mice, while a similar but non-

significant decrease was seen in diet-induced obese mice.  

Conclusions: Acute lung injury is attenuated in obese mice, and this blunted response is 

in part attributable to an obesity-associated abnormal neutrophil chemoattractant 

response. 
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Introduction 

Acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) are 

characterized by persistent, uncontrolled pulmonary inflammation that occurs in 

response to a wide range of insults, including pneumonia, sepsis and trauma (1, 2). 

Alveolar recruitment of neutrophils is thought to be a central factor in the onset and 

progression of this syndrome (3, 4), and increases in airspace neutrophilia and plasma 

neutrophilic cytokine levels, including TNFα, IL-1β, IL-6 and IL-8, are associated with 

increased morbidity and mortality from this disease (3, 5, 6). It is increasingly recognized 

that ALI pathogenesis and outcome are strongly influenced by host factors, including 

genetic polymorphisms and comorbid conditions (1, 2). Preliminary clinical evidence 

suggests that obesity may have an ameliorative effect on ALI outcome (7). Although 

ambiguity exists in smaller studies (8, 9), recent large cohort studies from our group and 

others, as well as several meta-analyses, have shown a reduction in mortality with rising 

body mass index in ALI and critical illness in general (7, 10-16). Such an association, 

though tentative, is surprising because obesity is believed to be an inflammatory state 

with mild baseline elevations in blood TNFα, IL-1β, IL-6, and IL-8 (17) as well as increased 

blood neutrophil levels (18). Nevertheless, we have recently reported that in the context 

of established human ALI, plasma IL-6 and IL-8 fall with rising body mass index (19), 

suggesting that obesity may have an attenuating effect on inflammation in this disease.  

Although animal studies examining the effects of obesity on ALI are scarce, recent 

reports demonstrate that spontaneously obese leptin-resistant (db/db) and leptin-

deficient (ob/ob) mice (the most commonly used mouse models of obesity) have 

reduced lung injury and mortality from hyperoxic and ozone-induced lung injury (20-22). 

Only one report (22) has examined the effects of diet-induced obesity. Although these 

studies have implicated alterations in IL-6 (22, 23), and leptin (20, 21) signaling, 

mechanistic links between the obese state and the attenuation of ALI remain unclear. 

Most animal studies examining obesity-associated effects on pulmonary immunity have 

focused on models of asthma and pneumonia, and although airway inflammation 

appears to be amplified by obesity, the response to pneumonia is blunted (24, 25), 

suggesting that the inflammatory response in the alveoli (the site of ALI) is impaired. 

Although work in obese pneumonia models has highlighted alterations in macrophage 

function (26), little is known about obesity-associated effects on ALI pathogenesis, and 

even less is known of obesity’s effects on the hallmark effector cell of ALI, the neutrophil. 

In this study we demonstrate that obesity attenuates inflammatory response in an 

inhaled lipopolysaccharide (LPS) model of murine ALI, leading to a reduction in both 

pulmonary neutrophilia and injury. Furthermore, we show that obesity is associated with 

defects in neutrophil chemoattractant response common to both genetic and diet-

induced models of obesity, indicating that disruption of neutrophil diapedesis into the 

lung contributes to the attenuated inflammatory response found in obese mice. 
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Materials and Methods 

Mice  

For the diet-induced obesity model, male C57BL/6 mice (Jackson Labs, Bar Harbor, ME) 

were fed high vs. normal fat chow (60% vs. 10% fat; Research Diets, New Brunswick, NJ) 

for 20wks. In a genetic model of obesity, male and female homozygous B6 db/db mice 

(leptin-resistant mice on a C57Bl/6 background that are spontaneously obese due to 

hyperphagia; Jackson Labs) and their lean heterozygous littermates were examined at 6-

8wks of age. Experiments were performed in accordance with the Animal Welfare Act 

and the USPHS Policy on Humane Care and Use of Laboratory Animals after review by 

the Animal Care and Use Committee of the University of Vermont.  

Lipopolysaccharide-induced Lung Injury  

Mice were exposed to aerosolized E.coli 0111:B4 lipopolysaccharide (LPS; Sigma, St. 

Louis, MO). The animals were euthanized 2, 6, or 24h later and blood and 

bronchoalveolar lavage (BAL), and whole lungs were analyzed. Additional detail is 

provided in the online supplement.  

Determination of Cytokine, Total Protein, and Cholesterol Levels  

IL-6, KC, TNF-α, MIP-2, and MCP-1 levels in mouse plasma and BAL supernatants were 

assessed by Bio-Plex suspension-array system (Bio-Rad, Hercules, CA). BAL protein levels 

were measured by Bradford assay (Bio-Rad). Uninjured-mouse plasma LDL cholesterol 

levels were assayed by FPLC. Additional detail is provided in the online supplement.  

Preparation of Morphologically-Mature Murine Bone Marrow 
Neutrophils 

Femurs/tibias of euthanized obese or lean mice were dissected, marrow flushed with 

HBSS, and layered on a 3-step Percoll (GE Healthcare, Piscataway, NJ) gradient (72%, 

64%, and 52%) which was centrifuged at 1060g for 30min, as previously described (27, 

28). Samples of the 72:64% interface revealed >95% morphologically mature-appearing 

neutrophils.  

Neutrophil Chemotaxis  

Chemotaxis of marrow neutrophils was measured in response to KC (R&D Systems, 

Minneapolis, MN) using a 48-well modified Boyden Chamber with 5μm pore 

polycarbonate membranes (NeuroProbe Inc., Gaithersburg, MD), as previously described 

(29).  
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Neutrophil adoptive transfer 

Adoptive transfer of obese vs. lean mouse neutrophils was performed as we have 

previously described (27, 28). Briefly, 5x106 isolated bone marrow neutrophils/mouse 

were injected into lean mice by tail vein, after which recipient mice were exposed to 

inhaled LPS and examined at 24h, as described above.  

Calcium Flux Assays  

Calcium flux in marrow neutrophils was measured in response to 25ng/mL KC using Indo-

1/AM (Molecular Probes, Carlsbad, CA), as described (28).  

Determination of Neutrophil Surface CXCR2 Expression 

CXCR2 surface expression on marrow neutrophils was measured using an LSR II flow 

cytometer (BD, San Jose, CA) after dual-staining the cells with anti-Gr-1-Pacific Blue 

monoclonal antibody, and either Alexa-Fluor 647 anti-mouse CD182 (CXCR2; Biolegend, 

San Diego, CA) or isotype-control monoclonal antibodies, and the resulting data analyzed 

by FloJo software (TreeStar, Ashland, OR), as described (28).  

Statistical Analysis  

Correlations between weight and BAL neutrophil levels, as well as covariates that might 

affect BAL neutrophil levels, including age, and weight, were analyzed by linear 

regression using STATA 10.0 (College Station, TX). All other data were analyzed with the 

Student’s or Welch’s t-test, using Prism 5 software (GraphPad, La Jolla, CA). Results are 

reported with SEM in the case of t-test analysis, and with 95% confidence intervals for 

linear regressions.  
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Results 

Obesity attenuates pulmonary neutrophilia and capillary leak yet 
increases blood neutrophilia in established acute lung injury  

To investigate possible mechanisms for obesity-induced attenuation of ALI, we examined 

LPS injury in both db/db (leptin-resistant mice spontaneously obese due to hyperphagia) 

and diet-induced (fed high fat chow for 20 weeks) obese mice. Twenty-four hours after 

LPS exposure, this injury model reproduces many of the features of established human 

ALI, including the often extreme blood and pulmonary neutrophilia implicated in the 

pathogenesis of the disease, as well as the formation of proteinaceous alveolar edema, 

the sine qua non of ALI (1). Mice from both obesity models examined in these studies 

were found to weigh significantly more than their lean controls at the time of LPS 

exposure: lean heterozygous db mice weighed 22.2+/-0.9g, db/db weighed 41.8+/-1.7g, 

p<0.0001; 10% fat diet mice weighed 32.1+/-0.9g, 60% fat diet 47.5+/-0.8g, p<0.0001. 

Twenty-four hours after LPS exposure, airspace neutrophilia was diminished in both 

db/db and diet-induced obese (DIO) mice compared to their lean controls (Figure 

1A/1D). In addition, bronchoalveolar lavage (BAL) fluid total protein content (a marker of 

alveolar injury and capillary leak) was decreased in both db/db and diet-induced obese 

mice relative to lean mice after injury (Figure 1B/1E). Histological examination of lungs 

from injured animals (online data supplement Figure E1) demonstrated less injury in 

obese mice, with decreased airspace neutrophilia and serum protein leak seen in the 

obese db/db and, to a slightly lesser degree, in the obese DIO compared to lean mice. 

Total lung tissue neutrophil content as gauged by whole-lung myeloperoxidase activity 

was decreased in the injured obese mice compared to leans in the db/db model of 

obesity, but was similar between lean and obese mice in the DIO model (Figure E2). 

Similar to our findings in human ALI (19), higher levels of blood neutrophilia were 

present in db/db and diet-induced obese mice (Figure 1C/1F) relative to lean mice 

following injury. Obese and lean mice exposed to nebulized saline solution showed no 

evidence of inflammation or injury (data not shown).  

These findings suggest that the obese state in mice attenuates two cardinal features of 

ALI that have been shown to predict poor outcomes from this disease in humans (1). In 

further confirmation of the effect of weight on lung injury, we noted an inverse 

correlation between pre-injury mouse weights and subsequent levels of airspace 

neutrophilia following injury in both obesity models (Figure 2A and B). Univariate 

regression analysis of the combined obese and lean mice from both mouse models 

(db/db and diet-induced) showed a highly significant relationship between BAL 

neutrophil levels and weight: p =0.001, adjusted r2 = 0.25 (Figure 2C). There was no 

relationship between age or obesity model (db/db versus diet-induced obesity) and BAL 

neutrophil levels (p = 0.75 and 0.77, respectively).  
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Figure 1 Obesity attenuates airspace neutrophilia and lung injury in db/db and diet-induced obese mice. 

Acute lung injury was induced by the inhalation of LPS in genetically obese (db/db) versus lean (heterozygous 

littermate control) mice (A - C), and diet-induced obese (60% fat diet) versus lean (10% fat diet) mice (D - F). 

Mice were exposed to nebulized Escherichia coli LPS (3 mg/ml; 15 min) 24 hours before determining 

bronchoalveolar lavage (BAL) (A, D) and blood (C, F) neutrophil levels by cell counter. BAL protein content (B, E) 

was determined by Bradford assay. n=8 (diet-induced) or 12 (db/db) mice per condition. * P < 0.05; ** P < 0.01; 

*** P < 0.001. ns= not significant. 

Early pulmonary cytokine response to injury is normal to elevated in 
obese mice  

To determine whether the impaired pulmonary neutrophilia seen in established LPS-

induced injury was caused by attenuated pulmonary cytokine release or by a primary 

defect in neutrophil chemotaxis, we next examined BAL cytokine and neutrophil levels 

during the early phase of neutrophil recruitment (2h after LPS injury). At this early time 

point, BAL levels of inflammatory cytokines including the CXC chemokines KC and MIP-2, 

critical in pulmonary neutrophil recruitment, were normal to elevated in db/db and DIO 

obese mice compared to lean controls (Figure 3A/C). However, despite this normal 

cytokine response, neutrophil recruitment into the airspace of obese mice was still 

significantly blunted at this early time point in the db/db model (Figure 3B), while not 

significantly different in the DIO obese mice (Figure 3D). Examination of 6h time points 

showed similar findings (Figure E3). As neutrophil recruitment to the lung is governed 

primarily by blood neutrophil mobilization (which we found to be elevated in obese 

mice, Figure 1C/F), pulmonary chemokine production (Figure 3A, also normal), and 
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neutrophil chemotaxis, we next questioned whether the obese state confers an intrinsic 

migratory defect upon the neutrophil.  

 

 

Figure 2 Airspace neutrophilia is inversely 

related to mouse weight in LPS-injured lean and 

obese mice. BAL neutrophil levels 24 hours after 

nebulized LPS exposure in genetically obese 

(db/db) and lean (heterozygous littermate 

control) mice (A) and diet-induced obese (60% 

fat diet) versus lean (10% fat diet) mice (B) were 

graphed versus mouse weights measured 

immediately before injury. Db/db mice: r2 = 0.27, 

P = 0.0096 by linear regression; diet-induced 

mice: r2 = 0.32, P = 0.02. Combining lean and 

obese mice from db/db and diet-induced models 

(C), an inverse relationship between weight and 

airspace neutrophilia remained and was not 

affected by mouse age or obesity model (P = 

0.001, adjusted r2 = 0.25). Dashed lines indicate 

95% confidence intervals.  

 

 

 

 

Obesity attenuates neutrophil chemotaxis response and airspace entry  

To investigate whether intrinsic defects in neutrophil function might contribute to the 

attenuation of airspace neutrophil recruitment in obese mice, we examined 

chemoattractant response in neutrophils from lean and obese mice using modified 

Boyden chambers. Chemotaxis to the neutrophilic chemokine KC was found to be 

markedly attenuated in neutrophils from both db/db and diet-induced obese animals 

compared to lean controls (Figure 4). Examination of neutrophil chemotaxis response to 

a range of KC concentrations demonstrated that obese neutrophil response is subtly 

impaired at low KC concentrations and this defect increases with rising concentrations of 

this chemokine (Figure E4), suggesting a rightward shift of the KC response curve in 

obese mouse neutrophils. To determine whether the obesity-associated defects in 

neutrophil airspace migration we found in vivo were conferrable using neutrophil 
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adoptive transfer, we injected isolated marrow neutrophils from either obese or lean 

mice into recipient lean mice which were then exposed to inhaled LPS. At 24h, the 

resulting airspace neutrophilia was significantly lower in mice receiving obese compared 

to lean mouse neutrophils (Figure E5). Thus, obesity appears to be associated with 

previously undescribed intrinsic abnormalities in neutrophil function. 

Figure 3 Initial lung cytokine response to injury is normal in obese mice, but early neutrophilia is decreased. 

BAL cytokine (A, C) and neutrophil (B, D) levels 2 hours after nebulized LPS exposure in lean compared with 

genetically obese (db/db) and diet-induced obese mice were determined by Bio-Plex and cell counter, 

respectively. n=6 mice/condition. * P < 0.05. ns = not significant. 
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Figure 4 Obesity impairs neutrophil chemotaxis. 

Chemotaxis of density centrifugation-isolated 

mature bone marrow neutrophils from genetically 

obese (db/db) (A) and diet-induced obese (B) mice 

was compared with lean control mice using a 

modified Boyden chamber with KC (25 ng/ml). 

Membrane counts were expressed as percentage 

of lean control neutrophil migration to KC for each 

experiment. Four separate experiments were 

performed on db/db and diet-induced obese 

mouse isolated neutrophils and respective control 

mice. * P < 0.01.  

 

 

 

 

 

 

Figure 5 Obesity attenuates calcium flux in 

response to chemoattractants. Cellular calcium flux 

in response to the CXC cytokine KC (25 ng/ml) was 

determined in mature bone marrow neutrophils 

isolated from genetically obese (db/db) (A) and 

diet-induced obese (B) mice and compared with 

lean control mice using Indo-1AN cytosolic dye-

loading and flow cytometry. Three separate 

experiments were performed on db/db and diet-

induced obese mouse isolated neutrophils and 

respective control mice; representative runs are 

shown for each source. 
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Obesity is associated with blunted neutrophil signaling response to KC 
and decreased neutrophil surface display of the chemoattractant 
receptor CXCR2  

To explore the obesity-related defect in neutrophil chemotaxis, we first examined 

cellular calcium flux, an early response to ligation of receptors driving neutrophil 

chemotaxis. As shown in Figure 5, diminished calcium flux to KC was seen in neutrophils 

from obese db/db and diet-induced obese mice. To further dissect this defect, we next 

examined neutrophil surface levels of CXCR2, the receptor for KC and MIP-2, in db/db 

and diet-induced obese compared to lean animals. Surface expression of CXCR2 was 

found to be significantly decreased in neutrophils from obese db/db animals compared 

to lean littermates (Figure 6A). This effect was less pronounced and did not reach 

significance in the diet-induced obese mice (Figure 6B). Histographic representation of 

this data (Figure E6) demonstrates a broader range of surface CXCR2 staining intensity in 

neutrophils from obese mice as opposed to those from lean, which appear to express 

CXCR2 highly in a more uniform distribution. These histograms also illustrate differences 

between db/db and DIO neutrophil CXCR2 expression patterns, in that DIO neutrophils, 

although appearing to stain less intensely that lean controls, show a more narrow 

distribution in expression than do obese db/db.  

Obesity is associated with decreased BAL and plasma IL-6 levels in LPS-
induced acute lung injury  

Although obesity is generally believed to confer an inflammatory cytokine environment, 

we have previously shown that plasma levels of the key inflammatory cytokine, IL-6, are 

decreased in obese ALI patients (30). We therefore sought to determine whether obese 

mice might manifest a similar attenuation in the setting of established ALI. Interestingly, 

similar to ALI patients, plasma levels of IL-6 were reduced in db/db obese mice compared 

to lean controls 24 hours after LPS-induced lung injury (Figure 7A). The reduction in IL-6 

levels was less pronounced in diet-induced obese mice and did not reach significance 

(Figure 7B). Similar to findings at both 2 and 6h time points, 24h BAL levels of KC, TNF-α, 

and MIP-2 did not differ between lean and obese lung-injured mice (Figure E7). 

However, in contrast to early time points, BAL levels of both IL-6 and MCP-1 appeared to 

be blunted by 24h in obese mice.  
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Figure 6 Obesity is associated with decreased neutrophil surface expression of CXCR2. Cell surface expression 

levels on CXCR2 were determined on mature bone marrow neutrophils isolated from genetically obese (db/db) 

(A) and diet-induced obese (B) mice and compared with lean control mice using flow cytometry. Three 

separate experiments were performed on db/db and diet-induced obese mouse isolated neutrophils and 

respective control mice, and reported results are normalized to control for each experiment.  

 

 

 

 

 

 

 

 

Figure 7 Obesity attenuates plasma IL-6 response in db/db and diet-induced obese mice. Plasma IL-6 levels 24 

hours after inhaled LPS-induced lung injury were measured by Bio-Plex in genetically obese (db/db) (A) and 

diet-induced obese (B) mice compared with lean control mice. n=6 (diet-induced) or 12 (db/db) mice per 

condition. 
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Discussion 

In the present study we demonstrate an attenuating effect of obesity on LPS-induced 

lung injury and neutrophil trafficking in both genetically hyperphagic (db/db) and diet-

induced mouse models of obesity, and implicate obesity-related defects in neutrophil 

chemotaxis in this diminished response. This is consistent with our previously published 

findings on obesity’s dampening effects on the inflammatory response in human ALI.  

Previous work has suggested that obesity may have an attenuating effect on both 

hyperoxic and ozone-induced lung injury models, although in the case of ozone 

exposure, findings are mixed, and appear to vary with the acuity of exposure and 

possibly the timing of examination (22, 31, 32). These findings, in light of the early 

evidence that obesity may have a ‘protective’ effect in human ALI/ARDS (7, 33, 34), 

suggest that a clinically relevant alteration in the acute pulmonary inflammatory 

response may be associated with weight gain. Although limited work to date has 

explored this effect in animal models, both leptin-resistance (21) and alterations in IL-6 

signaling (22) have been implicated in the attenuation of acute lung inflammation, yet 

the possible role of obesity-associated neutrophil function defects has not previously 

been investigated.  

Examining an LPS-induced lung injury model, we find that both db/db and diet-induced 

obese animals show decreased airspace neutrophilia and attenuated capillary leak. 

Interestingly, elevated levels of circulating neutrophils are seen in the obese mice in our 

studies, similar to findings we have previously reported in obese patients with ARDS (30). 

This suggests that neutrophil mobilization in response to injury is not impeded in obesity, 

implicating a defect in the recruitment of blood-borne neutrophils to the airspace as the 

cause of attenuated injury and neutrophilia. Although such a finding could result from an 

abnormal pulmonary cytokine response, in our models the pro-inflammatory cytokine 

response appears to be normal. Furthermore, in the case of the db/db model of obesity, 

airspace neutrophilia is blunted even in this early phase of recruitment, suggesting that 

defects in neutrophil response may exist in obese animals leading to impaired neutrophil 

migration into the lung. This is further suggested by our adoptive transfer studies in 

which neutrophils from obese animals show significantly impaired airspace migration 

when infused into lung-injured, lean recipients. Thus, obesity appears to confer an 

intrinsically impaired neutrophil migratory response that is independent of any 

additional host defects that may accompany obesity.  

Neutrophil diapedesis into the lung is a complex process, requiring endovascular rolling, 

adhesion, and subsequent chemokine-directed tissue migration to the alveolar space 

(35). Although defects in neutrophil chemotaxis may arise from alteration in multiple 

cellular processes, we find that impaired response to the CXC chemokine KC is evident in 

obese neutrophils during the earliest signaling event that initiates chemotaxis, calcium 

flux. Associated with this impairment, we find evidence of significantly decreased surface 
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levels of the CXCR2 receptor on neutrophils from db/db obese animals, and to a lesser 

degree in DIO mice. The cause of this reduction in CXCR2 is unclear. Although obesity is 

known to be accompanied by chronic low level systemic inflammation which could lead 

to CXC cytokine-mediated reduction in neutrophil CXCR2 display, plasma inflammatory 

cytokine levels including both CXCR2 ligands, KC and MIP-2, are not significantly different 

between naïve obese and lean mice in either model of obesity (Figure E8). It also is 

important to note that, even in the case of db/db-derived neutrophils, unknown 

mechanisms other than reduced CXCR2 display must contribute to obese-associated 

neutrophil chemotaxis defects, given the disproportionate magnitude of this defect in 

relation to the observed reduction in surface CXCR2.  

The finding of an obesity-linked, primary defect in neutrophil function adds to the 

growing list of obesity-associated defects suggested to contribute to the attenuated 

pulmonary inflammatory response, including leptin resistance and abnormalities in IL-6 

signaling, and is notably similar to our previously-published findings examining lean 

mouse models of dyslipidemia (36), a condition known to accompany obesity. In our 

previous studies, lean mice with diet-induced hypercholesterolemia demonstrated a 

small but significant reduction in pulmonary neutrophilia 24h after exposure to 

nebulized LPS, which was associated with defects in neutrophil chemotaxis as well as 

decreased neutrophil surface levels of CXCR2 (36). Although the effects of 

hypercholesterolemia on neutrophil trafficking were less substantial than those we 

report here in obese mice, such findings suggest that hypercholesterolemia, present in 

both models of obesity in this report (online data supplement Figure E9), may in part 

contribute to the obesity-associated defects in neutrophil chemotaxis.  

It is worth noting that, although the current literature is inconclusive, there are 

suggestions that obesity may affect the recruitment of neutrophils to the lung differently 

from recruitment to other sites. For instance, peritoneal recruitment of neutrophils may 

in fact be augmented in obesity in sterile peritonitis (37). How this may be reconciled 

with our current finding of obesity-associated impairment of neutrophil chemotaxis is as 

yet unclear. Interestingly, we have previously described a similar paradox in 

hypercholesterolemic mice (36), in which we find isolated neutrophils to have similar 

defects in chemotaxis associated with increased recruitment to the inflamed peritoneum 

despite impaired recruitment to the lung using the same inflammatory agents (LPS, 

Klebsiella infection). The etiology of this difference is unclear but may involve 

augmented cytokine response in the peritoneum compared to the lung.  

Lastly, examination of inflammatory cytokine levels in our models demonstrates that 

although the initial pulmonary cytokine response in obese animals appears normal, a 

reduction in plasma IL-6 levels is seen in more established injury (24h). This finding is 

similar to our previous findings in human ALI patients, in which plasma IL-6 was found to 

be decreased in the obese. Interestingly, both MCP-1 and to a lesser degree IL-6 are 

reduced in the airspace of obese animals with lung injury at 24h (Figure E9). It is unclear 
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whether this occurrence reflects a downstream effect of attenuated neutrophil 

recruitment (as neutrophils are an important source of both IL-6 and MCP-1 release 

following lung injury (38)), or an evolving defect in either the monocyte/macrophage or 

pulmonary epithelial response during the course of lung injury. Yet, in the case of IL-6, 

this decrease in alveolar cytokine release appears to mirror the defect seen in systemic 

cytokine response.  

It should be noted that differences are evident between our two mouse models of 

obesity. We find that db/db and diet-induced obesity models show similar defects in 

neutrophil chemotaxis, and comparable attenuations in airspace neutrophilia and 

capillary leak in the setting of established lung injury (24h). However, these models 

manifest subtle differences in other aspects of the inflammatory response, possibly 

attributable to their disparate mechanisms and duration of obesity. Although db/db mice 

are primarily hyperphagic and rapidly develop obesity on normal chow within 4-6 weeks 

of birth, DIO mice develop obesity as a product of high fat chow over the course of 20 

weeks. Thus, full manifestations of the metabolic syndrome such as vascular activation 

and injury are likely to be greater at baseline in the DIO model compared to the db/db 

model. Such endothelial activation may account for the normal to increased early 

neutrophil recruitment seen in injured obese DIO compared to lean mice (Figure 3D) (as 

well as the relatively normal lung MPO content) that occurs in this model despite the 

demonstrated obesity-associated defects in neutrophil chemotaxis.  

Several other notable differences between obesity models exist. Mice with diet-induced 

obesity appear to have less pronounced alterations in neutrophil recruitment, calcium 

flux, and CXCR2 expression, compared to the db/db model of obesity, while it is also 

evident that lean mice in the diet-induced model have a blunted response to LPS injury 

compared to lean heterozygous db mice. Several factors may account for these findings. 

Lean mice in the diet-induced model are significantly heavier than lean mice in the db/db 

model (22.2+/-0.9g vs. 32.1+/-0.9g, p<0.0001), suggesting that differences in weight 

might affect BAL neutrophilia even in the ‘lean’ groups. Diet composition which differs 

substantially between models also has been shown to alter the inflammatory response 

(39), and may contribute to the differences seen between models. Although we do not 

find a significant correlation between airspace neutrophilia and mouse age in our lung 

injury model, age has been shown to impair neutrophil chemotaxis response in mice and 

humans, independent of weight, through unclear mechanisms (40-44) and this may 

augment the defect in DIO neutrophils independent of CXCR2 expression levels. Lastly, 

the development of spontaneous diabetes in the db/db mouse model is well known, and 

although our experiments were designed to limit the development of frank diabetes in 

the animals by using mice on a non-diabetogenic background (B6) and examining them 

at an age prior to the typical onset of diabetes (45, 46), we cannot exclude the possibility 

that early diabetes may have influenced inflammatory response in the obese db/db mice 

to some degree. Thus, we might expect that the multiple differences between the db/db 
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and DIO obesity models would alter how obesity-associated defects in neutrophil 

function and recruitment are expressed. Despite this, the shared phenotype of impaired 

pulmonary inflammatory response and neutrophil dysfunction in both models suggests 

that the obese state itself has an overarching effect on the pathogenesis of lung injury.  

In summary, we show that obesity has an attenuating effect on LPS-induced lung injury 

and neutrophil trafficking in two mouse models of obesity. This occurs despite an 

apparently normal early pulmonary cytokine response and with elevated levels of 

circulating neutrophils. Further examination revealed that the witnessed attenuation on 

pulmonary neutrophilia in both models may in part be due to obesity-related 

abnormalities in neutrophil CXCR2 signaling with associated defects in neutrophil 

chemotaxis. Taken together, these results suggest that neutrophil dysfunction may play 

a prominent role in what appears to be a complex, multifactorial process underlying the 

attenuation of lung injury in obesity. Further studies are warranted to better 

characterize and dissect these obesity-related alterations in neutrophil function.  
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Materials and Methods 

Lipopolysaccharide-induced lung injury 

Mice were exposed to aerosolized E.coli 0111:B4 lipopolysaccharide (LPS, Sigma, St. 

Louis, MO) using a 3 mg/ml solution of LPS in sterile saline nebulized by a Pari LC Plus 

Reusable Nebulizer with ProNeb Turbo Air Compressor (Pari Respiratory Equipment, 

Midlothian, VA). The nebulizer was connected, via a central manifold, to a multi-

compartment pie-shaped Plexiglas aerosol chamber (modified Tepper box) in which 

groups of mice were exposed individually but simultaneously to the aerosol for 15 

minutes. Saline controls were performed using a similar approach. Both lean and obese 

mice (3-4 each) were exposed simultaneously in the aerosol chamber in each 

experiment, and each experiment was repeated 2-3 times. The animals were euthanized 

2, 6 or 24h later by pentobarbital overdose. Blood was collected via cardiac puncture 

into a syringe containing EDTA and 1x protease inhibitor cocktail (p-8340, Sigma). 

Aliquots were analyzed for cell count and differential using an Advia 120 Hematology 

Analyzer with veterinary software (Bayer, Tarrytown, NY), and serum from the remaining 

blood was frozen for later analysis. For bronchoalveolar lavage, a midline neck incision 

was performed and an 18G catheter (Baxter Health Care) was inserted into the trachea 

and secured with suture. Lungs were lavaged with 1mL of chilled 0.1% BSA in PBS with 1x 

protease inhibitor cocktail. Bronchoalveolar lavage was spun for 6 minutes at 500g and 

the resulting supernatant was aspirated and snap-frozen for later analysis, while the cell 

pellet was resuspended in 5% BSA in PBS and analyzed for cell count and differential 

using the Advia 120. In some experiments, lavaged and exsanguinated lungs were snap-

frozen for later analysis by myeloperoxidase assay (Life Technologies, Grand Island, NY). 

In other experiments whole lungs were fixed for histology in 4% PFA by gravity-

instillation through a tracheal catheter, paraffin-embedded, and 5um sections were 

mounted on slides for examination using light microscopy after H&E staining. Images 

were obtained by the Olympus BX50 light microscope with an Optronics Magnafire 

digital camera.  

Determination of Cytokine Levels  

Cytokine levels in mouse plasma and bronchoalveolar lavage supernatants were assayed 

using a Bio-Plex suspension array system (Bio-Rad, Hercules, CA) as follows. Milliplex kits 

containing beads and antibodies recognizing 4 cytokines/chemokines (IL-6, KC, TNF-α, 

MIP-2, and MCP-1) were from Millipore (Billerica, MA). All assays were performed in 

duplicate according to manufacturer’s instructions. Briefly, 25μl of undiluted culture 

supernatant, standard (in culture media), or culture media (background) was added to 

each well of a pre-wet 96-well vacuum filter plate. 25μl of assay buffer plus 25μl of 

antibody-conjugated beads were added to each well and the plates were covered, 

shaken vigorously for 1 minute on an IKA (Wilmington, NC) MTS 2/4 digital microtiter 
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plate shaker and then moderately shaken for 2 hours at room temperature. After 

washing using a Bio-Rad (Hercules, CA) Bio-Plex Pro II wash station, 25μl of biotinylated 

detection antibodies were added to the appropriate wells for 1 hour followed by 

addition of 25μl of streptavidin-phycoerythrin to all wells for 30 minutes. The wells were 

washed and the beads were resuspended in 125μl sheath fluid. Data were acquired using 

the Bio-Rad Bio-Plex suspension array system and Bio-Plex Manager 6.0 software. 

Fluorescence intensity of the background was subtracted from the values for each 

sample and standard for each specific bead. Standard curves were generated from 4-fold 

dilutions of standards provided in the Milliplex kits, which were analyzed using 5-place 

logistic regression from standards within 70-130% of the expected values. Upper levels 

of quantitation and lower levels of quantitation were calculated by the Bio-Plex Manager 

software. Reported concentrations are in pg/ml. 

Determination of Plasma LDL Cholesterol Levels  

Total plasma cholesterol concentration in uninjured mice was first determined by a 

micro-enzymatic method. Total cholesterol reagent (Cholesterol HP, Roche Diagnostics) 

was added to dilutions of plasma in a microtiter plate and the OD at 546nm was 

measured using a Genios microtiter plate reader (Tecan). Plasma samples were then 

diluted with cold phosphate buffered saline, centrifuged at 10,000xg for 2 min at 4°C, 

and the supernatant (containing approximately 15μg cholesterol in 60μl) was analyzed 

by FPLC with online mixing of the column effluent with enzymatic reagent (Cholesterol 

Liquid Stable, Thermo Electron) to determine LDL content, as previously described.  

Statistical Analysis  

Correlations between weight and bronchoalveolar lavage neutrophil levels, as well as 

covariates that might affect bronchoalveolar lavage neutrophil levels, including age, and 

weight, were analyzed by linear regression using STATA 10.0 (College Station, TX). 

Covariates significant at < 0.1 by univariate analysis were included in the final model. All 

other data were analyzed with the Student’s or Welch’s t-test, using Prism 5 software 

(GraphPad Sofware, La Jolla, CA). An F-test was used to analyze whether groups 

exhibited equal variances, and the Welch’s t-test was used in lieu of the Student’s t-test 

if the variances were un-equal. Differences between groups were reported as reaching 

statistical significance when p < 0.05. Results are reported with SEM in the case of t-test 

analysis, and with 95% confidence intervals for linear regressions. 
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Figures 

 

Figure E1: Histological evidence of lung inflammation and injury is reduced in obese mice following LPS-
exporsure. Shown are LPS-injured mouse lungs (24h) from db/db obese (A/E) and diet-induced obese (C/G) 
mice, as well as injured lean mice from both obesity models (db/db B/F; diet induced D/H). Lower panels 
represent higher magnification views of the selected areas. Representative images are shown from lean (n=3) 
and obese mice (n=3). Lungs are 4% PFA inflation-fixed and H&E stained before imaging (see Methods). 
Magnification A-D 200x; E-H 400x. 

 

Figure E2: Lung myeloperoxidase 
content following lung injury is 
decreased in db/db obese mice 
compared to leans, yet no difference is 
seen between diet-induced obese and 
lean mice. Whole lung myeloperoxidase 
(MPO) content in lean compared to 
genetically obese (db/db) and diet-
induced obese mice was determined in 
perfused, lavaged lungs 6h and 24h after 
nebulized LPS exposure. Lungs from 
uninjured mice from all four groups were 
similarly examined. n=3 mice/condition. 
* p<0.05, ** p<0.01, ns = not significant. 
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Figure E3: Lung cytokine response 6h after LPS injury is normal in obese mice. Bronchoalveolar lavage 
cytokine (A/C) and neutrophil (B/D) levels 6h after nebulized LPS exposure in lean compared to genetically 
obese (db/db) and diet-induced obese mice were determined by Bio-Plex and cell counter, respectively. n=6 
mice/condition. * p<0.05, ns = not significant. 

 

 

 

 

 

Figure E4: Obesity impairs neutrophil chemotaxis. 
Chemotaxis of density centrifugation-isolated mature 
bone marrow neutrophils from genetically obese (db/db) 
(A) and diet-induced obese (B) mice was compared to 
lean controls using a modified Boyden chamber with 
varying concentrations of KC. Membrane counts were 
expressed as total neutrophils migrated per field for each 
experiment. Three separate experiments were 
performed on both db/db and diet-induced obese mouse 
isolated neutrophils and respective controls. 
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Figure E5: Adoptive transfer of obese versus lean 
mouse neutrophils leads to reduced airspace 
neutrophilia following lung injury. Neutrophil 
adoptive transfer was performed on lean recipient 
mice using bone marrow neutrophils isolated from 
genetically obese (db/db) vs. lean (heterozygous 
littermate control) mice (A), and diet-induced obese 
(60% fat diet) vs. lean (10% fat diet) mice (B) (see 
Methods). Following transfer, acute lung injury was 
induced in the recipient mice by LPS inhalation 24h 
prior to determining bronchoalveolar lavage 
neutrophil levels by cell counter. n=8 mice/condition 
from 3 separate experiments. *p<0.05. 

 

 

 

 

 

 

 

 

 

Figure E6: Obesity is associated with decreased neutrophil 
surface expression of CXCR2. Cell surface levels of CXCR2 
were determined on mature bone marrow neutrophils 
isolated from genetically obese (db/db) (A) and diet-induced 
obese (B) mice and compared to lean controls using flow 
cytometry. Representative cytometric histograms are 
presented from three separate experiments on both db/db 
and diet-induced obese mice and respective controls. 
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Figure E7: Airspace IL-6 and 
MCP-1 response 24h after 
LPS injury is impaired in 
obese mice. 
Bronchoalveolar lavage 
cytokine (A/C) and 
neutrophil (B/D) levels 24h 
after nebulized LPS exposure 
in lean compared to 
genetically obese (db/db) 
and diet-induced obese 
mice were determined by 
Bio-Plex and cell counter, 
respectively. n=6 
mice/condition. * p<0.05, ** 
p<0.01, ns = not significant.  

 

 

 

 

 

 

 

 

 

 

 

Figure E8: Baseline plasma cytokine levels 
are normal in obese mice. Plasma cytokine 
levels in lean compared to genetically obese 
(db/db) (A) and diet-induced obese (A) mice 
were determined by Bio-Plex. n=8 
mice/condition. nd = none detected.  
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Figure E9: Both db/db and diet-
induced obese mice demonstrate 
elevated plasma levels of LDL 
compared to lean controls. 
Plasma LDL levels from uninjured 
genetically obese (db/db) and 
diet-induced obese mice and their 
lean controls were determined by 
FPLC. n=3-5/group. * p<0.03; ** 
p<0.001.  
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Abstract 

Rationale: We recently demonstrated obesity-associated attenuation of murine acute 

lung injury that appears, in part, to be driven by blunted neutrophil chemotaxis; 

however, significant differences were noted between the two different models of 

obesity studied. We hypothesized that obesity-associated impairment of neutrophil 

function contributes to the increased risk for respiratory infection, yet that significant 

differences in innate immune response may exist between commonly used murine 

models of obesity.  

Methods: We examined the four most commonly reported murine models of obesity: 

diet-induced (DIO), db/db, CPE
fat/fat

, and ob/ob obese mice and matched lean controls 

using a K. pneumoniae model of pneumonia and LPS-induced pneumonitis, and 

determined bronchoalveolar-lavage neutrophilia, and (in pneumonia) whole-lung CFU, at 

24h and 48h. Bone marrow-derived neutrophils from uninjured lean and obese mice 

were also examined for functional responses including chemotaxis, cytokine 

transcription, induced apoptosis, and intracellular signaling response to LPS and G-CSF. 

Results: All four models of obesity showed impaired clearance of K. pneumoniae, but in 

differing temporal patterns. Failure to contain infection in obese mice was seen in the 

db/db model at both 24h and 48h post-infection, yet this defect was only evident at 24h 

in CPE
fat/fat

 and ob/ob models, and at 48h in the DIO model. Airspace neutrophilia 

following LPS-induced lung injury was decreased in all four models. This was associated 

with blood neutropenia in the ob/ob model, but leukocytosis in the other three models. 

Neutrophils isolated from uninjured mice demonstrated impaired chemotaxis and G-CSF-

mediated survival in all models, whereas cytokine transcription after LPS stimulation was 

impaired in DIO and db/db neutrophils only. Lastly, both DIO and db/db neutrophils 

showed impaired signaling through the MAPK and STAT3 pathways in response to LPS 

and G-CSF, respectively. This response was delayed but normal in CPE
fat/fat

 mice and 

unchanged in ob/ob mice. 

Conclusions: Obesity-associated impairment of host response to lung infection is 

characterized by both defects in neutrophil recruitment and survival, which appear to be 

part of a broad attenuation of neutrophil function in obesity. Yet, critical differences 

exist between commonly used mouse models of obesity, suggesting caution be used 

when studying these models.  
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Introduction 

Obesity is a rapidly expanding global epidemic, with a markedly increased prevalence of 

overweight and obesity for adults (27.5%) and for children (47.1%) in the past 30 years 

(1). Recent studies have demonstrated that human obesity is associated with increased 

risk for developing bacterial and viral respiratory infections (2), as well as greater 

incidence of Acute Respiratory Distress Syndrome (ARDS) (3). Interestingly, however, we 

and others have shown that, once ARDS has developed, obesity is also associated with 

rapid attenuation of the inflammatory response and improved outcomes in both patients 

(3, 4), and animal models (5). Recently, using both diet-induced obese (DIO) and 

hyperphagic mutant obese (db/db) mice, we showed impaired pulmonary innate 

immune responses following LPS-induced lung injury, as well as defects in neutrophil 

chemoattractant response in the obese mice, suggesting that obesity-associated 

neutrophil dysfunction may, in part, underlie the attenuated inflammatory response 

seen in these animals (5). Yet, significant differences in the degree of impairment were 

noted between the two models of obesity studied, despite being of similar weights. 

Others studying the effects of obesity on hyperoxic and ozone-induced lung injury have 

shown that obese mice (db/db and ob/ob) have reduced lung injury and mortality, but to 

varying degrees (6-8).   

As a corollary to the impaired inflammatory response seen in obese ARDS models, we 

and others have shown that pulmonary host defense is impaired following both 

influenza (9, 10) and bacterial pneumonias (11, 12), with consequent lung injury and 

death. Recent clinical studies have demonstrated associations between obesity and risk 

for both bacterial and viral pneumonias, as well as increased disease severity and 

mortality (13-15), whereas others have suggested a protective effect of increasing BMI 

on mortality in this setting (16, 17). Similar to these human studies, variable results were 

also found using mouse models of obesity. Susceptibility to and outcome of bacterial 

respiratory infection was increased in obese ob/ob mice compared to their lean controls 

(11, 18), whereas no differences were observed between obese CPE
fat/fat

 mice and their 

lean controls (19). Reasons for this inconsistency may include pathogen-specific defects 

in the immune response or differences in the metabolic state (lipid-, glucose-, and 

adipokine levels amongst others) of individual obese subjects. Differences between 

these and other mouse models of obesity may, in part, determine the effects on the 

pulmonary immune response and subsequently the susceptibility to and outcome of 

respiratory infections. However, there are a limited data available comparing different 

murine models of obesity and their metabolic state on the level of immune cell 

dysfunction and consequently the effects on host defense.  

A variety of mouse models have been used to study obesity. Although it has been 

suggested that human obesity may be best mimicked by the diet-induced (DIO) mouse 

model of high fat diet (20-22), three hyperphagic mutant models are also commonly 

reported, including leptin ‘resistant’ db/db mice (long form of leptin receptor (ObRb) 
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deficient) (23), aleptinemic ob/ob mice (leptin (ob) deficient) (24), and hyperphagic 

CPE
fat/fat

 mice (carboxypeptidase-E deficient) (25). Studies in these models have 

suggested that obesity-associated defects may exist in both the innate and adaptive 

immune responses (5, 7, 9-11, 18, 19, 26-32). However, inconsistencies exist in the 

published literature, suggesting that these models may display different 

features/hallmarks of the obese state or the underlying defect leading to obesity. 

Therefore, important caveats may exist when studying the available obese mouse 

models, which should be taken into account when extrapolating to human obesity. 

In the current study, we examine obesity-associated defects in the innate immune 

response to bacterial pneumonia, and implicate elements of neutrophil impairment as 

an underlying mechanism. Furthermore, we detail important differences between 

commonly used mouse models of obesity related to respiratory infection and the 

underlying role of neutrophil dysfunction. We present evidence of a consistent failure to 

contain bacterial growth following respiratory infection in obese mice. However, the 

temporal course and severity of the infection, as well as the underlying mechanisms, 

appear to vary significantly with the mouse model used. Furthermore, we show that 

obesity is associated with numerous defects in neutrophil function including impaired 

chemotaxis, cytokine transcription, and cell survival, and link these to obesity-associated 

defects in intracellular signaling responses. 
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Materials and methods 

Mice  

For the diet-induced obesity model, C57BL/6J mice (Harlan, Indianapolis, IN) were fed 

high-fat (60% fat) versus normal-fat (10% fat) chow (Research Diets, New Brunswick, NJ) 

for 20 weeks. In genetic models of obesity, homozygous B6.BKS(D)-LepR
db/J

 (db/db) mice 

(lacking ObRb, the long form of the leptin receptor), homozygous B6.HRS(BKS)-CPE
fat/J

 

(CPE
fat/fat

) mice
 

(hyperphagic due to a mutation in the carboxypeptidase-E gene), 

homozygous B6.Cg-lep
ob/J

  (ob/ob) mice (leptin-deficient) (on a C57BL/6 background; 

obtained from Jackson Labs, Bar Harbor, ME) and their lean heterozygous littermates 

were examined at 12 to 16 weeks (genetic models of obesity) or 26-30 weeks (diet-

induced obesity) of age. Mice were considered ‘obese’ once the difference between 

their body weight and that of controls reached at least 20g (33). Exposures of the mice as 

well as the analysis performed on the murine lungs are described in the online 

supplement. Experiments were performed in accordance with the Animal Welfare Act 

and the USPHS Policy on Humane Care and Use of Laboratory Animals after review by 

the Institutional Animal Care and Use Committee of the University of Vermont. 

Murine exposures 

Klebsiella pneumoniae infections were induced by oropharyngeal aspiration of K. 

pneumoniae (43816 serotype 2, ATCC, 2x10
3
 CFU) following brief anesthesia with 

isofluorane (35). Lipopolysaccharide (LPS) induced pneumonitis was induced by exposure 

to nebulized LPS (Escherichia coli 0111:B4 LPS, Sigma, St Louis, MO) (5). 

Murine lung analysis 

Blood and bronchoalveolar lavage (BAL) fluid were analyzed for cell count and 

differential using the Advia 120 (Siemens Healthcare, Malvern PA). Bacterial CFU in lung 

and spleen, as well as BAL cytokine levels, where appropriate, were determined at 24h 

(K. pneumonia and LPS) and 48h (K. pneumoniae) after exposure, as described (35). 

Interleukin (IL)-6, IL-1β, KC, TNF-α, G-CSF, MIP-2, and MCP-1 levels were assessed in BAL 

supernatant by Bio-Plex suspension-array system (Bio-Rad, Hercules, CA) as previously 

described (5). 

Preparation of morphologically mature murine bone marrow neutrophils 

Mature bone marrow neutrophils were isolated using a 3-step Percoll gradient as 

previously described (36).  
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Neutrophil chemotaxis 

Chemotaxis of bone marrow derived neutrophils was measured in response to KC (R&D 

systems, Minneapolis, MN) and fMLP (Sigma, St Louis, MO) using a 48-well modified 

Boyden chamber with 5µM pore polycarbonate membranes (both NeuroProbe Inc, 

Gaithersburg, MD), as previously described (12, 37). 

FasL induced apoptosis survival.  

Bone marrow derived neutrophils were incubated for 6 hours with 200ng/ml of Fas-

Ligand (ENZO Life Sciences, Farmingdale, NY) and 400ng/mL monoclonal anti-FLAG M2 

antibody (Sigma, St Louis, MO) with or without 25ng/ml rG-CSF (Amgen Mfg Ltd, 

Thousand Oaks, CA) or with 25ng/ml rG-CSF. Cells were counted using a hemocytometer 

and trypan blue was used for dead cell exclusion.  

Neutrophil cytokine transcription 

Bone marrow derived neutrophils were stimulated with LPS (100ng/ml) for 4hr at 37ºC 

and IL-6, IL-1β, KC, TNF-α, MIP-2 and MCP-1 expression levels were determined by real-

time semi-quantitative RT-PCR using SYBR universal PCR master mix and the ABI PRISM
 

7700 sequence detection system and analyzed as described in online supplement. 

Expression levels were analyzed using the cycle threshold ( Ct) method and
 

normalized to pPia expression. A taqman AOD primer was used for pPia (life 

technologies, Grand Island, NY, USA).  LPS stimulated neutrophil cytokine expression 

levels were reported
 
as the fold change over unstimulated neutrophil expression levels. 

The following primer sequences were used for IL-6: CCGGAGAGGAGACTTCACAG and 

GAGCATTGGAAATTGGGGTA; for IL-1β: GCCCATCCTCTGTGACTCAT and 

AGGCCACAGGTATTTTGTCG; for KC: GCTGGGATTCACCTCAAGAA and 

TGGGGACACCTTTTAGCATC; for TNFα: GAACTGGCAGAAGAGGCACT and 

AGGGTCTGGGCCATAGAACT; for MIP-2: AGTGAACTGCGCTGTCAATG and 

TTCAGGGTCAAGGCAAACTT; for MCP-1: AGGTCCCTGTCATGCTTCTG and 

TCTGGACCCATTCCTTCTTG.  

Neutrophil intracellular signaling  

Bone marrow derived neutrophils were isolated as described above, and incubated with 

LPS (1 µg/ml) or PBS control for 15, 30 or 60 minutes. Neutrophils were lysed in Triton 

Lysis Buffer (20mM Tris pH 7.4, 137mM NaCl, 25mM β-glycerolphosphate pH 7.4, 2mM 

PPiNa, 2mM EDTA pH 7.4, 1% Triton X-100, 10% glycerol, 1µM NaVO3, 0.5mM DTT and 

protease inhibitors) (all chemicals from Sigma-Aldrich, St. Louis, MO). Lysates were 

incubated on ice for 20 minutes, followed by 10 minutes centrifugation at 14,000 rpm. 

Total protein concentration of the supernatant was determined by Bradford assay (Bio-

Rad, Hercules, CA), according to manufacturer’s instructions. Samples were analyzed by 
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western blot. Briefly, 20 µg of protein was loaded and separated on a polyacrylamide gel, 

followed by transfer to a 0.45μm nitrocellulose membrane (Bio-Rad) by electroblotting. 

The membrane was blocked for 1h at room temperature in 5% (w/v) nonfat, dried milk 

diluted in TBS-Tween20 (0.1%). Nitrocellulose blots were washed in TBS-Tween20 (0.1%) 

followed by overnight incubation at 4ºC, with primary antibody (pSTAT3 (Y705): no. 

9138; STAT3: no. 9139; pP38 (T180/Y182) no. 9215; P38: no. 9212, all Cell Signaling 

Technology, Beverly, MA, or β-actin no. A5441, Sigma Aldrich, St. Louis, MO). After three 

washes of 5 min each, the blots were probed with horseradish peroxidase-conjugated 

anti-mouse (p-STAT3, β-actin) or anti-rabbit (STAT3, pP38, P38) antibody (1/2,000; 

Jackson Immunology Research, West Grove, PA) and visualized by chemiluminesence 

using Supersignal® West Pico Chemiluminescent Substrate (Pierce Biotechnology, 

Rockford, IL) according to the manufacturer’s instructions and exposed to film. 

Metabolic parameters 

Total plasma cholesterol levels were measured from obese mice and their lean controls 

at baseline as described previously (5). Fasting glucose levels were measured after a 6h 

fast with a glucometer (TrueTrack, Nipro Diagnostics, Fort Lauderdale, FL, USA).  

Statistical Analysis  

Data were represented as mean ± SEM, and analysis of differences between 

experimental groups was performed by Student t test. Associations between mouse 

weight and lung CFU levels were analyzed by linear regression. All analyses were 

performed using Prism 6 software (GraphPad). Results with P ≤ 0.05 were considered 

statistically significant. 
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Results 

Obesity is associated with impaired clearance of bacteria in mice 

Obesity was found to worsen bacterial pneumonia in all four models. However, 

differences were observed between bacterial burden and the temporal course of 

infection. Bacterial counts at 24h after infection were increased in db/db, CPE
 fat/fat

 and 

ob/ob mice when compared to their lean littermates (Figure 1B-D) and this increase in 

bacterial burden was significantly associated with increased body weight in these mice 

(Figure 1F-H). Bacterial dissemination to the blood as indicated by spleen bacterial 

counts was seen in obese ob/ob mice, which also had the highest lung bacterial counts 

(Figure 1M-P). Interestingly, DIO mice appeared to be able to contain the infection in the 

first 24 hours (Figure 1A and E), yet lung bacterial counts were increased at 48h after 

infection, which were also significantly associated with increased body weight (Figure 2A 

and E). The observed differences at 24h post-infection between obese and lean lung 

bacterial counts in the CPE
fat/fat

 and ob/ob models were no longer evident at 48h post-

infection (Figure 2C and D): although lung CFU in lean mice increased from 24h–48h 

post-infection, CFU remained similar in the obese mice in these models. Bacterial burden 

in obese db/db mice at 48h post-infection, as well as its association with body weight, 

remained significantly different compared to their lean littermates (Figure 2B, F and J). 

Taken together, these results suggest that obesity-associated failure to contain bacterial 

growth following K. pneumoniae infection, although common to all four models, differs 

substantially in its kinetics between models. 

Obesity attenuates airspace neutrophilia during LPS-induced 
pneumonitis.  

To further examine neutrophil recruitment to the airspace in the absence of bacterial 

expansion, we used a sterile model of pneumonitis using aerosolized LPS. Pulmonary 

neutrophilia was attenuated in the obese mice at 24h after LPS exposure in all models 

(Figure 3A-D). The reduction in airspace neutrophil levels did not appear to be due to a 

decrease in neutrophil release from the bone marrow into the periphery in the DIO, 

db/db and CPE
fat/fat

 mice (Figure 3A-C), as indicated by the elevated circulating 

neutrophil numbers. However, the obese ob/ob mice showed significantly lower 

peripheral neutrophil numbers compared to their lean littermates (Figure 3D), indicating 

a different or possibly accompanying mechanism of decreased airspace neutrophilia. In 

addition, a significant decrease in alveolar cytokine levels (IL-6 and MCP-1) was observed 

at 24h after LPS in obese db/db and CPE
fat/fat

 mice (Figure 3F and G), whereas no such 

differences were observed between lean and obese DIO and ob/ob mice (Figure 3E and 

H). 
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Figure 1 Obesity worsens bacterial pneumonia in mice. Lung colony forming units (CFU) were determined at 

24h after K. pneumoniae infection in diet-induced obese mice (60% fat diet vs. 10% fat diet) (A), db/db mice 

(B), CPEfat mice (C), and ob/ob mice (D). Lung CFU was compared with mouse weight by linear regression (E-H). 

In addition, BAL neutrophil levels (I-L) and spleen CFU (M-P) were determined.  n = 5-13 mice per condition. 

Dashed lines indicate 95% confidence intervals. Data are represented as mean ± SEM. **P ≤ 0.01; ***P ≤ 0.001 

compared to lean controls. ND= non-detectable. 
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Figure 2 Obesity worsens bacterial pneumonia in mice. Lung colony forming units (CFU) were determined at 

48h after K. pneumoniae infection in diet-induced obese mice (60% fat diet vs. 10% fat diet) (A), db/db mice 

(B), CPEfat mice (C), and ob/ob mice (D). Lung CFU was compared with mouse weight by linear regression (E-H). 

In addition, BAL neutrophil levels (I-L) and spleen CFU (M-P) were determined.  n = 5-13 mice per condition. 

Dashed lines indicate 95% confidence intervals. Data are represented as mean ± SEM. *P≤ 0.05, **P≤ 0.01 

compared to lean controls.  
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Obesity impairs neutrophil chemotaxis.  

To determine whether the attenuated pulmonary neutrophilia observed in obese mice 

may be, at least in part, caused by an intrinsic defect in neutrophil function, we first 

examined the chemoattractant response of density-isolated, mature bone marrow-

derived neutrophils from DIO, db/db, CPE
fat/fat

 and ob/ob obese mice and their lean 

littermate controls. Chemotactic responses to KC (a CXCR2 ligand) and fMLP (an FPR1 

ligand) were impaired in neutrophils from obese DIO, db/db, CPE
 fat/fat

, and ob/ob mice 

(Figure 4A-D) compared to their lean littermates, although in ob/ob mice the difference 

in chemotaxis response to fMLP did not reach statistical significance.  These results 

indicate that obesity-associated defects in neutrophil chemotaxis are common among 

the examined obesity models, and suggest that multiple G-protein coupled receptors are 

affected.  

 
Figure 3 Obesity impairs the pulmonary immune response in mice following LPS induced pneumonitis. BAL 

and blood neutrophil counts (A-D) and BAL cytokine levels (E-H) were determined in diet-induced obese (DIO) 

(A and E), db/db (B and F),   CPEfat (C and G) and ob/ob mice (D and H) and their lean littermates at 24h after 

LPS exposure. n = 8 - 12 mice per condition. Data are represented as mean ± SEM.  *P < 0.05, **P < 0.01, ***P 

< 0.001   compared to lean control. ns = not significant. 
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Obesity variably attenuates the pro-survival effect of G-CSF on FasL-
induced apoptotic neutrophils. 

The effects of obesity on neutrophil survival were determined by incubating mature 

bone marrow-derived neutrophils from each model of obesity with the anti-apoptotic 

cytokine G-CSF, pro-apoptotic FasL, or a combination of both. Neutrophils from lean 

mice of all models were susceptible to FasL-induced cell death, and could be rescued by 

G-CSF stimulation in lean controls from both DIO and CPE
fat/fat

 models (Figure 4E-H). 

However, neutrophils from obese DIO and CPE
fat/fat

 mice demonstrated an attenuated 

pro-survival effect of G-CSF in the setting of FasL exposure. No differences were found in 

the number of viable cells between control and G-CSF treated neutrophils from obese 

DIO, CPE
fat/fat

 or ob/ob mice (Figure 4E, G, and H); however, interestingly, G-CSF 

appeared to induce cell death in obese db/db mice (Figure 4F). None of these conditions 

appeared to have significant effects on neutrophils from obese ob/ob mice. These data 

suggest that neutrophils from obese DIO, db/db, and CPE
fat/fat

 mice are not only 

defective in their chemotactic but may also have defects in survival. Thus, the obesity-

associated attenuation of airspace neutrophilia in these models may derive from both 

impaired neutrophil recruitment and survival.  

LPS-induced neutrophil cytokine transcription is variably impaired in 
obesity.  

To further delineate the effects of obesity on neutrophil function, we examined 

neutrophil cytokine transcription after LPS exposure. Bone marrow-derived neutrophils 

from obese mice and lean littermate controls were stimulated with LPS in vitro for 4h 

and mRNA expression levels of the cytokines IL-1β, MCP-1, IL-6, TNFα and KC were then 

determined. An overall decrease in cytokine production was observed in the obese 

neutrophils from DIO and db/db mice (Figure 5A and B) compared to lean littermate 

controls. However, no attenuation in cytokine expression was observed in neutrophils 

from obese ob/ob and CPE
fat/fat

 mice (Figure 5D), and increased expression of TNFα was 

seen in obese CPE
fat/fat 

neutrophils compared to lean controls (Figure 5C). These results 

suggest that obesity may impair LPS-induced signaling, but that differences exist 

between the obese models studied.  
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Figure 4 Obesity impairs neutrophil function. Chemotaxis of mature bone marrow neutrophils isolated from 

(A) diet-induced obese (DIO) mice and (B) mutant obese db/db, (C) CPEfat/fat, and (D) ob/ob mice was compared 

with lean control mice using a modified Boyden chamber with KC (25ng/ml) or fMLP (1µM). Membrane counts 

were expressed as percentage of lean control neutrophil migration to fMLP for each experiment. Furthermore, 

the pro-survival effect of G-CSF on FasL-induced neutrophil apoptosis was examined. Mature bone marrow 

neutrophils isolated from (E) diet-induced obese (DIO) mice and (F) mutant obese db/db, (G) CPEfat/fat, and (H) 

ob/ob mice were incubated with G-CSF (25ng/ml), FasL (200ng/ml) or a combination of G-CSF and FasL for 6h. 

Live cells were then counted using trypan blue. Three separate experiments were performed on isolated 

neutrophils from each mouse model and their respective controls. Cell counts were expressed as fold change 

of lean control live cell count for each experiment. Data are represented as mean ±SEM. *P≤0.05, **P≤0.01, 

***P≤0.001, ****P≤0.0001 compared to lean control (A-D) or compared to G-CSF and Fas-L conditions (E-H). 

ns= not significant. 
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Figure 5 LPS-induced neutrophil cytokine 

transcription is variably impaired in obesity. 

Furthermore, gene expression levels of IL-1β, 

MCP-1, IL6, TNF-α and KC levels were measured by 

qPCR 4h after in vitro LPS (100ng/ml) stimulation 

of bone marrow derived neutrophils from (A) diet-

induced obese, (B) db/db, (C) CPEfat/fat and (D) 

ob/ob obese mice and compared with lean control 

mice. Three separate experiments were 

performed on isolated neutrophils from each 

mouse model and their respective controls. Data 

are represented as mean ±SEM. *P≤0.05, 

**P≤0.01, ***P≤0.001, ****P≤0.0001 compared 

to lean control. ns= not significant.  

 

 

 

 

Obesity impairs neutrophil signaling in response to LPS and G-CSF. 

To examine the underlying mechanisms of the observed obesity-related neutrophil 

dysfunction, we next examined neutrophil intracellular signaling. First, the MAPK 

signaling pathway was examined after LPS stimulation of bone marrow-derived 

neutrophils from obese DIO, db/db, CPE
fat/fat

 and ob/ob mice and their lean littermates. 

An overall decrease in LPS-induced p38 phosphorylation was observed at various time-

points in neutrophils from obese DIO, db/db and CPE
fat/fat

 mice compared to their lean 

littermate controls (Figure 6A-C). However, no distinct differences were observed 

between LPS-stimulated neutrophils from obese and lean ob/ob mice (Figure 6D). Next, 

we determined the downstream signaling response to G-CSF via STAT3 signaling, which is 

important in directing neutrophilic granulocyte differentiation and cell survival (38, 39). 
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G-CSF-induced signaling through STAT3 was reduced in obese neutrophils from DIO and 

db/db mice, but appeared to be normal but delayed in obese CPE
fat/fat

 mice and normal 

in ob/ob mice (Figure 6E-H). These results may, in part, explain the impaired neutrophil 

transcriptional response to LPS, as well as the failure of G-CSF-induced neutrophil 

survival in several models of obesity.  

Metabolic parameters vary between different mouse models of obesity.  

Factors involved in the metabolic syndrome, such as glucose tolerance and dyslipidemia, 

have been suggested to differ between the diverse murine models of obesity. To 

examine differences in metabolic parameters between the four different models used in 

the current study, we measured cholesterol levels as well as fasting (6h) glucose levels in 

obese DIO, db/db, CPE
fat/fat

 and ob/ob mice and their lean controls. We found 

significantly increased cholesterol levels in obese mice compared to their lean controls, 

but the levels varied between the different models (Table 1). Interestingly, fasting 

glucose levels were significantly increased only in obese db/db mice compared to their 

lean controls, whereas fasting glucose levels were similar between obese and lean DIO, 

CPE
fat/fat

 and ob/ob mice (Table 1). These results suggest that the obesity models used in 

this study integrate variable degrees of the metabolic syndrome.  

 

Table 1 Baseline metabolic parameters of obese mouse models. 

Mouse model Cholesterol (mg/dl) Fasting glucose (mg/dl) 

 Lean Obese Lean Obese 

DIO 88.0 ± 3.23 139.0 ± 9.57 *** 148.2 ± 18.98 123.8 ± 6.98 

db/db 53.60 ± 2.23 101.0 ± 14.01 ** 146.2 ± 18.29 481.8 ± 56.35 *** 

CPEfat/fat 51.0 ± 1.0 142.0 ± 8.41 **** 126.3 ± 34.93 292.3 ± 75.38 

ob/ob 50.0 ± 0.0 63.0 ± 3.22 * 202.6 ± 34.93 192.7 ± 18.39 
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Figure 6 LPS-induced MAPK and G-CSF induced STAT signaling response is attenuated in obese neutrophils. 

Bone marrow-derived neutrophils were isolated from DIO (10% vs. 60% fat diet) mice (A and E), lean (+/-) and 

obese (+/+) db/db mice (B and F), lean (+/-) and obese (+/+) CPEfat mice (C and G) and lean (+/-) and obese (+/+) 

ob/ob mice (D and H), and subsequently stimulated with PBS (control), lipopolysaccharide (LPS) (1 µg/ml) (A-D) 

or G-CSF (25 ng/ml) (E-H) for 15, 30 or 60 minutes. Protein expression of phosphorylated P38, total P38, 

pSTAT3, totSTAT3 and β-actin (loading control) was determined by western blot. Data shown are 

representative blots out of 3 different experiments.  HFD= high fat diet.  
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Discussion 

The present study presents evidence of obesity-associated defects in host defense to 

bacterial pneumonia in mice. However, the course and severity of pulmonary infection 

appears to be vary with the mouse model used. Furthermore, although the inflammatory 

response following LPS-induced pneumonitis was attenuated in obese mice from all 

models; yet, the mechanisms underlying this response appear to differ. We demonstrate 

that obesity is associated with variable defects in neutrophil functions including 

chemotaxis, cell survival, and cytokine transcription, as well as impaired intracellular 

signaling responses.   

Several animal models of obesity have been used to investigate the effects of obesity 

and associated comorbidities on the pulmonary immune response related to both acute 

and chronic lung diseases, including bacterial (11, 12, 18, 19, 27, 29) and viral (9, 28, 40, 

41) respiratory infections, airway hyperresponsiveness (8, 42-47), ARDS (5, 7, 12, 30), 

pulmonary fibrosis (26) and COPD (31). The most commonly employed mouse models of 

obesity include diet-induced obesity (DIO), and the hyperphagic mutant db/db, CPE
 fat/fat

, 

and ob/ob strains. Diet-induced obesity using high fat containing food in wild-type mice 

has been suggested to mimic human obesity most closely (20-22). Yet, most published 

reports use db/db mice (spontaneous mutants lacking expression of the long form of the 

leptin receptor, ObRb), which are typically considered to be a model of leptin ‘resistance’ 

and obesity-associated diabetes (23). The obese, aleptinemic ob/ob mouse (a 

spontaneous mutant lacking expression of leptin) has also been used, particularly to 

determine the role and importance of leptin (24).  Lastly, the CPE
 fat/fat

 mouse has been 

used as a general model of obesity given its hyperphagic phenotype, which is driven by 

the lack of carboxypeptidase-E, which cleaves functional hormones regulating satiety 

(25).  

Previous work using these models to investigate the effects of obesity on the 

susceptibility to and outcomes from bacterial respiratory infection has been 

inconclusive. Mancuso, et al, showed that obese leptin-deficient (ob/ob) mice exhibit 

increased susceptibility to infections with both Gram-negative (K. pneumoniae) and 

Gram-positive (S. pneumonia) organisms, at 24h and 24 and 48h after inoculation 

respectively (11, 18), and that restoration of leptin levels could reverse the observed 

defects in bacterial clearance and survival (18). However, pulmonary host defense in 

hyperphagic CPE
fat/fat

 mice (which manifest more modest metabolic abnormalities (25)) 

appeared to be normal at both 24h and 48h post-infection with S. pneumoniae (19). 

Here, we report evidence of impaired pulmonary host defense in response to K. 

pneumoniae in both ob/ob and CPE
fat/fat

, as well as db/db and DIO models of obesity, but 

with temporal variation. Early (24h) lung bacterial burden was elevated in obese 

compared to lean db/db, ob/ob, and CPE
fat/fat

 mice, but not in DIO mice.  However, the 

effect of obesity was no longer evident at 48h in the ob/ob and CPE
fat/fat 

models, while 

only becoming detectable at that time point in the DIO model, and remaining constant in 
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the db/db. The kinetic differences between these models may suggest the presence of 

either a ‘plateau’ phenomenon in which lung bacterial burden does not increase above a 

certain level (perhaps that corresponding to blood dissemination) in the obese mice, 

and/or differences in pulmonary bacterial handling in the early vs. late phases of 

infection between the obesity models. These findings, in the context of previous reports, 

suggest that obesity model, timing of observation, and the strain of bacteria used may 

lead to significantly different ‘outcomes’ in obese pneumonia studies, despite a common 

obesity-associated susceptibility to pulmonary infection.  

Our previous work suggests that an attenuated pulmonary inflammatory response may 

underlie the witnessed increased susceptibility to pulmonary infection in both obese 

subjects and animals (4, 5). In the current study we find decreased pulmonary 

neutrophilia in all four murine obesity models following LPS-induced lung injury. 

However, our results also suggest that the underlying mechanisms may differ between 

these models. In the DIO, db/db and CPE
fat/fat 

models, circulating neutrophil counts 

following injury are similarly elevated between lean and obese mice indicating that the 

attenuation of pulmonary neutrophilia is not due to a decrease in neutrophil release 

from the bone marrow to the periphery. However, we observed a decrease in circulating 

neutrophil levels in obese ob/ob mice, suggesting that a different or possibly 

accompanying mechanism may account for attenuated pulmonary neutrophilia in this 

model. In support of this, Claycombe et al. previously reported that obese ob/ob (leptin 

deficient) mice  demonstrate impaired granulopoiesis at baseline, and that leptin 

replacement can reverse this defect (48).  Thus, in the ob/ob model, defective 

granulopoiesis may, in part, underlie the impaired development of pulmonary 

neutrophilia following insult. Similar defects in granulopoiesis have not, however, been 

described in the other models of obesity, and in fact, the opposite has been reported in 

the other mouse models of obesity and obese humans in which both resting and 

inflammatory states are associated with elevated blood neutrophil levels, possibly 

related to the effects of dyslipidemia and lipid overload (49-51).  

Subsequent to blood delivery, neutrophil migration from the microvascular beds of the 

lung to the airspace is a crucial process following a pulmonary inflammatory insult. 

Previously, we reported obesity-associated impairment of neutrophil chemotaxis in the 

setting of blunted calcium flux response to the CXC cytokine KC (a homologue of human 

IL-8) and decreased surface levels of its receptor, CXCR2, on neutrophils in both DIO and 

db/db mice compared to their lean littermates (5).  In the current study, we extend these 

findings to demonstrate defects in neutrophil chemotaxis across all four models of 

murine obesity and to both chemokines and bacterial peptides, suggesting that multiple 

G-protein coupled receptors (CXCR2 and FPR1) are affected in the obesity-associated 

chemotaxis defect.  

Another critical neutrophil function regulating levels of airspace neutrophilia and the 

pulmonary inflammatory response is neutrophil apoptosis. Yet, very little is known 

regarding the effects of obesity on neutrophil apoptosis.  In the current study, we 
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examined the effects of obesity on G-CSF-mediated rescue from fasL-induced neutrophil 

apoptosis and found variably but overall impaired responses in obese mouse models, 

suggesting obesity-associated defects in neutrophil survival. Perhaps underlying these 

findings, G-CSF mediated STAT3 signaling response was reduced in obese neutrophils 

from DIO, db/db and CPE
fat/fat

 mice, whereas it appeared to be normal in ob/ob mice. 

Interestingly, G-CSF, a pro-survival cytokine, appeared to induce cell death in neutrophils 

isolated from obese db/db mice. These mice are bred on a C57BLKS/J (BKS) background, 

which is a genetic composite between the diabetic resistant C57BL/6J and the diabetes 

susceptible DBA/2J strains (52), whereas the DIO, CPE
fat/fat 

and ob/ob mice were bred on 

a C57BL/6J background. The different background may contribute, in part, to the 

different response of G-CSF on neutrophil survival. Together, these results suggest that 

the obesity-associated attenuation of airspace neutrophilia in these models may derive 

from both impaired neutrophil recruitment and, in some models, survival.  

Beyond neutrophil transit to and survival in the lung, impaired neutrophil function may 

have other detrimental effects on the immune response to pathogens. The 

transcriptional response of neutrophils is a critical factor in amplifying pulmonary 

inflammation (25). Our current studies demonstrate an overall decrease in LPS-induced 

inflammatory cytokine transcription in neutrophils from both DIO and db/db models of 

obesity, yet little effect was seen in either CPE
fat/fat

 or ob/ob models, suggesting that 

obesity may differentially impair LPS-induced signaling depending on the model used. In 

support of this, we found that downstream signaling responses to LPS through the MAPK 

pathway were decreased in neutrophils from obese DIO, and db/db mice, whereas no 

distinct differences were seen when examining neutrophils from ob/ob mice. Subtle 

attenuation of LPS-induced p38 phosphorylation did not correlate with transcriptional 

impairment in obese CPE
fat/fat

 neutrophils.  

Suitable animal models are fundamental to our understanding of the effects of obesity 

on pulmonary immune function and, through extrapolation, the pathogenesis of 

pulmonary disease in the obese human population. All obese mouse models integrate 

variable degrees of different elements of the metabolic syndrome and therefore are 

imperfect models of individual facets of the metabolic syndrome (e.g. db/db mice as a 

model of simple diabetes).  Factors contributing to the metabolic syndrome, including 

glucose intolerance and dyslipidemia, differ between the four models we examined 

(Supplemental table E1), likely leading to varying effects on the immune response and 

host defense.  Diabetes and hyperglycemia have been suggested to increase the risk for 

and severity of infection (53), in line with our current results in the db/db model, which 

demonstrates both the greatest glucose intolerance (Supplemental table E1) and the 

most impaired ability to contain lung infection.  Dyslipidemia has also been shown to 

impair both neutrophil function and the response to pneumonia (54, 55). Thus, the 

differing levels of hypercholesterolemia manifested in the four mouse obesity models 

(Supplemental table E1) likely also contribute to the variable degrees of neutrophil 

functional impairment and responses to pulmonary infection across these four models. 
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Other potential factors that may contribute to the observed variability between mouse 

models in this study include genetic background, adipokine milieu, and the age at which 

obesity onset of occurs. Obesity develops late in DIO mice (+/- 24-28 weeks), whereas 

db/db and ob/ob mice are obese by 8-10 weeks of age, and it has suggested that older 

mice may respond differently to bacterial infections compared to younger mice (56). 

However, multivariate analysis including both sex and age have shown no effect of these 

variables on airspace neutrophilia following lung injury in previous studies (5).  Taken 

together, it is evident that in order to select appropriate modelling approaches to 

obesity, a thorough understanding of the presence and degree of metabolic and other 

relevant factors manifest in each available model is essential to both interpret and 

maximize the clinical relevance of studies performed in these models.  

 

Conclusion 

We demonstrate that obesity is associated with impaired pulmonary host defense 

following bacterial infection. However, the course and severity of the infection, as well 

as the underlying mechanisms, may vary with the mouse model of obesity used, possibly 

on the basis of variable expression of the metabolic syndrome.  Furthermore, we show 

that obesity is associated with defects in neutrophil function such as impaired cytokine 

transcription, downstream signaling responses as well as neutrophil chemoattractant 

response.  
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Abstract 

Background: Alveolar macrophages are key participants in the overexuberant pulmonary 

inflammatory response that characterizes Acute Respiratory Distress Syndrome (ARDS) 

both in its initial onset and its protracted course. Obesity, a rapidly increasing prevalence 

worldwide, is associated with an increased risk for the development of ARDS. However, 

once ARDS has developed, obesity appears to be associated with a rapid attenuation of 

the inflammatory response and improved outcomes in both patients and animal models. 

We hypothesize that alveolar macrophage function and phenotype are abnormally 

‘skewed’ by obesity in opposite directions in the uninjured state compared to that of 

established ARDS.  

Methods: Lean and diet-induced obese C57BL/6 mice with or without lipopolysaccharide 

(LPS)-induced lung injury were examined at 2h, 24h or 48h. Bronchoalveolar lavage (BAL) 

macrophage and neutrophil counts were determined as well as cytokine and albumin 

levels, and airspace macrophages were isolated and examined by transmission electron 

microscopy. Alveolar macrophages from LPS-injured mice (48h) or uninjured mice were 

isolated and exposed to LPS for 4h in vitro after which cytokine secretion was 

determined. In addition, lysophosphatidylserine (lyso-PS) expression on neutrophils was 

assayed by LC/MS/MS.  

Results: We found that obesity increases susceptibility to ARDS in our LPS-injured mice 

and exaggerates the early inflammatory response in the lung. Alveolar macrophage 

numbers were increased in uninjured obese mice, and baseline MCP-1 levels were also 

found to be elevated in BAL of the obese mice. Furthermore, the alveolar macrophage 

cytokine response from uninjured obese mice to LPS in vitro was exaggerated. Moreover, 

numerous atypical lysosomes were found in alveolar macrophages from obese mice, 

which appear to be filled with lipids. In addition, the alveolar macrophage cytokine 

response was attenuated in alveolar macrophages from injured obese mice, and obese 

neutrophils were more rapidly cleared by macrophages compared to lean neutrophils, 

which may be driven by increased neutrophil lyso-PS expression. 

Conclusion: Our findings indicate that alveolar macrophage function and phenotype 

manifests a more pro-inflammatory state at baseline, whereas an anti-inflammatory 

state is observed after lung injury. These results may, in part, explain the paradoxical 

effects seen in obese ARDS, and shed further light on the altered pulmonary innate 

immune response in the obese.  
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Introduction 

Acute Respiratory Distress Syndrome (ARDS) affects approximately 150,000 patients a 

year in the United States alone, accounting for nearly 20% of all ICU admissions, and 

results in deaths in up to 40% of the ARDS patients, due to the lack of effective therapies 

for this disease (1, 2). Alveolar macrophages are key participants in the over-exuberant 

pulmonary inflammatory response that characterizes ARDS both in its initial onset and its 

protracted course (3). Obesity, a rapidly increasing prevalence worldwide (4), is a major 

health problem, in large part due to its associated low-grade systemic inflammatory 

state that contributes to both cardiovascular disease and diabetes. Recently, it has been 

shown that obesity is also associated with an increased risk for the development of ARDS 

(5). Interestingly, however, we and others have shown that, once ARDS has developed, 

obesity is also associated with rapid attenuation of the inflammatory response and 

improved outcomes in both patients (5, 6) and animal models (7).  

Adipose tissue, and more specifically adipose infiltrating macrophages are a major 

source of the elevated levels of circulating inflammatory cytokines, such as TNF-α, IL-1β, 

IL-6, MCP-1 and IL-8, which are seen in obesity (8, 9). This ‘up-regulation’ has diverse 

effects on immune cells, including activation/ priming of monocytes, macrophages, and 

neutrophils (10). Furthermore, the dyslipidemia and oxidative stress associated with the 

metabolic syndrome have been shown to produce additional pro-inflammatory 

mediators, such as oxidized LDL (11, 12) and to alter other critical lipid species (13). 

Although these effects are becoming better understood in the pathogenesis of 

cardiovascular disease, little is known about how obesity and obesity-associated changes 

in the immune system affect the lungs and lung disease.        

The response to pulmonary injury includes the controlled, alveolar macrophage-driven 

recruitment of neutrophils to the lung, followed by the rapid elimination of these cells 

through the induction of apoptosis and subsequent clearance by alveolar macrophages 

during the resolution phase of the inflammatory response (14). Critical to this latter 

phase of resolution is the process of ‘efferocytosis’ or the change in macrophage 

phenotype from inflammatory to anti-inflammatory (also described as ‘M1’ to ‘M2’ shift) 

that is driven by the phagocytosis of the dying neutrophils (14). Recent studies suggest 

that clearance of apoptotic neutrophils is driven by lysophosphatidylserine (lyso-PS) 

expression on the surface of neutrophils, thereby enhancing their engulfment by 

macrophages via the G-protein-coupled receptor G2A (15). Lyso-PS is thus considered to 

be one of several “eat-me” signals that mark neutrophils entering apoptosis for rapid 

removal by alveolar macrophages.  

Currently, little is known about obesity’s effect on lung macrophages in either baseline 

or acutely inflamed conditions. Given the paradoxical findings of increased risk of 

developing ARDS, yet improved outcomes from ARDS in obesity, one might predict that 



Chapter 5 

 

 

90 

alveolar macrophage function and phenotype are abnormally ‘skewed’ by obesity in 

opposite directions in the baseline (uninjured) state compared to that of established 

ARDS. In the current study this hypothesis was tested. We present evidence that alveolar 

macrophage numbers are increased and show baseline activation in obesity, as well as 

increased lipid deposition in the obese macrophages, which may, in part, explain the 

baseline activation. Furthermore, a more anti-inflammatory state of the alveolar 

macrophages was observed in obese mice after established lung injury, suggesting that 

obesity modulates the alveolar macrophage response in murine ARDS. 
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Materials and Methods 

Mice 

For the diet-induced obesity model, female C57BL/6 mice (Harlan, Indianapolis, IN) were 

fed a high fat (60% fat) versus normal-fat (10% fat) chow (Research Diets, New 

Brunswick, NJ) for 20 weeks. Mice were considered obese once the difference between 

their body weight and that of control mice reached at least 20 g (16). Experiments were 

performed in accordance with the Animal elfare Act and the USPHS Policy on Humane 

Care and Use of Laboratory Animals after review by the Animal Care and Use Committee 

of the University of Vermont. 

Murine exposures 

Lipopolysaccharide (LPS) induced lung injury was induced by exposure to nebulized LPS 

Escherichia coli 0111:B4 LPS, Sigma, St. Louis, MO), as described previously (7).  

Murine lung analysis 

Bronchoalveolar lavage (BAL) fluid was analyzed for cell count and differential using the 

ADVIA 120 (Siemens Healthcare, Malvern, PA).  

Cytokine analysis 

IL-6, keratinocyte cytokine (KC), tumor necrosis factorα, (TNFα), and monocyte 

chemoattractant protein (MCP)-1 levels were assessed in either BAL- or cell culture 

supernatant by Bio-Plex suspension array system (Bio-Rad, Hercules, CA) as previously 

described (7), and macrophage inflammatory protein (MIP)-2 levels were assessed by 

ELISA (R&D systems, Minneapolis, MN) according to manufacturer’s instructions. 

Albumin western blot analysis 

Murine alveolar lavage supernatant (2.5ul) was loaded and separated on a 

polyacrylamide gel, followed by transfer to a 0.45μm nitrocellulose membrane (Bio-Rad) 

by electroblotting. The membrane was blocked for 1h at room temperature in 5% (w/v) 

nonfat, dried milk diluted in TBS-Tween20 (0.05%). Nitrocellulose blots were washed in 

TBS-Tween20 (0.05%) followed by 1hr incubation at room temperature, with primary 

antibody (goat anti-mouse Albumin; 1/5000; Immunology Consultants Laboratory Inc., 

Portland, OR Immunology Consultants Laboratory Inc). After three washes of 15min 

each, the blots were probed with horseradish peroxidase-conjugated anti-goat antibody 

(1/10,000; Jackson Immunology Research, West Grove, PA) and visualized by 

chemiluminesence using Supersignal® West Pico Chemiluminescent Substrate (Pierce 
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Biotechnology, Rockford, IL) according to the manufacturer’s instructions and exposed to 

film. 

Phagocytosis assay  

Peritoneal lavage was performed with 1x hanks buffered saline solution (HBSS) 

containing 10mM HEPES pH 7.2 and 1 mM EDTA (both Sigma-Aldrich, St. Louis, MO). 

Lavage was spun down and cells were resuspended in DMEM (10% hiFBS and 1x P/S/G) 

and counted. Next, 2x 10
5 

cells/well were seeded in an 8-well labtek chamber (Thermo 

Scientific, Waltham, MA).  Macrophages were allowed to adhere for 2 h at 37 °C in a 10% 

CO2-humidified incubator at which time non-adherent cells were removed, and 

macrophages were cultured for an additional 48 h before use in phagocytosis assays. 

Next, bronchoalveolar lavage neutrophils isolated from lean and obese mice at 24h after 

LPS-exposure were co-cultured (1x10
6 

cells/well) with the peritoneal macrophages in 

culture for 1h at 37°C, 10% CO2. Cells were washed twice with PBS and fixed with 4% 

formaldehyde before staining with the DeadEnd TUNEL colorimetric system (Promega, 

Madison, WI) was performed according to manufacturer’s instructions. The phagocytic 

index was calculated by multiplying the percentage of macrophages that have 

phagocytosed one or more cells by the average number of engulfed cells per 

macrophage. A minimum of 200 macrophages were counted blindly.   

Lyso-PS measurements 

Bronchoalveolar neutrophils were isolated from lean and obese (DIO mice) or control 

and hypercholesterolemic mice at 24h after LPS-exposure. Neutrophils were washed, 

counted and stored in methanol after which lipid extraction and derivatization was 

performed as described by Frasch et al. (17). Analysis of Lyso-PS species was performed 

by LC/MS, and quantitation of the species was performed using a standard isotope 

dilution curve (17).  

Statistical analysis 

Data were represented as mean ± SEM, and analysis of differences between 

experimental groups were performed by Student t test. All analyses were performed 

using Prism6 software (GraphPad). Results with p<0.05 were considered statistically 

significant.  
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Results 

Obesity attenuates the course of ARDS 

It has been suggested that obesity increases the risk to develop ARDS (5), however, in 

our previous work we have shown that at 24h after LPS-induced lung injury the 

inflammatory response in attenuated in obese mice (7). We set out to determine the 

course of lung injury in diet-induced obese (60% fat diet) and lean (10% fat diet) mice, 

and determined BAL neutrophil counts as well as cytokine levels at 2h, 6h and 24h after 

LPS-induced lung injury. Airspace neutrophil levels are increased in obese mice early 

after LPS-exposure, whereas a switch in this response occurred at 6h and decreased 

pulmonary neutrophil levels were found in obese mice in established lung injury after 

24h (Figure 1A). A similar course was observed in lavage IL-6 levels (Figure 1B). These 

results provide evidence that obese mice are more susceptible to induced ARDS early on, 

but appear to control pulmonary neutrophilic inflammation better in established ARDS.  

 

Figure 1 Obesity shifts pulmonary inflammatory response to induced lung injury over time. Diet-induced 

obese (60% fat diet) and lean (10% fat diet) mice were exposed LPS (3mg/ml) and BAL neutrophil (A) and IL-6 

levels (B) were determined at 2h, 6h, and 24h after exposure. n=6 mice for each condition. Data is presented as 

mean ± SEM.  

Obesity increases the susceptibility to induced lung injury in mice. 

We demonstrate that the pulmonary inflammatory response is exaggerated early after 

LPS (3 mg/ml) injury in obese compared to lean mice. A LPS dose titration was performed 

in order to determine the lowest dose of LPS that induced increased total cell counts 

(Figure 2A) in the lung as well as BAL albumin levels (Figure 2B). Next, we exposed obese 

and lean mice to our previously established low-dose (0.3 mg/ml) LPS and determined 

BAL neutrophil and albumin levels (a marker of capillary leakage and injury) at 24h after 

exposure, in order to determine whether obese mice may indeed be more susceptible to 

lung injury. Both airspace neutrophil counts (Figure 3A) and albumin levels (Figure 3B) 
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were increased in the obese mice compared to normal weight mice, suggesting an 

increased susceptibility to the development of ARDS. 

 

Figure 2 Dose dependent increase of total cell counts and albumin level in BAL following nebulized LPS 

exposure. BAL total cell counts (A) and albumin levels (B) were determined at 24h after nebulized saline or LPS 

exposures (0.03 mg/ml, 0.3 mg/ml, or 3.0 mg/ml). n=3 mice for each condition. Data is presented as mean ± 

SEM. * P≤ 0.05, ** P≤ 0.01. WBC= white blood cells.  

Obesity is associated with increased alveolar macrophage numbers and 
baseline activation of these cells. 

To determine the effects of obesity on the alveolar macrophage response at baseline, we 

examined BAL cell counts in uninjured lean and obese mice in the DIO model (7). 

Alveolar macrophage counts were increased in uninjured obese mice compared to lean 

littermate controls (Figure 4A). Furthermore, increased levels of MCP-1, a cytokine 

known to recruit and differentiate blood monocytes into tissue macrophages, were 

observed in bronchoalveolar lavage fluid from obese mice (Figure 4B). In addition, 

alveolar macrophages isolated from uninjured obese mice and stimulated for 4h with LPS 

in vitro showed a slight increase in cytokine secretion compared to alveolar macrophages 

isolated from uninjured lean controls (Figure 4C). Taken together, these results suggest 

baseline activation of alveolar macrophages in obese mice. 
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Figure 3 Obesity enhances risk for induced lung injury. Diet-induced obese (60% fat diet) and lean (10% fat 

diet) mice were exposed to a low dose of LPS (0.3 mg/ml) and BAL neutrophil (A) and albumin (B) levels were 

determined after 24h. n=4 mice for each condition. Data is presented as mean ± SEM.  * P≤ 0.05 

 

Figure 4 Obesity activates and expands alveolar macrophages. Alveolar macrophage numbers from uninjured 

lean (10% fat diet) and obese (60% fat diet) mice were determined by bronchoalveolar lavage (A) and airspace 

levels of MCP-1 by ELISA (B). Isolated alveolar macrophages from uninjured lean and obese mice were 

stimulated with LPS (100 ng/ml) in vitro for 4h, and cytokine levels were determined in culture supernatants 

(C). n= 5 mice per group. Data is presented as mean ± SEM. * P≤ 0.05. 
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Alveolar macrophages in obese mice appear to be lipid-laden. 

In order to further investigate the baseline state of alveolar macrophages in obese mice, 

we examined alveolar macrophages from BAL of resting lean and diet-induced obese 

mice by transmission electron microscopy (TEM). Alveolar macrophages from lean mice 

are normal in appearance, with evidence of maturing lysosomes form young (light and 

granular) to old (dark and homogenous) (Figure 5 A and B). Macrophages from obese 

mice however, contain numerous atypical lysosomes, in addition to normal ones, filled 

with lipid, often in an onionskin-like pattern (Figure 5 C and D). These findings suggest 

that in baseline state, alveolar macrophages in obese mice handle a substantial burden 

of lipids, likely through scavenger and other receptor binding.  

 

Figure 5 Alveolar macrophages from uninjured obese mice appear to be lipid-laden. Alveolar macrophages 

were obtained from uninjured lean and obese mice by lavage and then examined using transmission electron 

microscopy (TEM). Macrophages from lean mice (A) are normal in appearance, with evidence of maturing 

lysosomes (B; black arrows) from young (light, granular) to old (dark, homogenous). Macrophages from obese 

mice (C) appear to contain numerous atypical lysosomes (D; white arrows) in addition to normal ones (black 

arrows). Flocculent and often onion skin-appearing contents of atypical lysosomes appear to be lipid. 

Representative images from >50 cells examined for each condition are shown. Boxes in A & C indicate areas 

shown in B & D. A & C were imaged at 2000x, B & D at 4000x.  
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Obesity impairs neutrophil survival, but increases neutrophil clearance 
by macrophages. 

We previously reported a marked attenuation in the pro-survival effect of G-CSF on 

neutrophils from obese mice. Clearance of apoptotic neutrophils is an important step in 

the resolution of pulmonary inflammation. To determine the effects of obesity on 

neutrophil clearance, we assessed in vitro macrophage phagocytosis by examining 

airspace neutrophils isolated after LPS-exposure (24h) of lean and obese mice, and fed 

them to peritoneal macrophages isolated from uninjured lean mice. We found a marked 

increase in the number of phagocytosed obese lavage neutrophils compared to lean 

lavage neutrophils (Figure 6A). Recent studies suggest that macrophage phagocytosis of 

neutrophils is driven by lysophosphatidylserine (lyso-PS) expression on neutrophils (17). 

We examined lyso-PS expression on airspace neutrophils isolated from LPS-exposed lean 

and obese mice using mass spectroscopy. Lyso-PS levels were found to be increased on 

neutrophils from obese mice compared to their lean controls (Figure 6B). These data 

suggest that obesity not only impairs pro-survival effects of G-CSF, but also enhances 

macrophage clearance of these cells from the lung, presumably driven by increased lyso-

PS expression on the neutrophils. 

 

Figure 6 Neutrophil clearance is enhanced in obesity. Diet-induced obese (60% fat diet) and lean (10% fat diet) 

mice were to exposed LPS (3mg/ml) and BAL neutrophils were isolated and co-cultured with wild-type 

peritoneal macrophages (A), after which a TUNEL stain was performed and the phagocytic index was calculated 

(by multiplying the percentage of macrophages that have phagocytosed one or more cells by the average 

number of engulfed cells per macrophage). A minimum of 200 cells was counted for each condition. In 

addition, lyso-PS levels were measured on BAL neutrophils from these lean and obese (diet-induced obesity) 

mice at 24h after LPS-exposure by LC/MS/MS. n=3 mice for each experiment, and experiment was repeated 3 

times. Data is presented as mean ± SEM. *P≤ 0.05; ****P≤ 0.0001.  
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The alveolar macrophage cytokine response is decreased following 
established lung injury. 

We have previously demonstrated defects in neutrophil chemotaxis and delayed survival 

responses in uninjured obese mice. In addition, our current data suggests that obese 

alveolar macrophages are activated rather than impaired at baseline. To further 

delineate the mechanisms underlying the shift seen in the inflammatory response in 

obese mice following induced lung injury, we determined the alveolar macrophage 

response after established lung injury. Alveolar macrophages isolated from obese mice 

at 48h after LPS exposure and stimulated for 4h with LPS in vitro showed a slight 

decrease in cytokine secretion when compared to lean controls (Figure 7). Taken 

together, these results suggest that although the alveolar macrophage response (and 

hence the pulmonary inflammatory response) is exaggerated at baseline as well as 

during the initiation phase of ARDS in obesity, it is subsequently rapidly attenuated 

during the established phase of this disease.   

 

 

Figure 7 Obesity decreases the alveolar macrophage cytokine response following established lung injury. 

Alveolar macrophages from diet-induced obese (60% fat diet) and lean (10% fat diet) mice were isolated at 48h 

after LPS exposure and stimulated with either saline control or LPS (100 ng/ml) in vitro for 4h after which 

cytokine levels in culture supernatant were measured. n=5 mice per condition. Data is presented as mean ± 

SEM. *P ≤ 0.05.  
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Discussion 

We present evidence that obesity increases the susceptibility to ARDS in LPS-injured 

mice and exaggerates the early inflammatory response in the lung. Furthermore, we 

demonstrate that in the uninjured state alveolar macrophage number is significantly 

increased in obese mice, and that their ex vivo cytokine response to an inflammatory 

stimulus is exaggerated, suggesting that the obese lung manifests a macrophage-driven 

pro-inflammatory state at baseline. However, once lung injury is established, a more 

anti-inflammatory response is observed. This may be due, in part, to the rapid 

development of airspace neutrophil apoptosis and down regulation of alveolar 

macrophage inflammatory cytokine release, inducing a shift to a more anti-inflammatory 

environment and resolution of the event.  

The effects of obesity on pulmonary innate immune function and respiratory disease 

pathogenesis remain an underinvestigated area of research. Recently, several studies of 

our group and others have shown that obesity impairs pulmonary host defense (11, 18-

21) as well as neutrophil function and attenuates the pulmonary inflammatory response 

following induced acute lung injury (7, 22). Moreover, studies by Mancuso et al., 

demonstrate that alveolar macrophage antibacterial effector functions, including 

phagocytosis, are impaired in leptin-deficient obese (ob/ob) mice and restoration of 

leptin levels rescued the observed impairment (19, 20). The majority of studies on 

macrophages in obesity are focused on adipose tissue macrophages and they show 

increased baseline activation (as reviewed in (23)), whereas studies exploring alveolar 

macrophage function and phenotype in obesity remain scarce. Alveolar macrophages 

isolated from obese (BMI>30 kg/m
2
) subjects did not show impaired phagocytic and 

bactericidal activity, however, these macrophages were isolated from subjects requiring 

mechanical ventilation (24). In addition, a study by Bedoui et al. aimed at determining 

alveolar macrophage function in rats fed a normal (12.5% fat) or “cafeteria-diet” (35% 

fat) for 2 weeks or 10 weeks, suggests that cytokine secretion following LPS-stimulation 

ex vivo remained unchanged when compared to controls (25). Our current results show 

for the first time enhanced baseline activation of alveolar macrophages in diet-induced 

obese mice. These differences in study findings may be explained by the composition 

(35% vs. 60% fat) and duration (2-10 weeks vs. 16-20 weeks) of the diet, which 

influences body weight, but also existence of the metabolic syndrome, which has been 

shown to play an important role in the immune dysregulation observed in obesity.  

Characteristics of the diet-induced obese mouse model are dyslipidemia and oxidative 

stress, which have been shown to produce additional pro-inflammatory mediators, such 

as oxidized LDL (11, 12), and to alter other critical lipid species (13). Pulmonary 

surfactant, which is a lipoprotein complex, reduces surface tension at the air-liquid 

interface of the lung (surfactant protein B and C (SP-B and SP-C)) (26), but also plays an 

important role in host defense against infection and inflammation (SP-A and SP-D), by 
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enhancing phagocytosis of pathogens by alveolar macrophages and neutrophils (27). SP-

A or SP-D deficiency in mice increases susceptibility to infection and inflammation 

induced by various pathogens and inflammatory agents, such as LPS (28). We and our 

collaborators have previously shown that macrophage interaction with LDL and its 

oxidized forms may activate macrophages (11, 29, 30), and we have also shown that LDL 

levels are elevated in the airspace of dyslipidemic mice (11). Furthermore, it has also 

been noted that decreased levels of airspace SP-A and SP-D, as might occur with 

oxidative damage to surfactant and its subsequent removal by alveolar macrophages, 

may ‘prime’ these macrophages (31). Thus, in addition to the possibility that alveolar 

translocation of elevated blood cytokines may activate resident macrophages, these 

findings raise the interesting possibility that increased lipid handling, either from 

systemic lipoproteins or from altered surfactant, may contribute to this phenomenon. 

Macrophage efferocytosis is an important process in the resolution phase of pulmonary 

inflammation. We demonstrated attenuated neutrophil recruitment to the lung in obese 

mice following induction of acute lung injury (7). In addition, spontaneous neutrophil 

apoptosis is increased in obese mice. So, although there may be less neutrophils present 

in the lungs of obese mice at the start of the resolution phase, the neutrophils present 

may be more apoptotic. Clearance of apoptotic neutrophils from the airspace is the first 

step in resolving pulmonary inflammation, and we provide evidence that lyso-PS 

expression, which is one of the ‘eat-me’ signals, is increased on pulmonary neutrophils 

from obese mice after injury. In addition, our results suggest that these obese 

neutrophils are more rapidly cleared by macrophages. These results suggest that the 

neutrophil/macrophage interaction may be dysregulated, and that abrogation of this 

interaction may restore the attenuated inflammatory response in murine obese ARDS.  

It is important to mention that the macrophages used for the phagocytosis assay are not 

of pulmonary origin (peritoneal macrophages). However, the effects noted, increased 

phagocytosis of obese pulmonary neutrophils, suggest that although alveolar 

macrophages are anti-inflammatory following lung injury, the neutrophils also play an 

important role. Therefore, further studies looking more into the effects of obesity on the 

neutrophil/macrophage interactions in the lung are needed.    

The findings presented in this study indicate that alveolar macrophage function and 

phenotype manifests a more pro-inflammatory state at baseline, whereas an anti-

inflammatory state is observed after lung injury. These results may start to explain some 

of the paradoxical effects seen in obese ARDS, which will lead to a better understanding 

of the marked effects of obesity on the pulmonary innate immune response following 

inflammation. This increased understanding may lead to the development of novel 

therapeutic approaches to both reduce the risk of ARDS in the obese and to improve 

ARDS outcomes in the non-obese population, and in the end decrease the substantial 

associated healthcare costs. 
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Abstract 

Leptin is an adipocyte-derived hormone, recognized as a critical mediator of the balance 

between food intake and energy expenditure by signalling through its functional 

receptor (Ob-Rb) in the hypothalamus. Structurally, leptin belongs to the long-chain 

helical cytokine family, and is now known to have pleiotropic functions in both innate 

and adaptive immunity. The presence of the functional leptin receptor in the lung 

together with evidence of increased airspace leptin levels arising during pulmonary 

inflammation, suggests an important role for leptin in lung development, respiratory 

immune responses and eventually pathogenesis of inflammatory respiratory diseases. 

The purpose of this article is to review our current understanding of leptin and its 

functional role on the different resident cell types of the lung in health as well as in the 

context of three major respiratory conditions being chronic obstructive pulmonary 

disease (COPD), asthma, and pneumonia. 
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Introduction 

Leptin is a 16 kDa non-glycosylated polypeptide encoded by the ‘obese’ (ob) gene (1). 

Originally described as a hormone secreted by adipocytes in proportion to total fat mass, 

leptin was implicated in early studies as a critical mediator of the balance between food 

intake and energy expenditure by signalling through its functional receptor (Ob-Rb) in 

the hypothalamus (2, 3). However, leptin belongs structurally to the long-chain helical 

cytokine family, which includes interleukin-6 (IL-6), G-CSF, and oncostatin M amongst 

others, and shares an extreme functional pleiotropy with many other members of this 

family. The near universal distribution of leptin receptors, including in the respiratory 

system, reflects a multiplicity of biological effects. Leptin has been reported to 

participate in diverse physiological functions in both the central nervous system and the 

periphery, including appetite and body mass control, metabolism, endocrine function, 

immune response, wound healing, reproduction, cardiovascular pathophysiology, and 

respiratory tissue development, remodelling, and function. 

Adipocytes located in various fat depots are a major, but not sole source of leptin. Cells 

of the placenta (4), gastric mucosa (5), colon (6), mammary epithelium (7), pituitary, 

hypothalamus (8), skeletal muscle (9, 10), bone (11) and bone marrow (12) have also 

been shown to produce leptin in certain circumstances (2). Leptin expression has also 

been described in the lung tissues of humans (13), baboons (14), mice (15), seals (16), 

and even Xenopus (17). Recent studies have shown leptin secretion by human lung 

epithelial cell types, including bronchial epithelial cells (BEC) (13, 18), type II 

pneumocytes (13), and lipofibroblasts (19).  

Leptin expression in adipocytes is regulated by food intake and circulating leptin levels 

have been shown to positively correlate with insulin levels. In addition, glucocorticoids 

appear to be potent regulators of leptin expression based on in vitro studies of isolated 

adipocytes (20), while a gender-related leptin regulation is suggested by the findings that 

leptin expression is increased by ovarian sex steroids and inhibited by testosterone (21-

23). Other modulators of leptin expression include a wide range of pro-inflammatory 

cytokines - including TNF - which are known to acutely increase leptin synthesis in 

adipocytes (24, 25), whereas chronic stimulation with such cytokines appears to lead to a 

suppression of leptin synthesis (26, 27). In the normal lung, numerous cell types display 

high levels of Ob-Rb (28, 29), and specific leptin-binding sites have been identified in 

both bronchial and alveolar epithelial cells (30-32), airway smooth muscle cells, and 

(infiltrating) inflammatory cells. Multiple observations that leptin is actually present in 

induced sputum (33-35), proximal airway biopsies (18), bronchoalveolar lavage (BAL) 

fluid (36, 37), and peripheral lung tissue (13) of patients with lung disease, strongly 

suggest the lung as a peripheral site of action for leptin. The present review aims to 

summarize our current understanding on leptin and its functional role in the respiratory 

system in homeostasis and inflammatory lung diseases. 
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Leptin Signal Transduction 

Leptin acts via the Ob-R transmembrane receptor, which shares structural similarities 

with the class I cytokine receptor superfamily (38, 39). Members of this family have 

signature extracellular domains (so-called cytokine receptor homology or CRH domains) 

characterised by a set of four cysteine residues and the highly conserved Trp-Ser-Xaa-

Trp-Ser motif. Several alternative splice isoforms of Ob-R exist in humans and rodents, 

designated Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd, Ob-Re (only in rats and mice) and Ob-Rf (only in 

rats).  All isoforms contain the same extracellular domain of over 800 amino acids 

consisting of two CRH domains, separated by an immunoglobulin (Ig)-like domain and 

followed by two membrane-proximal fibronectin type III domains (38, 39, 40 ). With the 

exception of Ob-Re which is a secreted receptor variant, they all share a similar 

transmembrane and juxtamembrane JAK-binding domain of 34 and 29 amino acids 

respectively, followed by a variable intracellular domain. The isoforms can thus be 

classified into short isoforms (Ob-Ra, Ob-Rc, Ob-Rd and Ob-Rf), a full-length long isoform 

Ob-Rb, and a secreted isoform Ob-Re. Of note, the latter only exists in rodents. In man, a 

secreted Ob-R ectodomain is generated by proteolytic cleavage by the ADAM10 and 

ADAM17 metalloproteases (41). Ob-Rb was initially considered to be the only functional 

isoform of the leptin receptor, based on its extended intracellular domain of 

approximately 300 residues containing various motifs required for activation of multiple 

signalling pathways (38). Although signalling functions have been ascribed to short Ob-R 

isoforms in over-expression studies (42), their role in physiological leptin-mediated 

effects remains to be established.  

The early recognition of Ob-R as a class I cytokine receptor rapidly led to the 

identification of the JAK/STAT pathway as the primary signalling route. Leptin-induced 

JAK-2 activation results in the rapid phosphorylation of three, conserved, cytoplasmic 

tyrosine-based motifs that act as binding sites for different signalling molecules, 

including STAT-1, STAT-3, STAT-5 and STAT-6. In addition to signalling through the 

JAK/STAT pathway, leptin is also able to induce alternative pathways, including the 

MAPK cascade, the PI3K/PDE3B/cAMP pathway, AMPK and mTOR. These different 

signalling cascades activated by leptin have extensively been reviewed by Wauman and 

Tavernier (2). Given the multitude of signalling pathways activated via the Ob-R, leptin’s 

effects on different cell types can be expected to be highly cell-specific. A very well 

studied, direct target of leptin-induced STAT-3 is SOCS-3, a key negative feedback 

regulator of Ob-R signalling (43). Changes in SOCS-3 expression have been postulated to 

underlie the phenomenon of leptin resistance in the context of obesity (44). Another 

negative regulator of leptin signalling is PTP1B, which acts primarily via 

dephosphorylation of JAK-2 (45, 46). 

To summarize, leptin signal transduction, especially the pathways that are activated 

upon Ob-R activation, how Ob-R expression is controlled and the molecular mechanisms 
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leading to leptin resistance, are all well-characterized.  However, it is not currently 

known whether these individual signaling routes can indeed be activated in the 

respiratory system. 

 

Role of Leptin in Respiration and Lung Development 

Multiple studies have shown that leptin participates in the regulation of pulmonary 

development and remodelling.  Huang et al. characterized the effect of leptin 

deficiency on postnatal lung development in leptin-deficient (ob/ob) mice (47) and 

showed that the lung volume and alveolar surface area were lower in obese mice 

compared with wild-type and heterozygote (ob/+) mice, and that the alveolar size did 

not increase with age. Leptin replacement in ob/ob mice resulted in increased lung 

volume, enlarged alveolar size and surface area, suggesting a role for leptin in 

remodelling of lung parenchyma. Leptin receptor-deficient (db/db) mice (29) exhibit a 

75% decreased rate of tracheal epithelial proliferation compared with wild-type 

littermates, emphasizing a potential role for leptin in pulmonary growth. Along these 

lines, leptin treatment was shown to increase the weight of the lungs in relation to the 

total body weight (48, 49). Insufficient maturation of the fetal lungs, a condition that can 

be characterized by the production of inadequate amounts of pulmonary surfactant by 

epithelial type II cells, is a leading cause of human neonatal morbidity and mortality 

following premature birth. In this light, Torday, et al reported that leptin was expressed 

by fibroblasts and that the leptin receptor was expressed by type II cells in fetal rat lung 

(19), suggesting a paracrine signalling mechanism in developing pulmonary tissue. Leptin 

receptor was also identified in fetal rabbit type II cells (31) and additional evidence 

supported correlations between leptin, maturation of the pulmonary epithelium and 

surfactant production. Furthermore, leptin is present in the fetal baboon lung and its 

receptor is enhanced during late gestation in type II cells responsible for the synthesis of 

pulmonary surfactant (14). A mechanistically integrated link between leptin and its 

function in respiration and lung development was recently provided by the finding that 

leptin stimulates Xenopus laevis tadpole lung development (17). However, a recent study 

by Sato, et al. shows that neither leptin deficiency in ob/ob mice nor treatment with 

exogenous leptin in sheep and wild type mice influenced fetal lung maturation or 

surfactant production (50). An explanation for these paradoxical results can be found in 

the different models that were used in these two studies. In addition, the responses of 

fetal lung to the leptin treatment might vary by dose, duration, dosing interval, route, 

and gestation age.   

Gnanalingham investigated the impact of chronic leptin administration on the 

abundance of UCP2 in the neonatal lung (49). UCP2, a recently discovered member of 

the inner mitochondrial membrane carrier subfamily, is highly abundant in the lung (51, 
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52) and has postulated roles in energy regulation, reactive oxygen species production, 

and apoptosis, but its exact role and function in the neonatal lung have yet to be 

determined. Chronic leptin administration was shown to decrease the abundance of 

UCP2 protein in the lung, which might promote reactive oxygen species production and 

maintain host immunity through augmentation of alveolar macrophage phagocytosis 

and leukotriene synthesis (49). The decrease in UCP2 with leptin administration on later 

lung function needs further study.  

Leptin also has also been shown to participate in the regulation of respiratory function. 

In the ob/ob mouse, respiratory abnormalities including tachypnea, decreased lung 

compliance, and aberrant respiratory muscle adaptations, such as alterations in 

diaphragmatic muscle MHC composition, are common with the obese phenotype (53). 

Tankersley, et al showed that these respiratory abnormalities were attenuated following 

prolonged leptin administration (53). Similarly, in wild-type mice that were obese due to 

a high-fat diet, respiratory depression was reversed by leptin treatment (54), suggesting 

a significant role of leptin as a neurohumoral modulator of central respiration, and in 

general pulmonary health as well. 

Collectively, these findings suggest a modulatory role for leptin in pulmonary 

development and identify leptin receptor as a physiological marker of fetal lung 

maturity. In addition, there is increasing evidence showing that leptin is an important 

player in respiration, but additional research is needed in order to unravel the underlying 

mechanisms.  

 

Role of Leptin in Inflammatory Lung Diseases 

Numerous studies demonstrate that leptin has a potentiating role in the function of both 

innate and adaptive immunity (55), making it an ideal candidate for a central role in 

inflammatory respiratory diseases such as COPD, asthma, and pneumonia. Leptin is 

known to stimulate neutrophil and macrophage chemotaxis and enhance functional 

responses such as oxidative burst (56), phagocytosis (57) and cytokine secretion (58, 59). 

Neutrophil chemotaxis response was shown to be blunted in leptin-resistant db/db mice 

as well as in mice with diet-induced obesity (60), which may indicate a crucial role for 

leptin signaling these cells. In addition, leptin promotes differentiation, survival, and 

immunostimulatory functions of dendritic cells (DCs), resulting in stronger heterologous 

T cell responses. Furthermore, leptin exerts proliferative (61) and anti-apoptotic effects 

(62) on T-lymphocytes and promotes Th1 cell differentiation (63). The possible effects of 

leptin on the different (resident) cell types of the lung during inflammation will be 

discussed in the context of three major respiratory conditions: chronic obstructive 

pulmonary disease (COPD), asthma, and pneumonia. 
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COPD  

Chronic obstructive pulmonary disease (COPD) is a leading and increasing cause of 

morbidity and mortality worldwide. COPD is recognized as a multi-organ disease (64), 

manifest by airflow limitation associated with both structural changes and an abnormal 

pulmonary inflammatory response to noxious particles or gases, including tobacco 

smoke (65), accompanied by various extra-pulmonary manifestations such as low-grade 

systemic inflammation (66) and an increased prevalence of cardiovascular co-morbidity 

(67).  

Circulating Leptin  

The role of circulating leptin in the systemic manifestation of COPD is poorly understood 

and has in the past mainly been examined in male COPD patients with a low BMI (< 21 

kg/m²) (68-70). In women with COPD, serum leptin concentrations are increased 

compared to normal healthy women (71). In addition, circulating leptin levels are higher 

in women with COPD than men with COPD, and increase with rising fat mass to a greater 

extent in women with COPD than in their male counterparts (71). Moreover, Breyer et al 

recently showed that there is a complex relationship between adipokine metabolism and 

low-grade systemic inflammation in COPD, with a significant relationship between 

circulating leptin and CRP and fibrinogen (72). 

Both the BODE index (the body-mass index (B), the degree of airflow obstruction (O) and 

dyspnea (D), and exercise capacity (E), measured by the six-minute–walk test) (73) and 

fat-free mass index (FFMI) have been shown to be associated (positively and negatively, 

respectively) with circulating levels of leptin in COPD patients. In addition, leptin is the 

most significant predictor of low FFMI in those patients (74). To date, however, 

longitudinal studies investigating the relationship between increased circulating leptin 

concentrations and clinical outcomes in COPD are lacking. 

Pulmonary Leptin 

As the lung is highly vascularized, increased circulating levels of leptin may also 

contribute to the pathogenesis of lung inflammation and injury in COPD. Different types 

of inflammatory cells such as macrophages, neutrophils, dendritic cells, CD8+ T-

lymphocytes have been implicated in the chronic inflammation associated with COPD, 

and a distinct inflammatory pattern has been described in each lung compartment (75). 

In light of the immunomodulating effects of leptin, leptin may be a good candidate for 

the regulation of pulmonary immune function in COPD. Indeed, Broekhuizen and 

colleagues demonstrated that leptin is present in induced sputum samples of mild-to-

moderate COPD patients, and showed a strong correlation between sputum levels of 

leptin and both CRP and TNF (33). A more recent study on the expression of leptin in 

peripheral lung tissue of COPD patients, asymptomatic smokers, and never-smokers 
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suggested that bronchial epithelial cells, type II pneumocytes, and alveolar macrophages 

are significant sources of pulmonary leptin (13). Numbers of leptin-expressing bronchial 

epithelial cells and alveolar macrophages were markedly higher in smokers with and 

without COPD versus never-smokers, indicating that tobacco smoke may be a trigger for 

pulmonary leptin expression. This was confirmed by air-liquid interface cultures of 

primary epithelial cells, which demonstrated a dose-dependent increase in leptin mRNA 

expression and protein production after cigarette smoke concentrate stimulation (13). 

Bruno, et al(18) also reported positive immunostaining for leptin protein in central 

airway epithelium from human bronchial biopsies, but found a decrease in leptin-

positive epithelial cell counts in smokers and COPD patients compared to never-smokers. 

This difference may, however, be explained by different tissue specimens used in the 

two studies. Furthermore, in a more recent study, Bruno et al (35) suggests that leptin 

plays a role in both pulmonary and systemic inflammation in current and former smokers 

with COPD. The leptin/Ob-R pathway may contribute to the improvement in host 

defence seen in COPD patients after smoking cessation, by augmenting neutrophil 

function. Lastly, associations between genetic polymorphisms in leptin and Ob-R genes 

and (severity of) COPD were investigated. Hansel et al (76) examined the association 

between genetic variants in the Ob-R gene and lung function decline in European 

Americans selected from the National Heart Lung and Blood Institute Lung Health Study. 

Significant associations between multiple SNPs in the Ob-R gene and lung function 

decline were identified and confirmed by haplotype analyses in a population of smokers 

with COPD. In addition, Ye et al (77) recently showed a significant association between 

the polymorphism -2548 G/A in the leptin gene (linked to enhanced gene expression and 

increased circulating leptin levels (78) and the severity of COPD in a Chinese population.  

In summary, increasing data suggest that leptin is present in induced sputum and lung 

tissue of COPD patients. Pulmonary leptin may be associated with greater disease 

severity in COPD.  

Smoke-Induced Lung Inflammation 

Cigarette smoke is a profound stimulus of the innate immune response leading to 

inflammation that drives COPD pathogenesis. Subsequent host defence mechanisms 

appear to be altered, rather than suppressed. The functional role of leptin in smoke-

induced lung inflammation and pathology is still under investigation. Specific leptin-

binding sites have been identified in BEC and type II pneumocytes (30-32), suggesting a 

potential autocrine and/or paracrine pathway for leptin to activate epithelial cells in 

COPD. Indeed, leptin was shown to activate several intracellular signal transduction 

pathways in bronchial epithelial cells (13, 79, 80), including JAK/STAT and MAPK 

pathways. Interestingly, Woo et al showed that leptin upregulates mucin production in 

human airway epithelial cells (79), hereby suggesting that leptin may contribute to 

mucus hypersecretion in inflammatory lung diseases. Further studies are clearly needed 

to determine additional effects of leptin on airway epithelial cells. 
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An interesting study published by Hansel and co-workers (76) showed a reduction in the 

expression of Ob-R receptor isoforms in the airspace and airway wall after 4 months of 

smoke exposure in AKR/J mice. It has yet to be determined whether these findings 

correspond to reduced leptin signalling in the lung. In another smoking mouse model, 

characterized by increased accumulation of neutrophils, DCs, macrophages, and 

lymphocytes in the lung, leptin expression in BEC and pneumocytes was significantly 

increased in cigarette smoke-exposed wild-type mice compared to air-exposed controls. 

Evidence that leptin is in fact involved in innate and adaptive immune cell recruitment is 

provided by studies of mice deficient in leptin signalling (ob/ob and db/db mice), which 

show significantly higher numbers of neutrophils and lower numbers of CD4+, CD8+ and 

dendritic cells compared to cigarette smoke-exposed wild-type mice(15). Increases in 

neutrophil and monocyte chemoattractants CXCL1 and CCL2 seen in this model were 

significantly enhanced in the BALF of cigarette smoke-exposed ob/ob and db/db mice 

compared to wild-type mice.  

To summarize, there is increasing literature showing the presence of the functional 

leptin receptor in the lung together with evidence of local leptin production in the 

respiratory compartment. Together, this supports the concept of autocrine and/or 

paracrine cross-talk between resident pulmonary epithelial cells and immune cells in 

response to inhaled noxious particles or gases. Further validation of this hypothesis by 

additional experimental and clinical studies is obviously needed to better understand the 

immunomodulating role of leptin in the pathogenesis of smoking-related COPD. 

Asthma 

Asthma is a prevalent and complex disorder that can occur in genetically predisposed 

individuals through a series of gene-environment interactions (81). Acute and chronic 

inflammation of the bronchi and the conducting airways plays a central role in the 

pathogenesis of asthma, and lead to airflow obstruction and the respiratory symptoms 

of the disease, such a wheezing, coughing, chest tightness, and dyspnea. Inflammation is 

also important in the development of the airway hyperresponsiveness observed in 

asthmatics, as well as in the emergence of more permanent structural alterations to the 

airway walls, termed ‘airway remodelling’. Originally, a TH1/TH2 imbalance was proposed 

to explain the TH2 mediated allergic airway inflammation in asthmatics. However, recent 

research has focused increasingly on the failure of endogenous tolerance mechanisms, 

including impaired function of regulatory T-cells (Tregs) (82) and airway epithelial cells 

(81). 

Obesity and Asthma 

Over the past decade, the interaction between obesity and asthma pathogenesis has 

become apparent. Several epidemiological studies reported a higher prevalence and 

incidence of asthma in obese versus lean individuals (83-87). Moreover, obesity appears 
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to increase asthma severity and impair effective treatment and control of the disease 

(88, 89). However, the underlying mechanisms of this obesity-asthma relationship have 

not yet been elucidated. Several possibilities have been postulated (90), including 

common genetic and environmental factors (91), reduced lung volume and airway 

diameter in obese individuals (92), comorbidities of obesity such as sleeping-disordered 

breathing (93) and last but not least, the chronic low-grade systemic inflammation that 

accompanies obesity (94). The latter includes increased serum levels of cytokines, 

chemokines, acute phase proteins and energy regulating hormones such as leptin (95, 

96).  

Mouse Models 

The possible role of leptin in allergic airways disease has been studied extensively in 

mouse models. Mice sensitized to and challenged with ovalbumin (OVA) exhibit many 

features of asthma, including increased airway hyperresponsiveness (AHR) to 

methacholine, increased airspace eosinophils, neutrophils and lymphocytes, and TH2 

cytokine expression, and increases in serum IgE. Interestingly, OVA-treated mice show 

increased serum levels of leptin, while exogenous administration of leptin augments 

OVA-induced AHR and serum IgE levels (97). These augmenting effects of leptin on AHR 

may be due to a direct effect of leptin on airway smooth muscle (ASM) cells or may be 

related to the effects of leptin on IgE production. Cross-linking of high-affinity IgE 

receptors (FcRI) on mast cells upon binding of allergen to IgE results in degranulation of 

these cells and subsequent release of mediators such as histamine, prostaglandin D2 and 

cysteinyl leukotrienes, which are all powerful bronchoconstricting agents (98). 

Importantly, exogenous administration of leptin has no apparent effects on the OVA-

induced eosinophil recruitment to or TH2 cytokine expression in the airways, suggesting 

that leptin is capable of augmenting AHR independently of TH2 inflammation. This 

supports the hypothesis that leptin may instead be acting on the innate immune system. 

Along these lines, studies have shown that exogenous leptin increases the pulmonary 

inflammatory response following acute exposure to ozone (O3) (99), a common trigger 

for asthmatic episodes, known to act through activation of Toll-like receptors (100). 

These augmented responses to O3 have also been observed in obese Cpe
fat

 mice (101) 

and in mice with diet-induced obesity (102), both of which manifest high circulating 

levels of leptin. However, as similar responses to O3 are also observed in ob/ob (99) and 

db/db (101) mice, which lack leptin signalling, additional factors appear to be involved in 

the augmented response to O3 in obese mice. 

In conclusion, experimental mouse studies support an augmenting role for the leptin-axis 

in airway hyperresponsiveness, possibly independently of TH2 inflammation but via a 

direct effect of leptin on airway smooth muscle. 

Circulating Leptin 
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Several human studies have reported on the relationship between serum leptin levels 

and the occurrence of asthma. Guler et al. found that serum leptin levels of asthmatic 

children and especially of asthmatic boys were increased compared to healthy controls, 

in spite of no difference in BMI levels (103). In adult asthmatics, increased serum leptin 

levels compared to non-asthmatics have been described, however this association 

appeared stronger in women than in men (104). Jartti et al. studied the link between 

leptin and asthma in individuals who were followed 21 years from childhood to 

adulthood. They found high serum leptin levels to be associated with asthma only in 

adulthood. However, this association did not persist when clinical data, such as age, 

parental asthma and active smoking status, were included in the statistical model (105). 

Other studies have found no correlation between serum leptin levels and asthma (106, 

107). Altogether, evidence of a link between asthma and serum leptin remains unclear 

and further studies are needed to elucidate whether leptin directly participates in the 

pathogenesis of asthma, perhaps in certain subsets of this heterogeneous disease, or 

whether increased serum leptin levels are merely the result of the systemic 

inflammation that accompanies both asthma and obesity. 

Pulmonary Leptin 

Although several studies have reported on the possible relationship between asthma 

and systemic levels of leptin, less is known regarding the presence and role of leptin in 

the pulmonary compartment. Expression of both leptin and its receptor have been 

described in the lung, especially in bronchial epithelial cells (BECs) and type II 

pneumocytes (13, 29, 108), but how these may be affected by obesity or allergic airway 

inflammation remains unclear. In mice, it has been shown that obese db/db mice, which 

lack the leptin receptor and show innate AHR, have higher leptin levels in 

bronchoalveolar lavage (BAL) fluid (109). Moreover, these levels are modulated by 

PPAR ligands, which have been shown to reduce allergic inflammation and AHR. In 

humans, preliminary studies show increased BAL leptin levels in obese individuals 

compared to lean individuals, with positive correlations between BAL leptin levels and 

BMI, lung function, and BAL levels of TNFα, nitrates, and 8-isoprostanes, particularly in 

asthmatics (110-112). In addition, Lugogo et al recently demonstrated that primary 

alveolar macrophages derived from overweight/obese subjects with asthma are uniquely 

sensitive to leptin (110-112). Ex vivo studies indicated that leptin alone was sufficient to 

induce production of proinflammatory cytokines from primary macrophages derived 

from overweight/obese subjects with asthma and pre-exposure to high-dose leptin 

enhanced the LPS-induced proinflammatory response (110-112). This leptin-sensitive 

macrophage phenotype, in the context of higher levels of soluble leptin in the pulmonary 

compartment, may contribute to the pathogenesis of airway diseases associated with 

obesity. 

On the other hand, Holguin et al (36) showed that BAL adipokine levels (leptin and 

adiponectin) were not associated with the airway biomarkers of oxidation and 
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inflammation. In addition, Bruno et al. reported a decreased expression of leptin and its 

receptor in BECs isolated from patients with mild or severe, uncontrolled asthma, 

compared to healthy individuals (108). Moreover, these investigators found leptin and 

leptin receptor expression in isolated BECs to be inversely related to features of airway 

remodelling such as basement membrane thickening and TGF-β expression. 

In summary, leptin is present in the pulmonary compartment of asthmatics. There is 

developing – but conflicting – literature suggesting a potential role for pulmonary leptin 

in inflammatory asthma. More studies are warranted to investigate mechanisms of 

leptin action in asthma and to determine whether modulation of pulmonary leptin may 

be helpful in asthma prevention or treatment. 

Leptin and Eosinophils 

Important to review with respect to asthma pathogenesis are the effects of leptin on 

eosinophils as one of the major effector cells in asthma. Human eosinophils are known 

to express the leptin receptor Ob-Rb (113) and several studies investigated the role of 

leptin in the functioning of eosinophils. Leptin was shown to be a direct chemoattractant 

factor for eosinophils (114, 115), possibly through the activation of the ERK1/2 and p38 

MAPK signalling pathways. In addition, leptin has a priming effect on eotaxin-induced 

eosinophil migration (114, 116). Other studies suggest that leptin is an activating factor 

for human eosinophils and may prolong eosinophil survival by suppressing eosinophil 

apoptosis (113, 115). 

However, as discussed previously, exogenous administration of leptin in mice has no 

apparent effects on the OVA-induced eosinophil recruitment to the airways (97). 

Furthermore, leptin deficiency has recently been suggested to potentiate 

eosinophilopoiesis and the accumulation of eosinophils in the lung following OVA (117). 

These apparent conflicting data may be explained by the fact that there are key 

differences between murine asthma and human asthma, and that human studies are 

limited by the greater heterogeneity among subjects while murine studies are controlled 

experiments. 

In conclusion, current studies indicate a strong association between asthma and obesity, 

however the direction of causality is yet unclear. Adequately powered longitudinal and 

interventional studies are needed to establish a clear direction in association. The 

current evidence supports an emerging central immune modulating role for leptin in the 

pulmonary compartment. Further studies targeting leptin signalling are currently under 

way to clarify the role of pulmonary leptin in asthma pathogenesis.  

Pulmonary Infections 

Pneumonia is most commonly caused by bacteria, viruses, or – less frequently – fungi or 

parasites. The associated symptoms, such as cough, chest pain, fever and dyspnea, are 
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accompanied by an inflammatory response in the lungs. Malnutrition, which is often 

seen in patients with chronic diseases such as COPD or cancer, greatly increases the 

susceptibility to pulmonary infections (118, 119). The mechanisms responsible for this 

impaired host defence against infections are poorly understood, but may be related to 

reduced leptin levels. Furthermore, growing evidence suggests an effect of high BMI, and 

hence leptin resistance, on susceptibility to both bacterial and viral pulmonary infections 

(120-122), as highlighted by the recent H1N1 influenza epidemic (123, 124). 

 

Bacterial Infections 

The possible role of leptin in the immune response to pulmonary infections has mainly 

been studied in experimental murine models. Mice infected by intratracheal challenge 

with Klebsiella pneumoniae, a gram-negative bacteria, show increased leptin levels in 

serum, BAL fluid, and whole lung homogenates (125). It is not clear whether increases in 

leptin in the pulmonary compartment are due to increased synthesis of leptin in the lung 

itself, or rather due to leakage of leptin from the circulation that may accompany 

pulmonary inflammation. Interestingly, leptin deficient ob/ob mice show impaired 

survival following administration of Klebsiella pneumoniae, Streptococcus pneumoniae, 

and Mycobacterium abscessus, suggesting that the presence of leptin is required for an 

effective immune response against diverse bacterial challenges (125-127). The reduced 

bacterial clearance witnessed in leptin-deficient (ob/ob) mice does not appear to be due 

to impaired recruitment of inflammatory cells, but rather to result from defective 

macrophage and neutrophil phagocytosis of bacteria (57, 125, 126). Moreover, 

macrophages from leptin-deficient mice show diminished leukotriene synthesis in vitro. 

Leukotrienes have been shown to enhance macrophage phagocytosis, and impaired 

leukotriene synthesis has been found in some individuals found to be particularly 

susceptible to pulmonary infections (128, 129). Both the phagocytic response of 

macrophages and neutrophils and the synthesis of leukotrienes can be restored by 

exogenous administration of leptin in leptin-deficient mice (57, 125, 126).  

More recently, Kordonowy et al studied the effect of leptin on neutrophil trafficking in a 

sterile model of lipopolysaccharide (LPS)-induced lung injury (60). Early airspace 

recruitment (2-6h) was reduced in db/db mice, and neutrophils of uninjured mice 

demonstrated diminished chemotaxis towards the chemokine KC compared with control 

mice. In addition, adoptive transfer of db/db mouse neutrophils into injured control mice 

revealed a defect in airspace migration in these cells, suggesting that leptin is effective in 

driving alveolar airspace neutrophilia (60). Herewith in line, Ubags and colleagues 

recently showed that pulmonary leptin is induced in injured lungs and that this cytokine 

is effective in driving alveolar airspace neutrophilia via a direct effect on neutrophils 

(130). Further studies are warranted to better characterize and dissect the role of leptin 

in neutrophil recruitment and function in pneumonia and acute lung injury. 
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Experiments in lean mice fasted for 48 hours, a physiological stimulus that reduces 

circulating leptin levels, show a 20-fold increase in Streptococcus pneumoniae burden 

compared to ad libitum fed mice (131). Similar to leptin-deficient mice, macrophages 

from fasted animals exhibit defective phagocytosis of Streptococcus pneumoniae, while 

treatment with exogenous leptin restored bacterial clearance in fasted mice (131). In 

recent studies, Mancuso and colleagues convincingly showed by means of mutant s/s 

and l/l mice deficient in leptin receptor-mediated STAT3 activation and ERK activation, 

respectively, that both signalling routes play an essential role in host defence against 

bacterial pneumonia and in leukocyte antibacterial effector functions (132, 133). In 

contrast to the above mentioned reports, Wieland et al. failed to detect differences 

between wild type and leptin deficient ob/ob mice in host response to both Klebsiella 

pneumoniae and Streptococcus pneumoniae (134). This may be due to differing routes of 

bacterial administration (intratracheal versus intranasal) or to differences in mouse 

gender or age (with older, male mice being less susceptible to infections). However, the 

same group has also reported an increased susceptibility to infection with 

Mycobacterium tuberculosis in these mice (135). Interestingly, the pulmonary response 

to Mycobacterium tuberculosis was recently suggested to be affected by the host’s 

nutritional status via the regulation on non-bone marrow-derived cells, and not through 

direct action of leptin on Th1 immunity (136). Future studies are needed to better 

understand the role of non-bone marrow-derived cell like pulmonary epithelium 

involved in leptin-mediated immune regulation in bacterial infections. 

Viral Infections 

To date, only a few studies report on the effects of obesity, and thus increased leptin 

levels and leptin resistance, on the immune response to viral infections. Diet-induced 

obese mice showed a higher mortality rate upon infection with influenza virus (137, 138) 

and along with this increased mortality rate an altered immune response, including 

diminished NK-cell cytotoxicity and delayed pro-inflammatory cytokine expression (137). 

The chronic leptin elevation in these mice appears to cause a state of leptin resistance 

(139), which may lead to an inadequate immune response and increased mortality upon 

viral infection. Zhang et al recently suggested that leptin has no effect on viral replication 

itself (140). Furthermore, it has been shown that diet induced obesity results in selective 

impairment of DC functions and that obesity leads to delayed recruitment of 

mononuclear cells to the infected lung during influenza infection. In addition, while 

migration of antigen-loaded DCs to the lymph node appears to be normal in obese mice, 

the ability of DCs to present antigens to CD8
+
 T-cells is impaired, and this may be caused 

by a lack of co-stimulation by DCs (141). Karlsson et al. showed that increased morbidity 

and mortality during a secondary influenza infection is due to impairment in the ability 

to generate and maintain functional influenza specific memory T-cells (142). 

Furthermore, it has also been shown that diet-induced obesity can affect the 

maintenance of influenza-specific memory T-cell populations in the lung and this may be 
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due to peripheral leptin resistance in the obese lung microenvironment affecting IL-15 

function (143). These studies highlight potentially different effects on the host’s immune 

system seen in diet-induced obesity and obesity that arises from a leptin-deficient state. 

In conclusion, there is a lack of – particularly clinical and translational – research, which 

is necessary to gain a more comprehensive understanding concerning the possible role 

of leptin in the human immune responses against bacterial or viral pulmonary infections. 

 

Conclusions 

The pleiotropic functions of leptin are of growing interest, and significant progress has 

been made in understanding leptin’s role in inflammatory respiratory diseases and the 

underlying immune response. As a type-I cytokine, leptin appears to serve as far more 

than a satiety hormone for the regulation of food intake and energy expenditure. The 

presence of the functional leptin receptor in the lung on both leukocytes and lung 

epithelial cells together with evidence of local leptin production in the respiratory 

compartment, supports the concept that leptin plays an important role in respiration, 

lung development and the pathogenesis of diverse respiratory diseases.  

Further studies are however needed to elucidate the functional – possibly autocrine 

and/or paracrine – targets and effects of leptin signalling in the respiratory system in 

homeostasis and disease. It will be critical to distinguish the effects of leptin signalling in 

both acute and chronic respiratory diseases, as it appears that leptin may have 

dichotomous effects depending on the acuity of the disease process. Furthermore, in 

order to fully understand the role of leptin in clinical disease, more longitudinal or 

weight-intervention studies are required that focus on the mechanisms by which human 

obesity – and hence leptin resistance – influences respiratory diseases, and in particular 

respiratory immunity. Future investigations that reveal the mechanisms by which leptin 

influences pulmonary inflammation may eventually contribute to the development of 

novel therapeutic interventions in respiratory diseases. 
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Abstract 

Objective: One of the hallmarks of severe pneumonia and associated Acute Lung Injury 

(ALI) is neutrophil recruitment to the lung. Leptin is thought to be up-regulated in the 

lung following injury and to exert diverse effects on leukocytes, influencing both 

chemotaxis and survival. We hypothesized that pulmonary leptin contributes directly to 

the development of pulmonary neutrophilia during pneumonia and ALI.  

Design: Controlled human and murine in vivo and ex vivo experimental studies. 

Settings: Research laboratory of a university hospital. 

Subjects: Healthy human volunteers and subjects hospitalized with bacterial and H1N1 

pneumonia. C57Bl/6 and db/db mice were also used.  

Interventions: Lung samples from patients and mice with either bacterial or H1N1 

pneumonia and associated ALI were immunostained for leptin. Human bronchoalveolar-

lavage (BAL) samples obtained after lipopolysaccharide (LPS)-induced lung injury were 

assayed for leptin. C57Bl/6 mice were examined after oropharyngeal aspiration of 

recombinant leptin alone or in combination with E.coli- or K.pneumonia-induced 

pneumonia. Leptin-resistant (db/db) mice were also examined using the E .coli model. 

BAL neutrophilia and cytokine levels were measured. Leptin-induced chemotaxis was 

examined in human blood- and murine marrow-derived neutrophils in vitro.  

Measurements and Main Results: Injured human and murine lung tissue showed leptin 

induction compared to normal lung, as did human BAL following LPS instillation. BAL 

neutrophilia in uninjured and infected mice was increased and lung bacterial-load 

decreased by airway leptin administration, whereas BAL neutrophilia in infected leptin-

resistant mice was decreased. In sterile lung injury by LPS, leptin also appeared to 

decrease airspace neutrophil apoptosis. Both human and murine neutrophils migrated 

towards leptin in vitro, and this required intact signaling through the JAK2/PI3K pathway. 

Conclusion: We demonstrate that pulmonary leptin is induced in injured human and 

murine lungs and that this cytokine is effective in driving alveolar airspace neutrophilia. 

This action appears to be caused by direct effects of leptin on neutrophils. 
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Introduction 

Acute Lung Injury (ALI) affects approximately 200,000 patients a year in the United 

States alone, with an associated mortality rate of between 37% and 60% (1). Severe 

infection, particularly pneumonia, is the most frequent risk factor for ALI (2), and this 

syndrome is seen in response to a variety of bacterial and viral pulmonary pathogens. 

Neutrophils are key participants in the alveolar epithelial and endothelial injury that 

characterizes ALI, and are the predominant cells in alveolar edema fluid obtained from 

affected patients (3). The normal response to pulmonary infection or injury induces the 

controlled recruitment of neutrophils to the lung, which are then rapidly eliminated 

through the induction of apoptosis and subsequent clearance by alveolar macrophages 

during the resolution phase of the inflammatory response (4). In ALI, however, 

neutrophil recruitment is both exaggerated and persistent, and neutrophil apoptosis is 

delayed as a consequence of alveolar cytokines and growth factors, including IL-8 and G-

CSF (5, 6). This prolonged neutrophil life-span contributes significantly to the protracted 

lung injury seen in ALI patients (7). Thus, the key neutrophil processes in ALI are: 1) 

cytokine-mediated neutrophil recruitment to the lung and 2) prolonged neutrophil 

survival in the lung leading to sustained inflammation and increased tissue damage (8-

10).  

Although traditionally considered a mediator of metabolic homeostasis (11), the 

adipokine and IL-6 family member leptin also appears to be released into the blood in 

the setting of systemic inflammation (12). However, leptin’s overall role in inflammation 

remains unclear. Monocyte and macrophage activation, phagocytosis, and release of 

pro-inflammatory cytokines appear to be promoted by leptin during the innate immune 

response (13-15), and leptin may be required for these cells to clear bacterial pathogens 

(16). In the case of neutrophils, surface expression of leptin receptor has been reported 

and it has been suggested that leptin may augment the functional responses of these 

cells, including chemotaxis (17), and may delay spontaneous neutrophil apoptosis (18). 

Recent studies have shown up-regulated leptin expression in bronchial epithelial cells 

and alveolar macrophages in both human and murine lungs following chronic smoking-

induced lung injury (19, 20), and that leptin is increased in BAL from ARDS patients (21).  

Furthermore, it has been suggested that leptin receptor activation is important in the 

innate immune response to pneumonia (17, 18), as well as in the development of 

hyperoxia-induced ALI in mice (22). 

Given the proposed effects of leptin on neutrophil function, we hypothesized that 

pulmonary leptin is an important factor during both pulmonary inflammatory response 

and ALI pathogenesis. In this study, we show for the first time that leptin expression is 

up-regulated in both human and murine lung tissues in response to bacterial and viral-

induced lung injury, and further, present evidence that leptin is an important mediator 
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of pulmonary neutrophilia in ALI that functions via leptin-augmented neutrophil 

chemotaxis to and possibly delayed clearance from the alveolar space.   

 

Materials and Methods  

Animals 

Eight to twelve week old female C57Bl/6 mice (Harlan, Indianapolis, IN), and 

homozygous female leptin receptor-deficient mice (BKS db/db) and heterozygous 

littermates (Jackson Labs, Bar Harbor, ME), were housed in the animal facilities at the 

University of Vermont. All experimental animal procedures were approved by the 

University of Vermont Institutional Animal Care and Use Committee.  

Human immunohistochemistry 

Banked human lung specimens were analyzed from patients who died of bacterial (n=3) 

or influenza A (H1N1) (n=3) pneumonias with ALI/ARDS and compared to histologically 

normal lung tissue (n=3). A previously validated protocol for leptin-immunostaining using 

a rabbit-anti-human leptin antibody (Santa Cruz, Dallas, TX) was used to identify leptin-

positive cells in both human and murine tissue (20). 

Human pulmonary endotoxin injury 

To determine human alveolar production of leptin in response to injury, alveolar lavage 

samples banked from a previous study of normal healthy volunteers (n=14) exposed to 

bronchoscopically-instilled endotoxin (LPS) versus saline were analyzed (23). Briefly, 

subjects were exposed to endotoxin via bronchoscopic subsegmental-instillation (4ng/kg 

subject body weight in 10mL saline; E. coli strain O:113, NIH, Bethesda, MD) randomized 

to either the lingula or right middle lobe of the lung, which was immediately followed by 

instillation of 10mL sterile saline into a contralateral lung-subsegment. A second 

bronchoscopy was performed 16h later, and both the LPS- and saline-instilled 

subsegments were lavaged with 150mL saline. Previously reported lavage cell counts, 

and IgM and protein concentrations (23) were compared to lavage leptin levels, as 

determined by ELISA (R&D Systems), of the stored samples.  

Murine exposures 

Mice treated with pegylated recombinant murine leptin (19) were instilled (50µg in 

100µl sterile PBS or vehicle-control) by oropharyngeal (o.p.) aspiration under isoflurane 

anesthesia. Murine influenza A (A/California/7/2009 H1N1, 3x10
3
EIU), E. coli (O6:K2:H1 

ATCC, 1x10
7
CFU), and Klebsiella pneumonia (43816 serotype 2, ATCC, 2x10

3
CFU) 
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infections were performed by either o.p. aspiration (E.coli and K.pneumoniae) or nasal-

instillation (H1N1), as described (24-26). LPS lung injury was induced by nebulized LPS, as 

described (27).  

 

Murine lung analysis and immunohistochemistry 

Airspace lavage cell counts and cytokine levels, as well as whole-lung leptin mRNA levels 

and bacterial CFU where appropriate were determined at 24h (E.coli, K.pneumoniae) or 

4d (H1N1) after exposure as described in the online supplement. Leptin immunostaining 

was performed on unlavaged, paraffin-embedded lungs from mice exposed to either 

E.coli (n=3) or H1N1 pneumonia (n=3), as well as matched saline-instilled control mice 

(n=3 for each condition), as described for human lung samples.  

 Neutrophil isolation 

Human blood neutrophils were isolated by dextran sedimentation and discontinuous 

density-gradient centrifugation (28), and re-suspended in Krebs-Ringer-phosphate-

dextrose buffer. Morphologically-mature murine bone marrow neutrophils were isolated 

by discontinuous density-gradient (29, 30). 

Neutrophil chemotaxis 

Neutrophil chemoattractant response to IL-8, KC (R&D), or recombinant human (R&D) or 

murine (19) leptin was examined using a modified Boyden chamber (Neuroprobe) (31) 

with or without pre-incubation of the neutrophils for 30min at 37ºC with PI3K- or JAK2-

inhibitor (Calbiochem).  

Neutrophil apoptosis  

Murine airspace neutrophil apoptosis was examined using TUNEL (R&D) and flow 

cytometry of lavaged mice, 6h after the induction of sterile lung injury by inhaled LPS 

(31).  

Statistical analysis 

Data were represented as mean ± SEM, and analysis of differences between 

experimental groups was performed by Student t test. Wilcoxon signed-rank test was 

used to analyze differences between lavage levels of leptin in subject-matched LPS- and 

saline-exposed lung subsegments. Spearman rank correlation was used to determine 

correlations between subjects’ lavage leptin, neutrophil, IgM, and protein levels using 

‘delta’ values (LPS-treated lung subsegment minus saline-treated lung subsegment 
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levels) for each subject (23). One-way ANOVA was used for analysis of differences 

between conditions in chemotaxis assays of human and murine neutrophils. All analyses 

were performed using Prism5 software (GraphPad). Results with p<0.05 were considered 

statistically significant. 
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Results 

Immunohistologically-detected leptin is increased in human lung tissues 
following infection and injury 

To determine whether alveolar leptin content is increased in the human lung following 

infection and injury, lung tissue from patients with pneumonia and ALI due to either 

bacterial or viral (H1N1) infection, was examined by immunohistochemistry for leptin 

and compared to similarly-stained uninjured human lung samples. Limited leptin staining 

(blue) was present in the uninjured lung (Figure 1A), whereas diffuse leptin staining was 

observed in lungs with bacterial and viral pneumonias (Figure 1B and C). In particular, 

intense staining of airspace macrophages was detected following acute lung injury, a 

finding which has previously only been shown in response to chronic lung injury (19, 20). 

 

Figure 1  Leptin expression is augmented in the lung during ALI. Immunohistochemical examination was 

performed for leptin in normal human lung tissue (A), human lung tissue from an ALI patient (B), human lung 

tissue from an H1N1-infected patient (C). Leptin is indicated by blue staining and nuclei are counterstained in 

red. Limited leptin staining was observed in normal human lung tissue and was localized in alveolar 

macrophages. Increased leptin expression in airway macrophages (black arrows) and alveolar epithelium (red 

arrows) in lung tissue of both ALI and H1N1 infected lung tissue was observed. Original magnification x 200 

(inserts x 400). 

Airspace leptin levels increase following endotoxin-induced lung injury in 
humans 

To further examine human alveolar leptin induction, we measured leptin protein levels 

in BAL samples from a previous study of bronchoscopic subsegmental LPS instillation in 

healthy volunteers (n=14) (23). BAL samples obtained 16h after instillation of LPS 

showed significantly increased leptin levels in the LPS-exposed lung segments compared 

to saline-exposed contralateral lung segments of the same subject (Figure 2A). 

Furthermore, a significant correlation was observed between airspace neutrophil 

accumulation and leptin levels (Figure 2B). Total BAL protein concentrations, a 

measurement of both lung injury and capillary leak, also correlated with leptin release 

(Figure 2C). Yet, BAL IgM levels, a more specific marker for capillary leak, did not 
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correlate with leptin levels (Figure 2D), suggesting that increased airspace leptin levels 

correlate with alveolar injury and not leakage of serum leptin into the airspace.  

 

Figure 2  Airspace leptin levels are increased by LPS exposure in humans. Human leptin was quantified in 

brochoalveolar lavage fluid from lung segments exposed to either saline (10mL) or LPS (4ng/kg in 10mL saline) 

16 h after instillation (A). The increase in leptin expression was compared to the levels of brochoalveolar lavage 

neutrophils (B), total brochoalveolar lavage protein concentration (C), and IgM levels (D). n=14 in all groups. 

Data are presented as mean ± SEM, * p ≤ 0.05 compared to control. Wilcoxon signed rank test was used to 

analyze differences between paired LPS and saline instilled subsegments from each subject (A), and Spearman 

rank correlation was used to analyze the relationship between LPS-treated subsegment lavage leptin, 

neutrophil, protein, and IgM levels, which were adjusted for the matched control subsegment in each subject  

(LPS-instilled subgement minus saline instilled subsegment).  

Pulmonary leptin expression increases in murine models of both E. coli 
and influenza A pneumonia 

To further examine the induction of leptin within the lung during infection, we 

determined leptin immunostaining in lung tissue as well as airspace leptin protein levels 

and whole lung leptin mRNA expression in mice. Limited leptin staining (blue) was 

present in the uninjured lung (Figure 3A), whereas diffuse leptin staining was observed in 

lungs with bacterial and viral pneumonias (Figure 3B and C) with intense staining of 

alveolar macrophages as well as epithelium, similar to the findings in human lung tissue. 

BAL leptin protein levels were significantly increased at both 24h after E.coli infection 

and 4d after H1N1 infection, compared to saline treated control mice (Figure 3D). A 
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similar effect was seen on relative leptin mRNA expression in lung tissue of these mice 

(Figure 3E). Analysis of BAL leptin and BAL albumin levels (an indicator of the degree of 

serum leakage) showed no correlation in these experiments (data not shown), 

suggesting that airspace leptin is of pulmonary origin and does not reflect serum leptin 

leakage to a significant degree. 

Recombinant leptin augments airspace neutrophilia in injured and 
uninjured mice 

We next investigated the effect of airspace leptin augmentation in models of E.coli- and 

K.pneumoniae-induced pneumonia. Pulmonary neutrophilia was significantly increased 

at 24h after E.coli infection with instilled leptin compared to E. coli infection without 

(Figure 4A), and whole lung E.coli CFU were lower in the leptin-treated mice compared 

to controls (Figure 4B). However, the latter difference did not reach statistical 

significance, likely related to the limited severity of the E.coli model. Using the more 

aggressive pulmonary pathogen K.pneumoniae (32, 33), leptin instillation significantly 

augmented bacterial clearance (Figure 4D), while BAL neutrophil levels (Figure 4C) were 

similar, possibly due to compensatory recruitment signals in the (sicker) control mice. To 

investigate whether the leptin-associated increase in BAL neutrophilia requires the 

induction of lung injury, we examined the effect of leptin airway-instillation on 

pulmonary neutrophil recruitment in uninjured mice. Leptin treatment led to a 

significant increase in total BAL neutrophil counts at both 6h and 24h compared to 

control (Figure 4E), as well as increased albumin levels, indicative of injury and capillary 

leak (Figure S1A).  A similar trend was seen in E. coli and K. pneumoniae treated mice 

(Figure S1B and C), despite decreased bacterial burden in the leptin-treated lungs (Figure 

4B and D). 

Leptin does not induce alveolar release of inflammatory cytokines  

To distinguish whether the effects of o.p.-instilled leptin on pulmonary neutrophilia were 

direct (i.e. acting on neutrophils themselves) or indirect (mediated through the induction 

of inflammatory cytokines), levels of inflammatory cytokines in BAL fluid from leptin- and 

control-treated uninjured and E.coli-infected mice were measured. No differences were 

observed in airspace cytokine levels between PBS- and leptin-treated animals in either 

uninjured (Figure S2A and B) or E.coli-infected mice (Figure S2C). These results suggest 

that leptin-associated augmentation of airspace neutrophilia may represent a direct 

effect of leptin on neutrophils themselves. 
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Figure 3  Leptin levels are increased in murine lungs after bacterial or viral infection. Immunohistochemical 

examination was performed for leptin in normal murine lung tissue (n=5) (A), murine lung tissue infected with 

E. coli (n=5) (B), and murine H1N1 infected lung tissue (n=5) (C). Leptin is indicated by blue staining and nuclei 

are counterstained in red. Leptin staining was localized in alveolar macrophages (black arrows) and alveolar 

epithelium (red arrows). Original magnification x 200 (inserts x 400). Leptin levels were determined in either 

brochoalveolar lavage by ELISA (D) or lung tissue by qPCR (E) from mice exposed to either saline control (n=4), 

E. coli for 24h (n=8) or H1N1 for 4d (n=4). Data are presented as mean ± SEM, * p ≤ 0.05, ** p≤ 0.01 and 

***p≤0.001 compared to control. 

Defective leptin signaling is associated with decreased pulmonary 
neutrophilia following murine bacterial pneumonia 

To determine whether leptin was not only sufficient but necessary for the development 

of pulmonary neutrophilia during infection and injury, we examined the effects of 

defective leptin signaling in E.coli- or K.pneumoniae-induced pneumonia in mice lacking 

leptin receptor (db/db).  In contrast to our findings in wild type mice (Figure 4E), leptin 

instillation alone in db/db mice did not result in significant airspace neutrophilia (Figure 

S3). Pulmonary neutrophilia was significantly decreased at 24h after E. coli infection in 

db/db mice compared to their heterozygous littermates (Figure 5A), and although whole 

lung E. coli CFU were higher in the db/db mice compared to controls (Figure 5B), this 

difference did not reach statistical significance. In addition, BAL neutrophilic cytokine 

levels (IL-6, KC, G-CSF, TNF-α) were the same in db/db mice compared to littermate 

controls (Figure 5C), suggesting that despite lower levels of neutrophils recruited to the 

airspace of db/db mice, the animals were still capable of handling this non-lethal 

pneumonia model.  In the Klebsiella model, leptin receptor-deficiency led to significant 

impairment of bacterial clearance compared to littermate controls (Figure 5E).  Although 

the difference between BAL neutrophil levels in db/db compared littermate control mice 
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was not significant, we found markedly increased levels of BAL cytokines in the db/db 

mice compared to control (Figure 5F), suggesting that in the Klebsiella model, unlike the 

self-limited E. coli model, as infection worsens in the absence of leptin signaling it leads 

to the release of additional neutrophil recruitment signals. 

 

Figure 4 Leptin increases pulmonary neutrophilia in E. coli pneumonia injured as well as in uninjured mice. 

Total neutrophil counts in brocho-alveolar lavage fluid were determined at 24h after o.p. aspiration of control 

(PBS) or recombinant pegylated leptin (50 µg) in E. coli (A) and K. pneumoniae (C) infected mice, and at 6 and 

24h after o.p. aspiration of vehicle (PBS) or recombinant pegylated leptin (50µg) in uninjured mice (E). In 

addition, whole lung CFU were determined in the E.coli (B) and K.pneumoniae (D) infected mice. n=5 in all 

groups of uninjured mice; n=7 in the control group and n=8 in the pegylated-leptin treated group of E. coli 

pneumonia infected mice; n=10 in all groups of K. pneumonia infected mice. Data are presented as mean ± 

SEM, * p ≤ 0.05 and ** p ≤ 0.01 compared to vehicle-exposed mice. 
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Defective leptin signaling is associated with decreased pulmonary 
neutrophilia following murine bacterial pneumonia 

To determine whether leptin was not only sufficient but necessary for the development 

of pulmonary neutrophilia during infection and injury, we examined the effects of 

defective leptin signaling in E.coli- or K.pneumoniae-induced pneumonia in mice lacking 

leptin receptor (db/db).  In contrast to our findings in wild type mice (Figure 4E), leptin 

instillation alone in db/db mice did not result in significant airspace neutrophilia (Figure 

S3).  Pulmonary neutrophilia was significantly decreased at 24h after E. coli infection in 

db/db mice compared to their heterozygous littermates (Figure 5A), and although whole 

lung E. coli CFU were higher in the db/db mice compared to controls (Figure 5B), this 

difference did not reach statistical significance. In addition, BAL neutrophilic cytokine 

levels (IL-6, KC, G-CSF, TNF-α) were the same in db/db mice compared to littermate 

controls (Figure 5C), suggesting that despite lower levels of neutrophils recruited to the 

airspace of db/db mice, the animals were still capable of handling this non-lethal 

pneumonia model.  In the Klebsiella model, leptin receptor-deficiency led to significant 

impairment of bacterial clearance compared to littermate controls (Figure 5E).  Although 

the difference between BAL neutrophil levels in db/db compared littermate control mice 

was not significant, we found markedly increased levels of BAL cytokines in the db/db 

mice compared to control (Figure 5F), suggesting that in the Klebsiella model, unlike the 

self-limited E. coli model, as infection worsens in the absence of leptin signaling it leads 

to the release of additional neutrophil recruitment signals. 

Leptin effects human and murine neutrophil chemotaxis in a dose-
dependent manner 

To establish whether a direct chemoattractant effect of leptin on neutrophils might 

contribute to its in vivo effects, we examined both murine and human neutrophil 

chemotaxis in vitro. A dose-dependent chemotaxis response to leptin was observed in 

both human and murine neutrophils (Figure 6A and B). This effect appears to be greater 

in human neutrophils than mouse, although this may reflect the source and relative 

maturity of these cells (blood vs. bone marrow).  
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Figure 5 Defective leptin signaling decreases pulmonary neutrophilia in murine E. coli pneumonia and 

increases lung CFU levels in murine K. pneumoniae infection. Total neutrophil counts in brochoalveolar lavage 

fluid and whole lung CFU were determined at 24h after E. coli (A, B) or K. pneumonia (D, E) infection in leptin 

receptor-deficient (db/db) mice and heterozygote littermate controls. In addition, BAL cytokine levels were 

determined in db/db and control mice after E.coli (C) or K. pneumoniae (F) infections. n=11 in all groups of 

E.coli infected mice; n=7 in the control mice and n=6 in the db/db mice infected with K. pneumonia. Data are 

presented as mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p≤ 0.0001 compared to control mice. 

 

 

Figure 6  Leptin has a dose-dependent effect on both human and murine neutrophil migration. Human 

peripheral blood derived neutrophils (A) and murine isolated bone marrow-derived neutrophils (B) were 

exposed to control (C), IL-8 (100ng/mL) (human), KC (50ng/mL) (murine), and different concentrations of 

human and murine leptin in a modified Boyden chamber (n=4 for each condition). Data are presented as mean 

± SEM. **** p≤ 0.0001 as performed with One-way ANOVA. 
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Signaling molecules Janus kinase 2 (JAK2) and phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) are critical for leptin-mediated neutrophil 
chemotaxis 

To further dissect the leptin-induced chemotaxis response, we examined downstream 

targets of leptin signaling in isolated murine neutrophils. Inhibition of JAK2 and PI3K 

effectively abolished neutrophil chemotaxis towards leptin (Figure 7), suggesting that 

neutrophil chemotaxis to leptin requires JAK2/PI3K signaling. Neutrophil response to the 

CXC chemokine KC did not require JAK2 signaling but was dependent on PI3K activation 

(Figure 7), as has previously been demonstrated (34.).  

 

Figure 7 JAK2 and PI3K 

inhibition abolish leptin-

mediated neutrophil 

chemotaxis. Murine bone-

marrow derived neutrophils 

were pre-incubated with 

control, JAK2 (100µM) or 

PI3K (50µM) inhibitor (n=4 

for each condition) and were 

exposed to buffer control, KC 

(50ng/mL) or different 

concentrations of murine 

leptin in a modified Boyden 

Chamber. Data are presented 

as mean ± SEM. # p≤ 0.05, ## 

p≤ 0.01, ### p≤ 0.001 

compared to buffer control; 

** p≤ 0.01, *** p≤ 0.001 compared to no inhibitor control. 

Leptin delays murine airspace neutrophil apoptosis in vivo 

As previous work has suggested that leptin may have an anti-apoptotic effect on 

neutrophils in vitro (18, 35), we examined whether it might also serve to increase 

airspace neutrophilia by delaying airspace neutrophil apoptosis in vivo. To address this 

possibility, we examined a less complex, sterile lung injury model using nebulized 

lipopolysaccharide to induce rapid recruitment of neutrophils to the lung. Detectable 

apoptotic neutrophils, which are typically scarce in the airspace due to their rapid 

clearance (36), were found at low levels in both groups but were significantly reduced in 

lung-injured mice treated with o.p. leptin compared to those treated with vehicle alone 

(Figure 8). 
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Figure 8  Leptin decreases murine neutrophil 

apoptosis in vivo. Apoptosis was determined in 

BAL neutrophils at 6h after LPS exposure and o.p. 

pegylated-leptin (50µg) or control (PBS) instillation 

by TUNEL staining (n=3 for control and n=9 for 

leptin treatment). Data are presented as mean ± 

SEM, * p ≤ 0.05 compared to control treated mice.  

 

 

 

 

Discussion 

In this study we demonstrate the induction of leptin expression and release in both 

human and murine lung during pneumonia and acute lung injury. Furthermore, we 

describe leptin-mediated effects on neutrophil recruitment and potentially survival, 

suggesting a novel role for pulmonary leptin in the development and persistence of 

airspace neutrophilia in severe pneumonia and ALI. 

Among its many effects, the adipokine leptin has recently been suggested to act as a 

neutrophil chemoattractant and an anti-apoptotic molecule in humans (17, 18). Yet, the 

role of leptin in neutrophil recruitment in pneumonia and ALI has not previously been 

examined. Circulating leptin levels are increased in critical illness, and evidence suggests 

leptin expression increases is human lung tissue during chronic injury and inflammation 

(20, 37, 38), while leptin levels have been found to be elevated in BAL from hyperoxia-

exposed mice and patients with acute lung injury (21, 22, 39). Using 

immunohistochemistry, we observed intense leptin staining of both alveolar epithelium 

and macrophages in human subjects with either viral or bacterial-induced lung injury. 

We found similar leptin staining patterns in mouse models of both H1N1 and E. coli 

pneumonia, and levels of both leptin transcription and airspace release were increased. 

Furthermore, we found that endotoxin-induced lung injury in healthy human subjects 

leads to increased leptin content in BAL fluid, and that these increased leptin 

concentrations appear to correlate with both the degree of lung injury and levels of 

airspace neutrophilia. Thus, we show for the first time that pulmonary leptin up-

regulation a nd airspace release is a response to infection and acute lung injury in both 

murine models and human disease. 
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The effects of leptin on pulmonary inflammatory responses remain poorly understood. 

Most relevant studies have examined mouse models of leptin- or leptin receptor-

deficiency. Mancuso et al. demonstrated an impaired host defense in leptin deficient 

mice, and restoration of circulating leptin levels in these mice led to improved 

pulmonary bacterial clearance and survival (15, 16). Others have shown that leptin 

infusion or instillation into wild type mice augments lung inflammation in models of 

allergic sensitization (40) and hyperoxia (22). Furthermore, in recent studies of human 

ALI, high BAL leptin levels were reported to be associated with greater morbidity and 

mortality in patients with a normal BMI (21), suggesting a pathophysiological role for 

leptin in this disease.  

Leptin has previously been suggested to act as a neutrophil chemoattractant (17, 41, 42) 

and anti-apoptotic (18, 35) in vitro, yet little has been reported on leptin’s effects on 

neutrophil behavior in vivo. In the present study, we show leptin to be an effective 

neutrophil chemoattractant not only in vitro but also in vivo. We also find in vivo 

evidence that leptin may further augment airspace neutrophilia in the context of injury 

through anti-apoptotic effects, similar to G-CSF (6, 7).  In this setting, we note that 

pneumonia-associated airspace neutrophilia is diminished in mice with impaired leptin 

signaling, while clearance of bacteria is significantly impaired.  Mancuso et al. previously 

reported impaired bacterial clearance after K. pneumoniae infection in leptin-deficient 

(ob/ob) mice, suggesting an important role for leptin in the pulmonary antibacterial host 

defense (15). Our data are in agreement with these findings; however, we show that not 

only the presence of leptin, but also intact leptin signaling is critical in the pulmonary 

host defense.  

The signaling pathways underlying leptin-induced neutrophil chemotaxis have been 

poorly defined. In our work, signaling through the ‘canonical’ ObR/JAK2/STAT pathway 

was not detected (43). We find instead that the ‘alternate’ JAK2/IRS-1 and the MAPK 

pathways (34) are required for leptin-induced neutrophil chemotaxis. Furthermore, this 

process requires PI3K, suggesting that JAK2 instead activates IRS1/2, which has been 

shown to activate PI3K in this context (44). Further investigation will be required to fully 

delineate this process. 

It has previously been suggested that increased airspace leptin levels following lung 

injury may be caused by increased capillary leak and consequent serum leptin 

extravasation into the airspace (40, 45). In our examination of human airspace leptin 

response we used BAL IgM as a marker of capillary leak (Figure 2) in order to avoid the 

confounding effects of using total protein, which reflects not only vascular leak, but is 

also an indicator of tissue injury. However, IgM is a larger protein compared to leptin, 

potentially allowing leptin to cross the alveolar/capillary membrane more readily than 

IgM following injury. Thus, although we present additional data that a pulmonary source 

of leptin exists (including immunohistology and whole lung quantitative PCR), our 

findings must be interpreted with caution. It should also be noted that, given unclear 

dilution factors related to airspace lavage and the critical role of microanatomical 
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cytokine compartmentalization in the lung, the relevant airspace dosing of leptin is 

unknown.  

Our findings not only suggest that leptin participates in the host response to pneumonia 

and the pathogenesis of ARDS, but may also shed light on the apparent effects of obesity 

and the accompanying leptin-resistance on both of these diseases. Obesity has been 

shown in both clinical studies and animal models to be associated with greater 

susceptibility to and poorer outcomes from pneumonia (46, 47). Conversely, in the case 

of ALI/ARDS, we and others have shown that rising BMI reduces clinical mortality from 

this syndrome (48, 49), and have implicated a blunted inflammatory response during ALI 

in the obese (50). Furthermore, we have recently reported that diet-induced obese mice 

have attenuated airspace neutrophilia in response to LPS-induced lung injury (27), which 

appears to be multifactorial in origin. In light of our current findings, we propose that the 

altered pulmonary innate immune response seen in obesity could in part reflect 

impairment of neutrophil leptin-response. 

 

Conclusion 

We demonstrate up-regulation of pulmonary leptin levels in both humans and mice 

following bacterial- and viral-induced pneumonia and ALI. Leptin enhances airspace 

neutrophilia, an effect that appears to be independent of secondary cytokine induction. 

This effect is in part mediated through leptin’s action as a neutrophil chemoattractant, 

but may also include leptin-driven effects on neutrophil survival. Taken together, the 

present study suggests an important role for leptin in the development of pulmonary 

neutrophilia following a wide range of insults.  Further studies are needed to better 

understand the effects of leptin and its signaling cascades on both neutrophil 

development and neutrophil function in pulmonary inflammation.  
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Supplement 

Human immunohistochemistry 

Banked human lung specimens obtained during autopsy were analyzed from patients 

who died off bacterial (n=3) or influenza A (H1N1) (n=3) pneumonias with ALI/ARDS. 

Specimens from patients with histologically normal lung tissue without evidence of 

injury, infection or malignancy (n=3) served as controls. A previously validated protocol 

for leptin immunostaining was used to identify leptin-positive cells, as we have 

previously described (20). Briefly, deparaffinized fixed lung sections (5µm) were stained 

using a rabbit anti-leptin antibody (1:300; SC-842; Santa Cruz Biotechnology, Santa Cruz, 

California) and blue substrate kit III (Vector Laboratories, Burlingame, California) Sections 

were counterstained with Nuclear Fast Red (Vector Laboratories) and mounted. All 

patient specimens were examined in accordance with an approved Institutional Review 

Board (IRB) protocol. 

Human BAL  

Previously reported lavage cell counts, and IgM and protein concentrations (23) were 

compared to lavage leptin levels, as determined by ELISA (R&D Systems) of the stored 

samples. IgM levels in BAL fluid samples were determined by ELISA (R&D Systems), and 

total protein levels by Bradford assay.  Differential cell counts were performed on May-

Grünwald-Giemsa-stained cytocentrifuged preparations (23). As a subset of subjects in 

the original study were treated with activated protein C, we examined only subjects in 

the control arm of the study who received placebo (IV saline) (n=14). 

Murine exposures 

Naïve C57Bl/6 mice were anesthetized with inhaled isoflurane (Webster Veterinary, 

Devens, MA) and received either 50µg pegylated recombinant murine leptin (less than 

2EU/ml endotoxin) (51) in 100µl sterile PBS or 100μl vehicle control (PBS) by 

oropharyngeal (o.p.) aspiration. This aspiration technique was modified from Lakatos et 

al (44). In brief, the anesthetized mouse was placed in an upright position and the 

tongue was gently extracted from the mouth using blunt forceps.  The liquid was 

pipetted onto the back of the tongue. Respiration was monitored to ensure that the 

suspension was fully aspirated. The animals were euthanized 6 or 24h after leptin or PBS 

instillation by pentobarbital (Vortech pharmaceuticals, Dearborn, MI) overdose and 

exsanguination. Blood, BAL fluid and lung tissue of these mice was collected and 

processed for analysis of cell counts, cytokine, gene, and protein expression.  

Murine influenza A infection was performed as described by Rincon et al (24). Briefly, 

mice were infected intranasally with sublethal doses (3x10
3 

EIU) of the 

A/California/7/2009 H1N1 isolate of the 2009 pandemic H1N1 influenza virus or vehicle 

(saline) control. Mice were euthanized and examined as above at day 4 post-infection.  
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Murine bacterial pneumonia infection was performed as previously described (25, 26). 

Briefly, mice were inoculated with ~ 1x 10
7 

CFU of E.coli O6:K2:H1 (ATCC) or vehicle 

(saline) control with or without 50µg pegylated recombinant murine leptin (51) via o.p. 

aspiration following brief anesthesia with isoflurane. Mice were euthanized and 

examined after 24h as described above. Klebsiella pneumoniae infection was performed 

by o.p. instillation of K. pneumonia (43816 serotype 2, ATCC, 2x10
3
 CFU) or vehicle 

(saline) control with or without 50μg pegylated recombinant murine leptin (51). Mice 

were euthanized and examined after 24h as described above. 

Murine LPS-induced lung injury was performed as previously described (27). Briefly, Mice 

were exposed to aerosolized E. coli 0111:B4 lipopolysaccharide (LPS; Sigma, St. Louis, 

MO) using a 3mg/ml solution of LPS in sterile saline nebulized by a Pari LC Plus Reusable 

Nebulizer with ProNeb Turbo Air Compressor (Pari Respiratory Equipment, Midlothian, 

VA). The nebulizer was connected, via a central manifold, to a multi-compartment pie-

shaped Plexiglas aerosol chamber (modified Tepper box (52)) in which groups of mice 

were exposed individually but simultaneously to the aerosol for 15min. 

Murine immunohistochemistry 

Paraffin imbedded murine lungs were cut in 4µm sections and processed for 

immunohistochemical leptin staining according to Vernooy et al. (20). Immunoreactive 

epitopes of leptin were exposed by treatment with 0.05% Pronase E in 0.5M Tris/HCl (pH 

7.6), and nonspecific binding was blocked with 5% BSA in TBS. Leptin was detected using 

a rabbit anti-leptin polyclonal Ab (SC-842, Santa Cruz Biotechnology, Santa Cruz, CA). 

After application of biotin-conjugated goat anti-rabbit IgG Ab (E-0431, DakoCytomation, 

Glostrup, Denmark) and alkaline phosphatase-labeled avidin–biotin complex (ABC-AP, K-

0376, DakoCytomation), enzymatic reactivity was visualized using Blue Substrate Kit III 

(SK-5300, Vector Laboratories, Burlingame, CA). Sections were counterstained with 

Nuclear Fast Red (Vector Laboratories) and mounted. Negative controls for nonspecific 

binding by omitting the primary detecting Ab revealed only nuclear staining in red and 

no blue staining was observed. 

Neutrophil chemotaxis 

Neutrophil chemoattractant response to IL-8, KC (both R&D Systems), or recombinant 

leptin (51) was examined using a 48-well modified Boyden chamber (Neuroprobe 

Gaithersburg, MD) as previously described (53) with or without pre-incubation of the 

neutrophils for 30 minutes at 37ºC with PI3K- (50μM) or JAK2-inhibitor (100μM)  

(Calbiochem). Briefly, isolated human peripheral blood neutrophils and murine bone 

marrow neutrophils were isolated as described above, and resuspended at 3.0 x 10
6
 

cells/ml in H/H buffer (1x HBSS, 2mg/ml BSA, 10mM HEPES, 1mM CaCl2 and 1mM MgCl2) 

(murine neutrophils) or 1x HBSS supplemented with 1mM CaCl2 and 1mM MgCl2 (human 

neutrophils). Chemoattractants in the appropriate buffer were added to the lower 
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chambers of the apparatus. Polycarbonate membranes with 8µm (in the case of human 

neutrophils) or 5µm (in the case of murine neutrophils) pores (Neuroprobe, 

Gaithersburg, MD) were placed between the upper and lower chambers, and 50µl of 

cells were then added to the upper chambers. Cells were allowed to migrate for 30min 

at 37°C with 5% CO2, before the membrane was removed, gently scraped, and stained 

using the Diff-Quik system (Hema3, Fisher Scientific, Middletown, VA). Three random 

fields of each well were scored using light microscopy (40x) to count the membrane 

bound intact cells. It is worth noting that pegylated leptin (MW 56 kDa) was used in our 

experiments in place of native leptin (MW 16 kDa) in order to improve the cytokine’s 

stability. Thus, the concentrations used in this experiment (10 to 1000 ng/mL) 

correspond to significantly lower levels of native leptin (2.9 to 285.7 ng/mL or 0.179 nM 

– 17.9 nM), which are well within physiologically relevant range of this cytokine (54). 

Murine albumin western blot analysis 

Murine alveolar lavage supernatant (2.5ul) was loaded and separated on a 

polyacrylamide gel, followed by transfer to a 0.45μm nitrocellulose membrane (Bio-Rad) 

by electroblotting. The membrane was blocked for 1h at room temperature in 5% (w/v) 

nonfat, dried milk diluted in TBS-Tween20 (0.05%). Nitrocellulose blots were washed in 

TBS-Tween20 (0.05%) followed by 1hr incubation at room temperature, with primary 

antibody (goat anti-mouse Albumin; 1/5000; Immunology Consultants Laboratory Inc., 

Portland, OR Immunology Consultants Laboratory Inc). After three washes of 15min 

each, the blots were probed with horseradish peroxidase-conjugated anti-goat antibody 

(1/10,000; Jackson Immunology Research, West Grove, PA) and visualized by 

chemiluminesence using Supersignal® West Pico Chemiluminescent Substrate (Pierce 

Biotechnology, Rockford, IL) according to the manufacturer’s instructions and exposed to 

film. 

Murine cytokine analysis 

Macrophage Inflammatory Protein (MIP)-2 concentrations in BAL were analyzed by ELISA 

(CXCL-2/MIP-2 DuoSet, R&D Systems), performed according to manufacturer’s protocol. 

Murine IL-1β, IL-6, KC, MCP-1, G-CSF and TNF-α levels in BAL supernatants were assessed 

using a Bio-Plex suspension array system (Bio-Rad, Hercules, CA), as previously described 

(27). BAL leptin concentrations were measured with a murine leptin ELISA (Quantikine, 

R&D Systems) according to manufacturer’s protocol.  

Quantitative RT-PCR 

Frozen mouse lung samples, obtained as detailed above, were pulverized using chilled 

mortars and pestles. Transcription of leptin and GAPDH was assessed using a Bio-Rad 

quantitative PCR system following mRNA isolation and cDNA preparation, as described 

previously (53). The following primer sequences were used: for leptin 

TGCACACCAAAACCCTCATCA and TCATTGGCTATCTGCAGCAC; and GAPDH TaqMan Gene 

expression assay, AOD, (Applied Biosystems). Leptin levels were analyzed using the cycle 
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threshold (ΔΔCt) method and normalized to GAPDH. Tissue leptin mRNA expression for 

injured lungs was reported as the fold increase over uninjured mouse lung tissue 

expression.  
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Figure S1. Airspace albumin levels are increased following leptin instillation. Albumin levels were determined 

in BAL samples at 24h after o.p. aspiration of control (PBS) or recombinant pegylated leptin (50 µg) in uninjured 

mice (A) and in E. coli pneumonia (B) and K. pneumoniae (C) infected mice. n=3 in both groups of uninfected 

mice. n=4 in the control group and pegylated leptin treated group of E. coli pneumonia infected mice. n=8 in 

both groups of K. pneumoniae infected mice. Data are presented as mean ± SEM. * p≤ 0.05 compared to PBS 

instilled controls. 

 

Figure S2.  BAL inflammatory cytokine levels remain unchanged after leptin aspiration in uninjured mice as 

well as in mice with E. coli pneumonia. Brochoalveolar lavage cytokine levels were determined in response to 

leptin airway instillation in uninjured mice at 6h (A) and 24h (B) after leptin instillation, as well as 24h after E. 

coli infection and leptin instillation (C). No significant differences were observed between control and leptin-

treated mice. n=5 in all groups. Data are presented as mean ± SEM. 
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Figure S3. Oropharygeal instillation of leptin fails 

to recruit neutrophils to the airspace in leptin 

receptor-deficient mice. Total neutrophil counts 

in brochoalveolar lavage fluid were determined at 

24h after o.p. aspiration of control (PBS) or 

recombinant pegylated leptin (50 µg) in leptin 

receptor-deficient (db/db) mice and their 

heterozygous littermates. While no difference in 

BAL neutrophil levels were found between leptin 

and PBS treated mice, a trend (p=0.06) toward 

higher neutrophils was noted in leptin-treated 

heterozygous littermates. n=5 in all groups. Data are presented as mean ± SEM.   
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Abstract 

Rationale: We have previously reported that obesity attenuates pulmonary 

inflammation in both patients with Acute Respiratory Distress Syndrome (ARDS) and in 

mouse models of the disease. We hypothesized that obesity-associated hyperleptinemia 

and not body mass per se drives attenuation of the pulmonary inflammatory response, 

and that this effect could also impair the host response to pneumonia. 

Methods: We examined the correlation between circulating leptin levels and risk, 

severity, and outcome of pneumonia in two patient cohorts (NHANES III and ARDSNet-

ALVEOLI) and in mouse models of diet-induced obesity and lean hyperleptinemia. 

Results and conclusion: Plasma leptin levels in ambulatory subjects (NHANES) correlated 

positively with annual risk of respiratory infection independent of BMI.  In patients with 

severe pneumonia resulting in ARDS (ARDSNet-ALVEOLI), plasma leptin levels were 

found to correlate positively with subsequent mortality. In obese mice with pneumonia, 

plasma leptin levels were associated with pneumonia severity, and in obese mice with 

sterile lung injury, leptin levels were inversely related to bronchoalveolar lavage 

neutrophilia as well as to plasma IL-6 and G-CSF levels. These results were recapitulated 

in lean mice with experimentally-induced hyperleptinemia. Our findings suggest that the 

association between obesity and elevated risk of pulmonary infection may be driven by 

hyperleptinemia. 
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Introduction  

Pulmonary infection is the ninth leading cause of death (1), and accounts for greater 

than $40 billion/year in direct and associated costs in the U.S. alone (2). Despite initial 

gains in the late 19th through mid-20th centuries, recent efforts to further reduce the 

morbidity and mortality associated with bacterial and viral infection have been largely 

ineffective (3). Recent epidemics, such as the pandemic (pH1N1) influenza outbreaks, 

have highlighted the continued threat of emerging pathogens for which we have few if 

any effective treatments.  

Epidemiological studies suggest that in addition to pathogen prevalence and virulence, 

host factors play a critical role in determining both susceptibility to and outcome from 

pulmonary infections (4-6). Yet, our understanding of these factors remains limited. In 

this era of increased antibiotic resistance and novel pathogens, there is a pressing need 

to identify therapeutic approaches that may restore or enhance host defenses in at-risk 

populations. Several well-described immunocompromised states (e.g., chemotherapy-

induced neutropenia, AIDS), the presence of underlying lung disease, smoking, 

alcoholism, and the extremes of age (4, 7-9) are associated with elevated risk for 

pneumonia. Some recent studies have demonstrated associations between obesity and 

risk for both bacterial and viral pneumonias, as well as, increased disease severity and 

mortality (6, 10, 11). However, others have suggested a protective effect of increasing 

BMI on mortality in this setting (12, 13). Reasons for this inconsistency remain unclear. 

Studies in murine models of obesity have shown failure to contain both influenza (14, 15) 

and bacterial (16, 17) pneumonias with consequent lung injury and death. Subsequent 

work examining influenza has focused on the role of altered adaptive immune response 

in obesity (18-21). Our previous studies have revealed obesity-associated defects in the 

immune response to lung injury in patients with ARDS (22), and we have replicated these 

findings in obese mouse models of lung injury, in which both the inflammatory cytokine 

response and development of airspace neutrophilia are attenuated (23). Many of the 

effects of obesity have previously been ascribed to the development of a baseline pro-

inflammatory state, yet levels of circulating inflammatory cytokines are only mildly 

elevated (24) compared to the levels typically thought to induce immune paralysis states 

such as seen with sepsis (25). The dysregulation of adipokines in obesity, however, can 

be quite severe. The adipokine leptin, for which leukocytes express receptors, is found in 

extremely high levels in obesity (10-50 fold increase compared to lean individuals (26, 

27)). Interestingly, several host factors that have also been inconsistently associated with 

pneumonia risk, including pregnancy (6), diabetes (28), and chronic renal failure (29), are 

also associated with hyperleptinemia (30-38). The inconsistency of these associations 

may reflect the variability of leptin levels in these conditions as studied, raising the 

possibility that chronic hyperleptinemia may impair immune function.  

We hypothesized that obesity-associated hyperleptinemia and not body mass per se, is 

linked to an impaired response to pulmonary pathogens and an increased susceptibility 
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to infections. In this study, we present evidence that elevated circulating leptin levels are 

correlated with an increased risk and severity of respiratory infection regardless of BMI 

in both humans and mouse models. 

 

Materials and Methods 

Human data analysis 

NHANES 

The National Health and Nutrition Examination Survey (NHANES III) database was used 

to test the association of serum leptin levels to self-reported infections in a 

representative sample of non-institutionalized adults. NHANES is an ongoing data 

collection of the US Centers for Disease Control (http://www.cdc.gov/nchs/nhanes.htm). 

Each sample is comprised of subjects randomly selected form the US population using a 

stratified sampling scheme. Consenting subjects submit to an extensive interview, 

examination and collection of blood (Centers for Disease Control and Prevention).  

NHANES III subjects were interviewed between 1988 and 1994. Eligible subjects included 

adults aged 18 years or older at the time of the interview that provided data for all the 

outcomes and potential confounders and had leptin measures reported. 

Upper Respiratory Infection (URI) was coded as the answer to “In the past three weeks 

have you had any respiratory infections, such as flu, pneumonia, bronchitis, or a severe 

cold?” Pneumonia was coded as the answer to “During the past 12 months, have you 

had…Pneumonia?” The primary outcome measure Respiratory Infection, was created by 

combining the responses to URI and Pneumonia. Subjects who reported one or more 

pneumonias in the last year, or one or more URIs in the past three weeks, or both, were 

coded as positive.  

Variables with the theoretical ability to confound the relationship between leptin and 

infection because of their known or suspected association with leptin were selected 

(age, sex, race (white or non-white), education (number of years of school), income 

(above or below $20,000 per year), marital status (currently married or living as 

married), body mass index (measured by trained research staff), smoking status (current 

smoker vs. former or never smoker), diabetes (“other than during pregnancy, has a 

doctor ever told you that you have diabetes or sugar diabetes?”), glycated hemoglobin 

A1C, and estimated creatinine clearance (Cockcroft and Gault 1976).  

ALVEOLI 

Patients with ARDS in our study participated in an RCT of lower versus higher positive 

end-respiratory pressure, and these patients also received 6cc/kg tidal volume. Details of 
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this RCT are described elsewhere (39). Briefly, patients were eligible if they required 

mechanical ventilation and met criteria for acute lung injury according to the American-

European Consensus Conference (AECC) definition (40). Patients with body weight 

greater than one kilogram per centimeter of height were excluded. For each participant, 

Acute Physiology and Chronic Health Evaluation (APACHE) score during the 24 hours 

following ICU admission was calculated, and the physician investigator identified the 

primary risk factor for the development of ALI (sepsis, trauma, pneumonia, aspiration, 

multiple transfusions, or other) as previously described (41).  

Human cytokine analysis 

In the NHANES study human serum leptin levels (after an overnight fast) were 

determined by radioimmunoassay with a polyclonal antibody raised in rabbits against 

highly purified recombinant leptin (US Department of Health and Human Services 

(DHHS) National Center for Health Statistics 2001). Serum IL-6 and leptin levels in 

samples from the ALVEOLI study were determined by ELISA (both Quantikine, R&D 

systems, Minneapolis, MN) according to manufacturer’s protocol. 

Animals 

Eight to twelve week old female C57Bl/6 mice (Harlan, Indianapolis, IN) were fed high vs. 

normal fat chow (60% vs. 10% fat; Research Diets, New Brunswick, NJ) for 20 weeks or 

intraperitoneally (i.p.) injected with PEGylated leptin (2 µg in 200 µl PBS) (42) or PBS 

control (200 µl) daily for 14 days. Mouse weights and food intake were monitored and 

daily and average food intake was calculated per mouse. Animals were housed in the 

animal facilities at the University of Vermont and all experimental animal procedures 

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

Committee.  

Murine exposures 

Murine Klebsiella pneumoniae (43816 serotype 2, ATCC, 2x10
3
CFU) infections were 

performed by oropharyngeal (o.p.) aspiration, as described (43) . Lipopolysaccharide 

lung injury was induced by nebulized LPS (E. coli 0111:B4, Sigma, St. Louis, MO), as 

described (23).  

Murine lung analysis 

Airspace lavage cell counts and cytokine levels, as well as bacterial CFU where 

appropriate were determined at 48h (K. pneumoniae) and 24h (LPS) after exposure (17).  

Murine cytokine analysis 

Murine IL-1β, IL-6, KC, MCP-1, TNFα and G-CSF levels in plasma and BAL were assessed 

using a Bio-Plex suspension array system (Bio-Rad, Hercules, CA), as previously described 
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(23). Plasma and BAL leptin concentrations were measured by ELISA (mouse leptin 

Quantikine, R&D Systems) according to manufacturer’s protocol.  

Murine blood glucose and cholesterol determination 

Fasting blood glucose levels were determined after an overnight fast by a glucometer 

(Nipro diagnostics, Fort Lauerdale, FL). In addition, plasma LDL and cholesterol levels 

were assayed using an Advia Chemistry System (Siemens, Tarrytown, NY) (44).  

Statistical analysis 

Analyses of the data derived from the NHANES III database were performed by 

univariate linear regression in order to confirm that each of the potential confounders 

was associated with the independent variable (serum leptin level). Thereafter, univariate 

logistic regression analysis was used to assess the relationships between the potential 

confounders and respiratory infection. Those that were associated with both the 

predictor and the outcome with P<0.1 were retained in an adjusted multivariate logistic 

model. The adjusted odds ratio (OR), 95% confidence interval (CI) and P-value was 

calculated for each retained variable and accepted a P-value <0.05 on the OR for leptin 

as evidence of statistical significance. NHANES analyses were performed with SAS 

software (Cary, NC).  

When analyzing ARDSNet data, leptin data were natural log-transformed due to non-

normal distribution. Univariate analysis were performed with linear or logistic regression 

for continuous and categorical variables, respectively. Multivariable linear and logistic 

regressions with robust standard errors were used to evaluate the associations between 

leptin and our dependent variable of interest (IL-6) with adjustment for confounders. In 

our multivariable models, BMI and APACHE score were fit as a linear continuous variable. 

Inflammatory biomarker levels were natural log-transformed due to non-normality. 

Gender and comorbid diabetes were dichotomous, and risk factor for ALI was fit as an 

indicator variable. All analyses were performed with Stata 9.0 or greater (College Station, 

TX). Statistical significance was defined as a two-sided P-value ≤ 0.05. 

Murine data were represented as mean, and analysis of differences between 

experimental groups was performed by Student t test. Differences between mouse 

weights and food intake over time between two groups were analyzed by repeated 

measures ANOVA. Correlations between murine plasma leptin levels or weight and lung 

CFU levels, BAL neutrophil counts and plasma cytokine levels, were analyzed by linear 

regression. All analyses were performed using Prism 6 software (GraphPad). Results with 

P ≤ 0.05 were considered statistically significant.  

Study approval 

The study protocol for the ARDSNet/ALVEOLI study was previously approved by 

Institutional Review Boards of the University of Vermont and was conducted in 
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accordance with the Declaration of Helsinki. All participants provided written informed 

consent prior to their participation in the study. All animal experiments were performed 

in accordance with and approved by the University of Vermont Institutional Animal Care 

and Use Committee.  

 

Results 

Hyperleptinemia is independently associated with increased risk of 
respiratory infection in the general population. 

The National Health and Nutrition Examination Survey III (NHANES III) database was used 

to test the association between host factors and annual risk of pulmonary infection. In 

univariate logistic regression on subjects with complete data (n=30,818), age (p<0.0001), 

gender (p<0.0001), race (p=0.0003), and smoking status (p=0.0003) were found to 

correlate significantly with the annual risk of infection (Table 1), concordant with 

previous studies (4, 45). Similar examination of metabolic variables showed associations 

between pulmonary infection and BMI (p<0.0001), glycosylated hemoglobin (HbA1c, 

p<0.0001), and renal function (creatinine clearance, p<0.0001) (Table 1), but neither 

diabetic status per se nor lipid profile (triglycerides, total cholesterol, LDL, or HDL) were 

found to be associated.  

 

Table 1 The annual risk for respiratory infection is significantly correlated with age, gender, race, body mass 

index, smoking status, glycosylated hemoglobin and renal function. 30,818 subjects from NHANES III. P ≤ 0.05 is 

considered significant.  
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Further analysis of a smaller subset of this cohort in which plasma leptin levels were 
measured (n=6,252) revealed a significant association between leptin and respiratory 
infection (OR=1.109 per ng/ml; 95% CI 1.003, 1.034; P= 0.019) while controlling for age, 
sex, BMI, social status, smoking, diabetes and renal function (Table 2). Several metabolic 
variables were positively associated with leptin levels in this cohort, including BMI 
(p<0.0001), HbA1c (p<0.0001), and renal function (p<0.0001), as has been reported in 
previous studies. Interestingly, these same metabolic variables were associated with 
respiratory infection in the larger cohort, but not in the smaller cohort which controlled 
for leptin. These same associations have previously been shown to be variable in other 
small cohorts (11, 28, 29). Together these findings suggest that possibility that the 
effects of these variables on respiratory infection are mediated by leptin.  

We also examined the incidence of urinary tract infections in the cohort in which leptin 

levels were measured. Although the risk for urinary tract infection was associated with 

serum leptin levels in univariate analysis (Supplemental Table S1), it was not in 

multivariate analysis, suggesting that high leptin levels may be associated specifically 

with respiratory infection but not other infections. 

 

Table 2. The annual risk for respiratory infection is significantly correlated with serum leptin level, gender and 

smoking status. 6,252 subjects from NHANES III. P ≤ 0.05 is considered significant. 
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Hyperleptinemia is associated with increased risk of death in patients 
with severe pneumonia. 

We next examined whether leptin levels might be associated with outcomes in critically 

ill patients with pneumonia.  We determined plasma leptin levels in banked samples of 

critically ill patients with ARDS due to pneumonia (n=147), that had been enrolled in the 

ARDSnet/ALVEOLI study of high vs. low PEEP ventilation strategy (39). High circulating 

leptin levels at day 1 of enrollment were associated with increased mortality (OR= 

1.3142 per log leptin; 95% CI= 1.0163, 1.6996; P= 0.037) when adjusted for BMI, gender, 

disease severity (APACHE II) and diabetic status. Interestingly, when analyzing the entire 

cohort including patients without pneumonia (n=385), no association was found. 

Furthermore, elevated leptin levels at enrollment were found to correlate with the 

diagnosis of pneumonia as the identified risk factor for developing ARDS in the cohort as 

a whole (OR= 0.616; 95% CI= 0.0875,1.1447; P= 0.022; n=385).  

Plasma leptin levels and not body weight correlate with bacterial burden 
in a mouse model of obesity. 

We next investigated whether the observed associations between hyperleptinemia and 

pneumonia risk and severity could be replicated in animal models of obese pneumonia. 

We examined Klebsiella pneumoniae infection in a diet-induced obesity (DIO) mouse 

model (23) to mimic human obesity and pneumonia. Although pneumonia severity, as 

measured by whole lung bacterial colony-forming units (CFU) at 48h, was increased in 

the obese mice as a group (Figure 1A), there was no association between bacterial 

burden and mouse weight in regression analysis (Figure 1B). However, a positive 

association was found with plasma leptin levels (Figure 1C).  

Hyperleptinemia, and not body weight, is independently associated with 
impairment of pulmonary neutrophilia in response to inhaled LPS 
exposure in obese mice. 

We have previously reported an inverse association between body weight and airspace 

neutrophilia following LPS-induced lung injury in mouse models of obesity (r
2
=0.32, P = 

0.02) (23). To determine the relationship between obesity-associated hyperleptinemia 

and the neutrophil response following lung injury in this model, lavage neutrophil levels 

were compared to plasma leptin levels 24h after injury in obese and lean mice. We 

found a strong inverse association between bronchoalveolar lavage (BAL) neutrophil 

counts and plasma leptin levels (P= 0.0002) (Figure 2). Furthermore, in multivariate 

analysis, including both weight and plasma leptin levels, leptin remained significant (P= 

0.021), whereas weight was not (P= 0.796). These results suggest that the previously 

reported defects in the pulmonary neutrophil response to LPS challenge in obese mice 

(23) may be driven by obesity-associated hyperleptinemia, and not obesity per se. 
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Figure 1 Pneumonia severity as measured by 

bacterial burden correlates with plasma leptin 

levels in K. pneumoniae-infected lean and obese 

mice. (A) Lung bacterial colony forming units 

(CFU) were determined at 48h after K. 

pneumoniae infection in lean (10% fat diet) and 

diet-induced obese (60% fat diet) mice. In 

addition, (B) lung CFU was compared with mouse 

weight and (C) plasma leptin levels by linear 

regression. n= 11 (10% diet) and n= 9 (60% diet) 

animals. Dashed lines indicate 95% confidence 

intervals. *** P ≤ 0.001 as determined by an 

unpaired Student’s t-test (two-tailed).   

 

 

 

 

 

Figure 2 Plasma leptin levels inversely 

correlate with airspace neutrophilia in LPS-

injured lean and obese mice. Previously we 

have reported that BAL neutrophil counts and 

mouse body weight are inversely associated 

(r2= 0.32, P= 0.02) following LPS-induced lung 

injury in diet-induced obese mice (23). We 

now compared BAL neutrophil counts and 

plasma leptin levels at 24h after LPS-induced 

lung injury in diet-induced obese (60% fat 

diet, n=6) and lean (10% fat diet, n=5) mice by 

linear regression. Dashed lines indicate 95% 

confidence interval.   
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Hyperleptinemia is associated with decreased plasma cytokine levels 
independent of body weight in both ARDS patients and obese mice 
following LPS-induced lung injury. 

As in obese patients with ARDS (22), murine obesity is associated with an attenuated 

release of inflammatory cytokines following LPS-induced acute lung injury (23). To 

determine whether these relationships might reflect associations between 

hyperleptinemia and impaired cytokine response, we examined inflammatory cytokine 

levels in both the ALVEOLI cohort and our murine model of acute of acute lung injury. 

We found that plasma IL-6 levels were inversely associated with circulating leptin levels 

independent of BMI (P= 0.047; n=359) in the ALVEOLI cohort of ARDS patients, whereas 

IL-8 levels were not associated (P= 0.499; n= 362).  In our obese mouse model of acute 

lung injury, an inverse association was found between plasma leptin levels and plasma 

IL-6 levels (P=0.01) (Figure 3A), whereas KC (a murine homologue of human IL-8) was not 

associated (r
2
= 0.0025; P= 0.88). Given the changes observed in airspace neutrophil 

counts in this mouse model following injury, we also examined the neutrophilic cytokine 

G-CSF, and found it to be inversely associated with plasma leptin levels (P=0.04) (Figure 

3B). However, no association was found between body weight and IL-6 or G-CSF in this 

model (Figure 3C and D). These results suggest that obesity-associated hyperleptinemia 

underlies the previously established associations between obesity and impaired cytokine 

response following lung injury.  
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Figure 3 Plasma leptin levels are inversely associated with plasma neutrophilic cytokine levels following LPS-

induced lung injury in lean and obese mice. Plasma IL-6 and G-CSF levels were compared with either (A, B) 

plasma leptin levels or (C, D) body weight at 24h after LPS-induced lung injury in diet-induced obese (60% fat 

diet) and lean (10% fat diet) mice by linear regression. Dashed lines indicate 95% confidence intervals.  

A novel mouse model of isolated hyperleptinemia 

To determine whether the association between hyperleptinemia and impaired 

pulmonary immune response could be causal, we developed a model of induced 

hyperleptinemia in the absence of obesity and other elements of the metabolic 

syndrome. In this model, lean mice received daily intraperitoneal injections of PEGylated 

leptin, at a dose we previously titrated not to alter weight (2 µg), or PBS control for 14 

days. Although plasma leptin levels were markedly elevated in leptin-treated mice 

compared to controls (123.54 ± 26.69 ng/ml vs. 5.07 ± 0.44 ng/ml at 14d; P= 0.0022), 

similar to those in uninjured obese vs. lean mice (98.39 ± 13.52 ng/ml vs. 23.71 ± 5.75 

ng/ml; P= 0.0066), no differences in mouse body weights nor food consumption were 

observed between these two groups during or after 14 days of treatment (Figure 4 A-C). 

Furthermore, both fasting glucose levels and cholesterol levels were decreased in the 

hyperleptinemic mice at baseline, whereas LDL levels were unchanged compared to 

control mice (Figure 4 D-F), demonstrating that this model of induced hyperleptinemia 

does not cause glucose intolerance or hypercholesterolemia and may actually enhance 

metabolic control in these mice. These results are in line with previously published 

findings with leptin replacement therapy in hypoleptinemic lipodystrophy patients, in 

which it was demonstrated that administration of leptin not only leads to restoration of 

leptin levels, but also substantially reduces hyperglycemia and hyperlipidemia in these 

patients (46). To determine whether this model of lean hyperleptinemia might have a 

pro-inflammatory effect, we assessed airspace and blood leukocyte counts as well as 

inflammatory cytokine levels (KC, MCP-1, MIP-2, G-CSF, TNFα, IL-1β and IL-6) in 

uninjured leptin-treated and control mice. No differences were observed in blood or BAL 

leukocyte counts (Supplemental Figure S1) or cytokine levels (data not shown) between 

conditions.  
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Figure 4 Mouse weight remained unchanged and plasma leptin levels are increased in hyperleptinemic mice 

at baseline. (A) Body weight and (B) food intake/mouse were monitored for 14 days in HL and control mice. 

Differences between mouse weights and food intake over time between two groups were analyzed by 

repeated measures ANOVA. A drop in food intake after overnight fast for blood glucose measurement on day 

12 is indicated with a black arrow. (C) Average daily food intake/mouse/day over 14 days was calculated in HL 

and control mice. (D) Fasting blood glucose levels were measured on day 12. (E) Plasma cholesterol and (F) LDL 

levels were measured on day 14.  n=4/5 per group. NS= not significant, * P≤ 0.05, ** P ≤ 0.01 as determined by 

an unpaired Student’s t-test (two-tailed). 

Pneumonia severity is increased in mice with isolated hyperleptinemia. 

To further determine whether the association between plasma leptin levels and 

pneumonia severity in the diet-induced obese mouse model represents causality and not 

the effects of other obesity-related factors, we next examined K. pneumoniae infection 

in our lean mouse model of hyperleptinemia. Whole lung bacterial CFU were significantly 

increased in the lungs of hyperleptinemic compared to control mice 48h after infection 

(Figure 5), suggesting that pneumonia severity is increased in this model of lean 

hyperleptinemia, and recapitulating our findings in obese mice.  Interestingly, however, 

plasma leptin levels were found to be similar between leptin-treated and control mice at 

the time of euthanasia, 48h after the last leptin dose was given (6.37 ± 1.89 ng/ml vs. 

10.71 ± 3.12 ng/ml, P= 0.2665), suggesting that chronic hyperleptinemia may have a 

lasting effect on pulmonary host defense, even after circulating leptin levels fall to 

normal range. 
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Figure 5 Pneumonia severity is increased in a 

mouse model of isolated hyperleptinemia. 

Whole lung K. pneumoniae CFU were 

determined in leptin-treated (2ug i.p. x 14 

days) mice compared to i.p. PBS treated 

controls at 48 h after K. pneumoniae- induced 

respiratory infection. n=8 per group. * P ≤ 

0.05 as determined by an unpaired Student’s 

t-test (two-tailed). 

 

LPS-induced airspace neutrophilia is attenuated in isolated 
hyperleptinemia. 

To determine whether the previously described effects of diet-induced obesity on 

pulmonary neutrophil recruitment and cytokine response seen in our mice might be 

conferrable by isolated hyperleptinemia, we examined the inflammatory response to 

inhaled LPS in lean hyperleptinemic mice. BAL neutrophil counts were decreased in 

hyperleptinemic mice compared to control mice at 24h after lung injury (Figure 6A), and 

linear regression analysis showed a significant inverse correlation between BAL 

neutrophil counts and plasma leptin levels in these lung-injured mice (Figure 6B). In 

addition, BAL IL-6 levels were significantly decreased in the hyperleptinemic mice 

(Supplemental Figure S2). Unfortunately, plasma IL-6 and G-CSF levels were 

undetectable in both control and hyperleptinemic mice. These results are in line with our 

observations in the DIO mouse model, suggesting that leptin itself plays an important 

role in suppressing the pulmonary inflammatory response in the obese state. 
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Figure 6 LPS-induced lung injury is 

attenuated in a mouse model of isolated 

hyperleptinemia. BAL neutrophil counts 

(n=6 (control) and n=8 (HL)) (A) were 

determined in i.p. leptin treated (14 days) 

C57Bl/6 WT mice compared to i.p. PBS 

treated controls at 24h after LPS-induced 

lung injury and compared to plasma leptin 

levels by linear regression (n=6 (control) 

and n=8 (HL)) (B). Dashed lines indicate 

95% confidence interval. ** P ≤ 0.01 as 

determined by an unpaired Student’s t-

test (two-tailed). 
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Discussion 

These analyses demonstrate a significant association between elevated circulating 

plasma leptin levels and increased risk and severity of respiratory infection in humans, 

independent of BMI and other established risk factors. These findings can be 

recapitulated in a mouse model of obesity, in which hyperleptinemia is associated with 

not only impaired pulmonary bacterial clearance, but also suppression of plasma 

inflammatory cytokines and attenuated pulmonary neutrophilia following LPS-induced 

inflammation. Finally, using a novel model of induced hyperleptinemia, these 

hyperleptinemia-associated effects can be replicated in the absence of obesity and other 

associated metabolic defects in mice. 

A recent meta-analysis has confirmed the clinical association between increased BMI and 

risk of both bacterial and viral pneumonias in humans (11). Studies in murine models of 

obesity and the metabolic syndrome have also shown that the defense against both 

bacterial and viral respiratory infections is profoundly attenuated (47, 48). Evidence of 

obesity-associated impairment of the pulmonary innate immune response has recently 

been demonstrated in the context of acute lung injury as well (49). Although obesity is 

associated with baseline increases in the same inflammatory cytokines that drive ARDS, 

counterintuitively, obese patients have better survival from ARDS (50, 51). Although 

discrete elements of the metabolic syndrome, including both diabetes and 

hypercholesterolemia, may contribute to obesity’s effects on the pulmonary immune 

response (47, 52), human and murine studies controlling for these comorbid conditions 

show that much of obesity’s effects may be independent of the effects of diabetes and 

hypercholesterolemia (19, 20), leaving the underlying mechanisms of this impairment 

poorly defined. 

One of the hallmarks of obesity and the metabolic syndrome is a state of leptin-

resistance with persistent, markedly increased circulating leptin-levels compared to lean 

subjects (27). High leptin levels have also been observed in several non-obese 

conditions, including diabetes, pregnancy, and renal failure (28, 29), making 

hyperleptinemia far more prevalent than obesity. Several studies have shown that 

leptin-deficient mice have impaired host defenses, and that restoration of leptin levels in 

these mice can reverse this impaired response, indicating that leptin may be an 

important mediator of the pulmonary immunity (47, 52). However, our data suggest that 

not only leptin deficiency, but also extremely elevated leptin levels, can impair the 

pulmonary host defense in both obesity-associated hyperleptinemia as well as in isolated 

hyperleptinemia. 

The effects of increased leptin levels on the immune response appear to be, in part, 

dependent on the acute or chronic nature of the exposure. In addition to states of 

chronic hyperleptinemia, such as obesity, leptin may also be elevated as an acute phase 

reactant (53). Acute in vitro exposure to leptin has been shown to enhance immune cell 
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function, such as monocyte and macrophage activation, phagocytosis, and cytokine 

secretion (47, 54, 55). Additional work has shown that leptin acts as a neutrophil 

chemoattractant and an anti-apoptotic (17, 56, 57), and that not only the presence of 

leptin, but also intact leptin signaling, is important to maintain pulmonary host defense 

(17).  However, in multiple studies using mouse models of obesity, and thus presumed 

chronic hyperleptinemia, the obese milieu has a protective and anti-inflammatory effect 

in induced acute lung injury, leading to an attenuated pulmonary inflammatory response 

(23, 58). Furthermore, in studies of the association between lavage leptin levels in ARDS 

patients, the associations between high leptin levels and clinical outcomes appear to 

differ based on the context (59). In non-obese patients (BMI<30), high leptin levels 

(presumably acute) are associated with poor outcomes, whereas in the obese, high 

levels (most likely reflecting preceding, baseline hyperleptinemia) have no such 

association. 

The attenuated inflammatory response that we report in both human ARDS patients and 

murine models of lung injury with hyperleptinemia suggests that such defects underlie 

the demonstrated associations between high leptin levels and risk for and severity of 

pulmonary infections. Such associations have not previously been described and appear 

to be independent of comorbid conditions such as obesity and the metabolic syndrome, 

given our ability to recapitulate our findings in obese mice using a lean model of 

hyperleptinemia. 

Potential mechanisms underlying the associations between hyperleptinemia and blunted 

pulmonary immune response remain unclear. We have previously reported that obese 

ARDS patients have lower plasma levels of both IL-6 and IL-8 compared to lean patients 

with ARDS (22), and our current study demonstrates that such associations likely reflect 

the presence of obesity-associated hyperleptinemia in these patients, not obesity itself 

or other elements of the metabolic syndrome. This suggests that the hyperleptinemic 

state may underlie the impaired inflammatory response. Such an inverse association 

between leptin and IL-6 has been previously demonstrated in patients with sepsis (60), 

and we describe similar effects in our mouse models of obesity and LPS-induced lung 

injury, in which not only circulating leptin levels were inversely associated with plasma 

IL-6 levels independent of weight, but also with plasma G-CSF and airspace neutrophil 

levels as well. These results suggest for the first time that the impaired inflammatory 

response seen in obese ARDS patients and obese mouse models of lung injury is driven, 

at least in part, by the effects of obesity-associated hyperleptinemia, and further, that 

these effects may increase the susceptibility to and severity of pulmonary infection in 

the general population.  

There are potential limitations of our approach worth noting.  Although standard for a 

large cohort health survey study, NHANES III relied on self-reported incidents of 

respiratory infection, which may introduce some inaccuracy to the dataset. Despite this 

potential limitation, we found expected associations for previously reported risk factors 

of respiratory infection (e.g. smoking), suggesting that the cohort is sufficiently robust 
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for such analyses. Both the NHANES and ALVEOLI study cohorts are historic datasets 

(enrolled 1988–1994 and 1999-2002) and are thus likely to underrepresent obesity in the 

general population and the ICU respectively compared to its contemporary incidence in 

the US. Although we have worked to exclude other, confounding effects of leptin 

treatment that might account for the witnessed impairment of pulmonary immune 

response in our animal model of lean hyperleptinemia, it remains possible that such an 

indirect mechanism is present. Given the concordance of our findings across both 

observational human studies and obese mouse models, however, it appears less likely 

that such an effect could account for our findings. 

In summary, the data presented provide evidence that the observed effects of obesity on 

respiratory infection might be attributable to increased systemic leptin levels 

independent of other metabolic and mechanical factors. The finding that obesity-

associated hyperleptinemia, and not body mass per se, is an important factor in 

maintenance of pulmonary host defenses is a critical step towards understanding the 

complex mechanisms underlying increased susceptibility to and mortality from 

respiratory infections in the obese and other hyperleptinemic populations.  
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 Figures 

Table S1 The annual risk for urinary tract infection is significantly correlated with serum leptin level, gender 

and diabetic status. 6,415 subjects from NHANES III. P ≤ 0.05 is considered significant. 
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Figure S1. Total and neutrophil cell counts in blood and BAL remain unchanged in hyperleptinemic mice. 

Baseline blood and BAL total cell counts (A, C) and neutrophil counts (B, D) were determined after 14 days of 

pbs or leptin (2 µg) i.p. injections. n=5 per group. 

 

 

Figure S2. BAL cytokines tend to be lower in hyperleptinemic mice following LPS exposure. BAL cytokine 

levels were determined at 24h after LPS exposure in mice that received PBS or leptin (2 µg) i.p. injections for 14 

days. n=11 per group. ** P ≤ 0.01 as determined by an unpaired Student’s t-test (two-tailed). 
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Host defense includes both physical barriers and the immune system, and is the body’s 

natural protection system which guards against infection. Although appropriate immune 

responses to infection, persistent and exuberant immune responses may lead to 

progressive lung injury and the Acute Respiratory Distress Syndrome (ARDS). Obesity is 

associated with increased risk for the development of respiratory infections, and yet 

appears to have opposing effects on ARDS risk and severity (1, 2). It has been 

demonstrated that subjects with high Body Mass Index (BMI) are more likely to develop 

ARDS, whereas high BMI in patients with established ARDS is associated with decreasing 

mortality (1) and attenuated inflammatory response in such patients (3). However, the 

extent to which obesity-associated alterations in the immune response may contribute 

to these paradoxically effects remain unclear. The studies presented in this dissertation 

contribute to our understanding of obesity’s effects on the innate immune response in 

the lung, and shed light on the effects of obesity-associated factors, such as 

dysregulation of the adipokine leptin, on pulmonary host defense and the pathogenesis 

of respiratory infections and ARDS.  

 

Obesity: From Metabolic Fitness to Metabolic Illness 

Obesity is the primary risk factor for the metabolic syndrome, which is a cluster of 

conditions including hypertension, glucose intolerance, excess visceral adipose tissue, 

and hypercholesterolemia. The metabolic syndrome is an important risk factor for 

cardiovascular disease and diabetes (4, 5). Over the past 20 years, a sub-population of 

obese individuals has been described who are thought to exhibit metabolically healthy 

obesity (MHO), which is an obese phenotype (BMI ~30-35 kg/m
2
) free of any metabolic 

abnormalities (6). However, no unique criteria have been set to define MHO, and 

therefore the implications of this obese phenotype are still under debate. It has been 

suggested that MHO may represent an intermediate, rather than a permanent obesity 

sub-phenotype, since the diagnosis of MHO at one time-point does not always translate 

into a life-long reduced cardio-metabolic risk, although maintained MHO is clearly 

beneficial in terms of cardiovascular risk (7, 8). However, the biology behind the 

transition from metabolic fitness to metabolic illness in obese subjects remains under-

investigated. This concept may contribute to further grasp the variability in immune 

dysregulation and impaired host defense seen in diverse obese populations.  

The plasticity of adipose tissue, which allows for the storage of excess calories in the 

form of fat accumulation in obese individuals, may be the primary factor that 

discriminates healthy obesity from unhealthy obesity. In addition, gene-environment 

interactions likely also contribute to the development of MHO. Genes account for a large 

part of the observed variability of fat mass, fat distribution, and the number of 

adipocytes within individuals (9). By using BMI classification as an indicator of obesity 

and the risk of presenting complications, we rely on the assumption that adipose tissue 
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is distributed evenly over the body in each individual. However, it has become evident 

that it is important to consider regional fat distribution in assigning the risk for 

complications, as for example visceral adipose tissue is more closely related to metabolic 

complications of obesity and produces more pro-inflammatory mediators than 

subcutaneous adipose tissue (10, 11). Furthermore, in obesity, adipocytes become 

hypertrophic and exhibit modified metabolic properties such as insulin resistance and 

increased adipokine secretion, and a strong correlation that has been observed between 

adipocyte dysfunction and systemic cholesterol imbalance.  

In Chapter 3 and Chapter 4 the differences in pulmonary host defense between 

commonly used mouse models of obesity were highlighted. Although the differences in 

body weight were similar between lean and obese mice (>20g) from all four models, 

variability was observed in lung bacterial burden following K. pneumoniae infection, as 

well as the extent to which neutrophil function was impaired across the models. The 

observed variability within the different mouse models may be, in part, due to the age at 

which the onset of obesity occurs. Furthermore, since three out of four models used 

were obese mutant mice, differences in their genetic environment should be taken into 

account. Ob/ob mice (12) are leptin-deficient and leptin has been shown to play an 

important role in postnatal development of the lung, as lung volume and alveolar surface 

area are lower in obese ob/ob mice compared to wild-type littermates, and leptin 

replacement ameliorates these defects (13). Myelopoiesis and lymphopoiesis are 

decreased in ob/ob mice (14), suggesting that leptin is an important mediator of immune 

cell development. Mice lacking the long isoform of the leptin receptor (ObRb) (db/db 

mice) are hyperleptinemic and lack leptin signaling in cells which primarily express ObRb 

(15). In addition, db/db mice develop diabetes at an early age. Another model of obesity, 

the CPE
fat/fat 

mouse, has a point-mutation in carboxypeptidase E leading to inactivation of 

this gene and consequent failure to activate peptide-hormones such as α-melanocyte-

stimulating hormone (αMSH), which impairs satiety signaling (16). Aspects of the 

metabolic syndrome, including dysregulation of glucose, lipid, and adipokine levels, 

differ between the models, which may contribute to the variability of their effects on the 

immune response and host defense. Diabetes and hyperglycemia are suggested to be 

associated with increased risk for and severity of infection (17, 18), which is in line with 

our results in the db/db model. Furthermore, dyslipidemia has been demonstrated to 

impair neutrophil function (19, 20), and the varying levels of cholesterol in our models 

may begin to explain why neutrophil function is variably impaired when comparing these 

four different models. These results are in line with the concept of ‘metabolically healthy 

obesity’, where obesity is not always accompanied by the metabolic syndrome.  

To our knowledge, no studies have been performed looking at the effects of MHO on 

susceptibility to and outcome of infections thus far. In our analyses of the NHANES 

database in Chapter 8, we noted that although BMI was found to correlate with risk of 

infection in univariate logistic regression, other metabolic variables, such as diabetic 

status and lipid profile, which have previously been associated with increased risk for 
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and severity of infection, were not associated in these analyses. Furthermore, the 

association of BMI itself disappears when considering other factors associated with the 

metabolic syndrome, such as hyperleptinemia. The NHANES study cohort used was a 

historic dataset (enrolled between 1988 and 1994) and is thus likely to underrepresent 

obesity in the general population compared to its contemporary incidence in the US.  

 

Obesity Modulates the Pulmonary Inflammatory Response 

A continuous positive caloric intake leads to obesity. As mentioned previously, a focus on 

BMI to define obesity as a disease is inadequate since body composition, and in 

particular regional fat distribution, differs between individuals. Several studies suggest 

that evaluation of the pathogenic potential of excessive body fat is a more informative 

approach to use in obesity research. `Adiposopathy´ (or sick fat disease) is the term used 

to describe the adverse anatomical and pathophysiological effects on adipose tissue that 

accompany the inflammatory and metabolic consequences of obesity (21). Excessive 

caloric intake leads to adipocyte hypertrophy as well as the recruitment, proliferation 

and differentiation of additional adipocytes to store energy in the form of fat. If 

excessive enlargement of fat cells occurs, then derangement of adipocytes and adipose 

tissue metabolic and immune responses may lead to metabolic disease (22, 23). In 

addition, visceral adipose tissue deposition and impaired crosstalk of adipose tissue with 

other organ systems may contribute to pathogenic, endocrinologic, and immune 

responses that contribute to metabolic disease (22). To summarize, weight gain in the 

form of increased adipose tissue leading to metabolic disease is dependent on how the 

fat is stored (adipocyte hypertrophy vs. adipocyte proliferation), where the fat is stored 

(visceral vs. subcutaneous), and adipose tissue signaling and interactions with other 

organs.  

Adipose tissue consists not only of adipocytes but also of infiltrating macrophages that 

produce a variety of mediators, including cytokines, which are thought to contribute to 

many of the metabolic consequences of obesity (24). These cytokines include many of 

the same pro-inflammatory mediators associated with worse outcomes in ARDS patients, 

such as IL-6 and IL-8, and are believed to partially drive ARDS pathogenesis. High BMI has 

been associated with decreased levels these same cytokines in patients with ARDS, 

suggesting that obese patients may have an attenuated inflammatory response in the 

setting of ARDS (3). It has been shown that increasing BMI is associated with higher risk 

for the development of ARDS, and longer length of stay but improved survival from ARDS 

(1). The observed increased susceptibility to develop ARDS may be, in part, explained by 

the mild elevations in baseline systemic pro-inflammatory cytokine levels observed in 

healthy obese subjects. However, in Chapter 5, we describe increased baseline activation 

of alveolar macrophages from obese mice, leading to a pro-inflammatory lung 

environment. The proposed mechanisms underlying the increased susceptibility to ARDS 
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and infection in the obese is that obesity-associated low-grade systemic inflammation at 

baseline activates alveolar macrophages, which than drives the release of airspace MCP-

1 levels (which were found to be increased at baseline) and consequently leads to 

recruitment and differentiation of blood monocytes into alveolar macrophages. 

Furthermore, in Chapter 3 and Chapter 4 we observed an attenuation of the pulmonary 

inflammatory response following established ARDS in our models of obese ARDS, and 

this may be due to a dysfunctional neutrophil response. In addition, the alveolar 

macrophages of obese mice appear to make an early transition to a more anti-

inflammatory phenotype during the inflammatory response to injury (Chapter 5), and 

may enhance clearance of apoptotic neutrophils in the airspace. Together, these findings 

suggest that obese mice are more susceptible to the onset of ARDS, but appear to 

dampen pulmonary inflammation during ARDS progression. These observations may 

begin to explain some of the witnessed paradoxical effects of obesity on ARDS.  

 

Leptin and Leptin Signaling  

Obesity is associated with adipokine dysregulation, and studies identifying a role for the 

adipokine leptin in a variety of diseases emphasize the importance of leptin as a key 

mediator which participates in many physiological processes, but may also contribute to 

the pathogenesis of ARDS and respiratory infections. Yet, many pieces of the pathogenic 

puzzle linking leptin to the development and progression of disease are missing, and thus 

further research is needed.  

Initially described as a satiety hormone, leptin has been shown to influence basal 

metabolism, angiogenesis, thermogenesis, reproduction and hematopoiesis. In addition, 

leptin also plays an important role in the regulation of the innate and adaptive immune 

response. The mechanisms by which leptin mediates its effects are initiated by its 

binding to one or more forms of the leptin receptor (ObR). In Chapter 6 we reviewed the 

different isoforms of the leptin receptor and described leptin signaling through the long 

isoform of the receptor, ObRb. The primary signaling cascade initiated with ObRb binding 

is the JAK/STAT pathway. In addition, several alternate pathways have been described, 

including signaling through MAPK, PI3K/PDE3B/cAMP, AMPK and mTOR (25). Most 

immune cells (monocytes, macrophages, dendritic cells, B cells, T cells) have been shown 

to express the long form of the leptin receptor. However, which isoform neutrophils 

express (or even if they express any isoform) has remained unclear. In Chapter 7 we 

suggest that the signaling pathways underlying leptin-induced neutrophil migration do 

not require the ‘canonical’ ObRb/JAK2/STAT pathway, and indicate that the ‘alternate’ 

IRS/PI3K and MAPK pathways are involved (26). There has been an ongoing debate 

about whether ObRb is the only isoform of the leptin receptor through which leptin can 

signal. Although the short form of ObR, ObRa (in mice), was originally thought to lack 

signaling capabilities, subsequent studies suggested that it induces both MAPK and 
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Insulin Receptor Substrate (IRS)-PI3K pathways via JAK2 in response to leptin (27-29). 

Our preliminary findings suggest that murine bone-marrow derived neutrophils express 

only ObRa, and not ObRb (Figure 1A), and thus the lack of STAT3 activation upon leptin 

stimulation (the hallmark of signaling via ObRb) further suggests that ObRb is not 

present in these cells (Figure 1B).  

 

Figure 1 Leptin signals through ObRa in neutrophils. Bone-marrow derived neutrophils from wild-type mice 

were examined for ObRa and ObRb expression by PCR (A), or stimulated with leptin (30 ng/ml), IL-6 (20 ng/ml) 

or G-CSF (25 ng/ml) or PBS control for 15, 30 or 60 minutes and STAT3 phosphorylation and  total protein 

expression was determined by western blot (B).  

 

Figure  2 Leptin signaling in neutrophils through MAPK and 

IRS/PI3K. Bone-marrow derived neutrophils from wild-type mice 

were stimulated with leptin (30 ng/ml), or PBS control for 10, 30 or 

60 minutes. P38 and GSK3β phosphorylation and total protein 

content was determined by western blot.  

 

 

 

Additionally, in preliminary work we have examined leptin-induced MAPK and PI3K 

pathway activation in neutrophils. An important down-stream target of both these 

pathways is glycogen synthase kinase-3β (GSK-3β). Among its many functions, this kinase 

is an important regulator of inflammatory signaling (30, 31). In its active form, GSK-3β 

promotes multiple pro-inflammatory and survival pathways, and upon inactivation by 

serine phosphorylation it serves as a feedback inhibitor for TLR- and GPCR-induced cell 

activation. Inhibition of GSK-3β has also been shown to suppress JAK-mediated STAT 

activation in monocytes and macrophages (32). Furthermore, pharmacologic inhibition 

of GSK-3β in animal models leads to marked reduction in the inflammatory response to 

LPS and other injuries (33-36). We found induction of both p38 and GSK-3β 

phosphorylation following leptin stimulation of bone-marrow derived neutrophils (Figure 

2), further suggesting that leptin signals through ObRa on murine neutrophils and 

activates the MAPK and IRS/PI3K pathways (Figure 3). 
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Figure 3 Proposed leptin signaling pathway in neutrophils through ObRa, and classical leptin signaling 

through ObRb, as found on a variety of other immune cells. 

 

Leptin and Respiratory Infections: Finding a Balance 

The increasing numbers of antibiotic-resistant bacteria causing infections in the hospital 

and the community are alarming (37-39). These gram-positive and gram-negative 

bacteria have recently been reported as the “ESKAPE” pathogens: Enterococcus faecium, 

Staphylococcus Aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas 

aeruginosa and Enterobacter species (38). They are capable of ‘escaping’ the biocidal 

action of antibiotics and represent new paradigms in pathogenesis, transmission and 

resistance (40). In addition, recent epidemics, such as the pandemic (pH1N1) influenza 

outbreaks, have highlighted the continued threat of emerging pathogens for which we 

have few if any effective treatments. Few treatments that are currently in the late stage 

of development will augment our ability to treat infection due to resistant pathogens. 

Therefore, there is a pressing need to identify therapeutic approaches that may restore 

or enhance host defenses in at-risk populations.  

Conflicting evidence exists on the effects of obesity on the risk for and severity of 

respiratory. Several studies have demonstrated associations between obesity and risk for 

both bacterial and viral pneumonias, as well as increased disease severity and 

subsequent mortality (41-43). However, others have suggested a protective effect of 

increasing BMI on mortality in these settings (44, 45). Reasons for this inconsistency 
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remain unclear. Studies in murine models of obesity have shown that obese mice fail to 

contain both influenza (46, 47) and bacterial (26, 48) pneumonias, which consequently 

lead to increased disease severity and death. Furthermore, the impaired adaptive 

immune response following influenza infection in obese mice also appears to be 

impaired (49-52). The studies described in Chapter 3 and Chapter 4 demonstrate 

obesity-associated defects in the immune response to both respiratory infections and 

lung injury.  

One of the hallmarks of obesity is a state of leptin-resistance with markedly increased 

circulating leptin levels. In Chapter 8 of this thesis we provide evidence that decreased 

bacterial clearance following infection in the obese may be attributable to increased 

systemic leptin levels (hyperleptinemia), independent of other metabolic and mechanical 

factors.  Although we only examined the effects of lean hyperleptinemia on pulmonary 

host defense in a model of bacterial infection, our recent preliminary data shows that 

mortality from pH1N1 influenza is increased in lean hyperleptinemic mice (Figure 4), 

suggesting that not only the host response to bacterial infections, but also to viral 

infections, can be influenced by hyperleptinemia. This adds further insight into the 

mechanisms which underlie the reported effects of obesity on H1N1 infection (53, 54), 

and may also start to explain why non-obese hyperleptinemic populations, including 

pregnant women and diabetic subjects, were more susceptible to H1N1 influenza (55). 

These findings, in aggregate, represent an initial step in understanding the complex 

mechanisms underlying the increased susceptibility to and mortality from respiratory 

infection in the obese and other hyperleptinemic populations.  

 

Figure 4 Hyperleptinemic mice have decreased survival 

following H1N1 infection. Lean hyperleptinemic and 

control mice were infected intranasally with a sub-lethal 

dose of A/California/7/2009 H1N1 (3*103 EU) and 

followed for 15 days. Leptin was given for 14 days prior to 

infection and at day 3 post infection.  

 

 

Interestingly, in contrast to our work in the diet-induced obesity model which manifests 

high circulating leptin levels, pneumonia studies of obese leptin-deficient (ob/ob) mice 

these mice also exhibited increased susceptibility to Gram-negative K. pneumoniae (56). 

Obese leptin-deficient (ob/ob) as well as starved, hypoleptinemic mice have been shown 

to have impaired host defenses, and restoration of leptin levels in both conditions can 

reverse the defective response to bacterial infections (57, 58). Furthermore, circulating 

leptin levels are low in malnourished or severely underweight humans, and are 

associated with an immune-compromised state of increased susceptibility to infection, 

0 5 1 0 1 5

0

2 5

5 0

7 5

1 0 0

D a y s  e la p s e d

P
e

r
c

e
n

t 
s

u
r
v

iv
a

l

P B S

L e p t in



General Discussion and Future Perspectives 

 

193 

and this can be partially reversed with leptin replacement (2, 58).  Taken together, these 

observations suggest that leptin is critical to maintain the pulmonary host defense. Yet, 

hyperleptinemia also impairs the pulmonary host defense (Chapter 8). Phung et al. 

recently published a review in which a U-shaped association between BMI and both 

bacterial and viral respiratory infections are presented (2). We can speculate that the 

association between circulating leptin levels and the risk for developing respiratory 

infections may have a similar U-shape, suggesting that balancing leptin levels in 

populations at risk for respiratory infections and thus decreasing the burden of disease 

may be a possible therapeutic implication of our findings.  

Furthermore, the effects of increased leptin levels on the immune response appear to 

be, in part, dependent on the acuity versus chronicity of the exposure. In addition to 

states of chronic hyperleptinemia, such as obesity, leptin may also be elevated as an 

acute phase reactant (59). Acute in vitro exposure to leptin has been shown to enhance 

immune cell function, such as monocyte and macrophage activation, phagocytosis, and 

cytokine secretion (60-62). Our work described in Chapter 7 as well as studies from other 

groups showed that leptin can act as a neutrophil chemoattractant and an anti-apoptotic 

(26, 63, 64). In addition, we demonstrated that not only the presence of leptin, but also 

intact leptin signaling, is important to maintain pulmonary host defense (Chapter 7). 

However, in multiple studies using mouse models of obesity, and thus chronic 

hyperleptinemia, the obese milieu has a protective and anti-inflammatory effect in 

induced acute lung injury, leading to an attenuated pulmonary inflammatory response, 

which we describe in Chapter 3 (65, 66). Furthermore, in studies determining the 

association between lavage leptin levels in ARDS patients, the associations between high 

leptin levels and clinical outcomes appear to differ based on the context (67). In non-

obese patients (BMI<30), high leptin levels (presumably acute) are associated with poor 

outcomes, whereas in the obese (BMI>30), high levels (most likely reflecting preceding, 

baseline hyperleptinemia) have no such association. Although we provide possible 

mechanisms which may start to explain the different effects of leptin on the pulmonary 

immune response in this dissertation, further research delineating the exact role of 

leptin in host defense is needed in order to develop suitable therapeutics down the road.  

 

Future Directions 

Since the obesity epidemic is still increasing worldwide and the threat of infections with 

drug-resistant pathogens is high, multiple challenges and opportunities lie ahead in the 

research field of obesity and pulmonary host defense. Although valuable new insights 

have emerged from the work presented in this dissertation, a number of issues remain 

unresolved and new questions arise.  

Our comparison of four commonly used mouse models of obesity demonstrated the 

variability in response to bacterial pneumonia, LPS-induced pneumonitis, and impaired 
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neutrophil function in similarly obese mice. The differences in these models may, in part, 

be due to variations in their metabolic abnormalities, such as the degree of dyslipidemia, 

hyperglycemia, or adipokine dysregulation. Further research into the effects of these 

obesity-associated factors on pulmonary host defense may help to identify subjects at 

risk for developing respiratory infections and ARDS or worse outcome of infection. 

Furthermore, since the genetic abnormalities modeled in the db/db and ob/ob model 

are extremely rare in humans, caution is recommended when extrapolating data 

generated in these particular obese animal models to the human condition.  

Our finding that obesity-associated hyperleptinemia, and not body mass per se, is an 

important factor in the impairment of pulmonary host defense is a critical step towards 

understanding the complex mechanisms underlying increased susceptibility to and 

mortality from respiratory infections in the obese and other hyperleptinemic 

populations. Further understanding of host defense and the specific mechanisms 

underlying its impairment in hyperleptinemic conditions such as obesity, pregnancy, and 

diabetes, is critical to further develop improved identification and treatment of 

populations at risk for pneumonia.  

To increase our understanding of the role of obesity-associated and lean 

hyperleptinemia on the pulmonary host defense, there is a crucial need to develop 

effective tools which can either inhibit or overexpress leptin in any given context. As 

such, we have already developed an animal model to study the effects of lean 

hyperleptinemia (Chapter 7). The ability to also inhibit obesity-associated 

hyperleptinemia would allow us to confirm whether hyperleptinemia is causing the 

observed impairment of pulmonary host defense in our animal models of obesity and 

provide us with a critical proof of approach for decreasing the risk of respiratory 

infections and ARDS in hyperleptinemic subjects. Furthermore, the effect of local 

inhibition of leptin’s actions, such as on neutrophils, can be determined in genetically 

manipulated mice which lack ObR (all isoforms) on neutrophils. Similarly, the effects of 

local leptin overexpression (in for example the lung or bone-marrow) can be examined 

by using genetically modified mice in which leptin (over)expression can be induced. 

Generating these tools will allow us to take this research area to the next level and gain 

more insight into the underlying mechanisms. 

The observed clinical dichotomy between the risk of and outcomes from ARDS in obese 

patients was further investigated in this dissertation, and our results suggest that 

modulation of the alveolar macrophage response plays an important role. Alveolar 

macrophage function and phenotype manifests a more pro-inflammatory state at 

baseline, whereas an anti-inflammatory state is observed after lung injury. These 

findings may start to explain some of the paradoxical effects seen in obese ARDS, and 

lead to a better understanding of the marked effects of obesity on the pulmonary innate 

immune response following inflammation. Although we demonstrate that alveolar 

macrophages are “primed” at baseline in obese mice and we suggest that this may be 

due to alveolar translocation of elevated circulating cytokines, we also find evidence that 
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increased lipid handling may, in part, contribute to this effect. Studies discerning the 

effects of increased lipid levels, in for example a mouse model of lean 

hypercholesterolemia using a high cholesterol containing diet, on alveolar macrophage 

function and phenotype will be a first step to further examine the underlying 

mechanisms. Furthermore, it is suggested that surfactant proteins are dysregulated in 

obesity and may thus contribute to the modulation of the alveolar macrophage 

response. Therefore, expression levels of surfactant proteins should be examined in the 

lung tissue and bronchoalveolar lavage fluid of obese and lean mice. Consequently, 

increased understanding of the described mechanisms underlying this dichotomy may 

lead to the development of novel therapeutic approaches to both reduce the risk of 

ARDS in the obese and to improve ARDS outcomes in the non-obese population, and in 

the end decrease the substantial associated healthcare costs. 

 

Concluding Remarks 

The research described in this dissertation has shown that obesity impairs pulmonary 

host defense and that obesity-associated factors, including dysregulation of the 

adipokine leptin, may underlie this effect. The incidence of obesity is still rising and 

additional research concerning pulmonary host defense in this population is necessary to 

identify therapeutic targets and effective therapies for the prevention and treatment of 

lung infection. In addition, dissecting the effects of several factors involved in obesity 

and the metabolic syndrome on the pulmonary host defense independent of increased 

weight are crucial to gain a more complete understanding of the mechanisms involved in 

this complex environment. Better insight into the pathogenesis of both respiratory 

infection and ARDS in obese subjects may direct future treatment strategies and may, 

especially in case of respiratory infections, avoid progression of the disease to a more 

severe state and eventually decrease mortality.  
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Obesity is a rapidly expanding epidemic globally, and is associated with dysregulation of 

the innate immune response. Multiple organ systems are affected by obesity, including 

the respiratory system. Pulmonary host defense is crucial in the fight against invading 

pathogens in numerous respiratory diseases, including respiratory infections and Acute 

Respiratory Distress Syndrome (ARDS). Conflicting evidence exist on the effect of obesity 

on susceptibility to and outcome of both respiratory infections and ARDS. This thesis 

sheds light on the mechanisms underlying the altered pulmonary innate immune and 

host defense in obesity.  

In Chapter 1 we provide a critical review of the current literature regarding the key 

players in this thesis: obesity and host defense. Hereby looking into which parts of 

obesity and its associated comorbidities may be involved in the alterations of the 

pulmonary innate immune response and consequently host defense. Neutrophils and 

macrophage play major roles in host defense and previous studies indicated that obese 

subjects with ARDS had lower levels of several pro-inflammatory cytokines, suggesting 

that the inflammatory response may be altered in patients with ARDS and a high Body 

Mass Index (BMI). The aims and outline of this thesis was described in Chapter 2. In 

Chapter 3 the effects of obesity on pulmonary innate immune response and 

subsequently neutrophil behavior in pulmonary host defense were examined. We 

demonstrated that obesity attenuates the inflammatory response in an inhaled 

lipopolysaccharide (LPS) model of murine Acute Lung Injury (ALI), which led to a 

reduction in both pulmonary neutrophilia and injury in two different mouse models of 

obesity. In addition, the early pulmonary cytokine response was found to be normal and 

circulating neutrophil levels were increased in obese mice. The witnessed attenuation of 

pulmonary neutrophilia in the obese mice was shown to be due, in part, to obesity-

associated abnormalities in CXCR2 signaling with associated defects in neutrophil 

chemotaxis. Altogether, these data suggest that neutrophil dysfunction plays a 

prominent role in the complex, multifactorial process underlying the obesity-associated 

attenuation of lung injury.  

To further extend these findings on the effects of obesity on neutrophil function and its 

role in respiratory diseases, it was hypothesized that obesity-associated impairment of 

neutrophil function contributes to the increased risk for respiratory infection, yet that 

significant differences may exist between commonly used mouse models of obesity. The 

four murine models of obesity used in this study were: diet-induced obese mice (DIO), 

db/db mice (ObRb deficient), CPE
fat/fat 

mice (mutation in carboxypeptidase E) and ob/ob 

mice (leptin-deficient). As described in Chapter 4, this study revealed that there is an 

obesity-associated defect in host defense to bacterial pneumonia in mice. However, the 

course and severity of the infection, as well as the underlying mechanisms may be 

dependent on the obese mouse model used. Neutrophil function, which is shown to be 

crucial in pulmonary host defense, was found to be defective in obese animals. The 

impaired cytokines transcription, cell survival, downstream signaling response as well as 

neutrophil chemoattractant response may all contribute to the observed impairment in 
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pulmonary host defense. However, the extent to which pulmonary host defense is 

impaired and neutrophil function is defective depends on the obese mouse model used. 

In conclusion, the diet-induced obesity model was found to mimic the human situation 

the best, since obesity is induced by a high fat diet in this model and factors associated 

with the metabolic syndrome were moderately elevated, as described in this Chapter.  

Given the fact that obesity is associated with increased development for ARDS, yet is also 

associated with rapid attenuation of the inflammatory response and improved outcomes 

in both patients and animal models (Chapter 3), the possible mechanisms controlling this 

paradoxical ‘shift’ in the inflammatory environment of the lung following injury were 

examined in Chapter 5. Alveolar macrophage numbers are increased and showed 

baseline activation in uninjured diet-induced obese mice. Furthermore, increased lipid 

deposition was observed in alveolar macrophages from obese mice at baseline, which 

may, in part, explain the baseline activation. Whereas a more pro-inflammatory alveolar 

macrophage phenotype was observed at baseline in obese mice, this phenotype 

appeared to shift towards a more anti-inflammatory state after established lung injury, 

suggesting that obesity modulates the alveolar macrophage response in murine ARDS. 

Taken together, these results suggested that the phenotype ‘shift’ observed in alveolar 

macrophages from obese mice may underlie the paradoxical effects seen in obese ARDS, 

where there is an increased susceptibility, yet an improved outcome.  

Obesity is associated with adipokine dysregulation and consequently a leptin-resistant 

state. The adipokine leptin, also known as the satiety hormone, is a critical mediator of 

the balance between food intake and energy expenditure and plays an important role in 

several physiological processes and has implications in the pathogenesis of disease. 

Chapter 6 provides a state-of-the-art overview on leptin and its functional role on the 

different resident cell types of the lung in health as well as in the context of respiratory 

diseases. Leptin was shown to be upregulated in the lung following injury and to exert 

diverse effects on leukocytes, influencing both chemotaxis and survival, which are the 

two key processes involved in the development of pulmonary neutrophilia in ALI. 

Therefore, the role of leptin on the development of pulmonary neutrophilia in infection 

and ALI was examined in Chapter 7. Pulmonary leptin levels were shown to be 

upregulated in both humans and mice following bacterial- and viral- induced pneumonia 

and ALI. Moreover, leptin was found to enhance pulmonary neutrophilia through, in 

part, leptin’s action as a neutrophil chemoattractant as well as its effects on neutrophil 

survival, and intact leptin signaling was shown to be critical in pulmonary host defense.  

Conditions associated with high circulating leptin levels (as observed in obesity) have 

been associated with an increased risk to develop pneumonia. In Chapter 8 a 

translational approach was used to investigate whether obesity-associated 

hyperleptinemia could be linked to the impaired response to pulmonary pathogens and 

increased susceptibility to infections. Plasma leptin levels were shown to be positively 

correlated with the risk for respiratory infection independent of BMI in healthy subjects. 

In addition, in patient with severe pneumonia resulting in ARDS, plasma leptin levels 
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were positively correlated with subsequent mortality. Similar results were found in a 

murine model of diet-induced obesity with pneumonia, in which plasma leptin levels 

were associated with pneumonia severity. To further determine whether the 

associations between plasma leptin levels and pneumonia severity in the obese mice 

were due to leptin itself or other obesity-related factors, a mouse model of lean 

experimentally-induced hyperleptinemia was tested. The previous obtained results were 

confirmed in this model. Taken together, these studies showed that the observed effects 

of obesity on respiratory infection are attributable to increased systemic leptin levels 

independent of other metabolic and mechanical factors. 

The insights resulting from the original research data described in this thesis (Chapter 2-

8) were critically evaluated and integrated with current knowledge in Chapter 9, in order 

to provide exciting future perspectives.  This chapter discussed the interplay of obesity 

and pulmonary host defense and focused on 1) the role metabolic variables and how 

they may contribute to the existence of the “obesity paradox” described in respiratory 

infections and ARDS, and 2) the importance of leptin and, in particular, balanced leptin 

levels, in pulmonary host defense. Furthermore, this chapter provides ample novel ideas 

and/or approaches to support the search for the impact of obesity and leptin 

dysregulation on respiratory diseases. It can be concluded that better insight into the 

pathogenesis of both respiratory infection and ARDS in obese subjects may direct future 

treatment strategies and may avoid progression of the disease to a more severe state 

and eventually decrease mortality. 
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De longen dragen zorg voor de verdeling van zuurstof door het lichaam via het bloed. De 

long is dus één van de belangrijkste orgaansystemen van het lichaam. Behalve de afgifte 

van zuurstof aan het bloed hebben de longen nog meerdere belangrijke functies. De 

longen vormen ook een belangrijke barrière in het tegenhouden van schadelijke 

organismen of stoffen die het lichaam via inademing kunnen binnendringen. De 

afweerrespons van de long is dus cruciaal in het gevecht tegen ziekteverwekkers die 

bijvoorbeeld een longinfectie kunnen veroorzaken of kunnen leiden tot het ontstaan van 

longschade. Indien de afweerrespons van de long niet goed werkt kan een longinfectie in 

het ergste geval leiden tot het ontstaan van Acute Respiratory Distress Syndrome 

(ARDS). ARDS kan ontstaan ten gevolge van een longinfectie als ook door een ziekte 

elders in het lichaam. ARDS wordt gekenmerkt door een hevige ontstekingsreactie 

waardoor vocht, eiwitten en ontstekingscellen uit de bloedvaten treden en in het 

longweefsel terecht komen. 

Obesitas dat gekenmerkt wordt door een Body Mass Index (BMI) van meer dan 30 kg/m
2
 

wordt gezien als een steeds verder uitbreidende epidemie. Obesitas is meer dan alleen 

overgewicht. Het gaat ook vaak gepaard met een hoge bloeddruk, slechte cholesterol 

waarden in het bloed en een verstoorde suikerspiegel. Samen worden deze kenmerken 

ook wel het metabool syndroom genoemd. Obesitas wordt ook wel geassocieerd met 

een ontregelde afweerrespons van het lichaam. Verschillende orgaan systemen kunnen 

beïnvloed worden door obesitas, waaronder de longen. Momenteel bestaan er 

tegenstrijdige bewijzen over het effect van obesitas op het ontstaan en verloop van 

zowel longinfecties als ook ARDS. In dit proefschrift worden de mechanismen 

onderliggend aan de verandering in de afweerrespons van de long, die gezien worden in 

obesitas, uitgediept en beschreven.  

In Hoofdstuk 1 wordt een overzicht weergegeven van de belangrijkste literatuur die op 

dit moment voorhanden is over de twee belangrijkste elementen van dit proefschrift: 

obesitas en de afweerrespons van de long. Hierbij is er gekeken naar welke factoren die 

gepaard gaan met obesitas van invloed kunnen zijn op de veranderingen van de 

afweerrespons in de long. Neutrofielen en macrofagen zijn twee soorten 

ontstekingscellen die een belangrijke rol spelen in de afweer reactie van de longen. In 

voorgaande studies is er aangetoond dat in obese patiënten met ARDS de gehaltes van 

verscheidene ontstekingsbevorderende stoffen lager zijn. Dit suggereert dat de 

ontstekingsreactie in het bloed van patiënten met een hoog BMI veranderd kan zijn. De 

doelstelling en hypothese van het onderzoek uitgevoerd in dit proefschrift is beschreven 

in Hoofdstuk 2. In Hoofdstuk 3 zijn de effecten van obesitas op de afweerrespons van de 

long onderzocht, en meer specifiek is er gekeken naar het effect van obesitas op het 

gedrag en de functie van neutrofielen en hoe zij bijdragen aan de afweer van de long. 

Wij hebben aangetoond dat obesitas de ontstekingsreactie in de long verminderd na 

blootstelling aan een onderdeel van gram-negatieve bacterieën, lipopolysaccharide (LPS) 

genaamd, door inhalatie, en dat dit resulteerde in een verlaging van het aantal 

neutrofielen in de long in twee verschillende muismodellen van obesitas. LPS 
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blootstelling wordt gebruikt als een model van acute longschade, ook wel gezien als een 

milder stadium van ARDS. Verder werd er gevonden dat de waarden van 

ontstekingsstoffen in de longen van obese muizen normaal waren, maar dat het aantal 

neutrofielen in het bloed van obese muizen verhoogd was in vergelijking met de 

aantallen in muizen met een normaal gewicht. De verminderde aantallen neutrofielen in 

de long van obese muizen na opwekken van acute longschade valt gedeeltelijk te wijten 

aan obesitas-geassocieerde abnormaliteiten in de CXCR2 signalering van neutrofielen die 

vervolgens defecten in neutrofiel migratie kunnen veroorzaken. Deze gegevens samen 

suggereren dat dysfunctie van neutrofielen een belangrijke rol speelt in het complexe en 

multifactoriële proces dat ten grondslag ligt aan de obesitas-geassocieerde vermindering 

van acute longschade.  

Om de bevindingen van de effecten van obesitas op de neutrofiel functie en de rol 

hiervan in longziekten verder uit te diepen, was de hypothese van de volgende studie dat 

de obesitas-geassocieerde verminderde neutrofiel functie bij kan dragen aan het 

verhoogde risico op long infecties. Tevens is er onderzocht of er verschillen bestaan 

tussen de verscheidene veelgebruikte muis modellen van obesitas, te weten: dieet-

geïnduceerde obese muizen (DIO), db/db muizen (deficiëntie in ObRb), CPE
fat/fat

 muizen 

(mutatie in carboxypeptidase E) en ob/ob muizen (leptine deficiënt). Zoals in Hoofdstuk 

4 beschreven wordt, laat deze studie zien dat er een obesitas-geassocieerd defect is in 

de afweerrespons van de long na het veroorzaken van een bacteriële infectie in deze 

muizen. Het is gebleken dat het verloop en de ernst van de infectie, alsook de 

onderliggende mechanismen, afhankelijk zijn van welk muismodel van obesitas er 

gebruikt werd. Een gedegen functie van de neutrofielen is cruciaal in de afweerrespons 

van de long, en in deze studie werd er aangetoond dat deze functie verminderd is in 

obese muizen. De verminderde capaciteit van de neutrofiel om te migreren naar de 

plaats van infectie, alsook de verminderde afgifte van ontstekingsstoffen die het 

immuunsysteem verder activeren, de verandering in levensduur en signaleringsrespons 

dragen allen bij aan de vermindering van de afweerrespons in de long zoals deze gezien 

werd in obesitas. De mate waarin deze vermindering van de pulmonale afweerrespons 

en neutrofiel functie wordt waargenomen lijkt sterk afhankelijk te zijn van het obese 

muismodel dat gebruikt werd en dit kan te maken hebben met de variabele mate waarin 

factoren gerelateerd aan het metabool syndroom veranderd zijn. Uit deze studie kan 

geconcludeerd worden dat het muismodel, waarin obesitas geïnduceerd wordt door 

middel van een hoog vet dieet, de humane situatie het beste weergeeft. 

Obesitas is geassocieerd met een verhoogd risico voor het ontwikkelen van ARDS, maar 

is aan de andere kant ook geassocieerd met een snelle resolutie van de 

ontstekingsreactie en verbeterde prognose in zowel ARDS patiënten alsook in 

muismodellen met ARDS (Hoofdstuk 3). De mechanismen die ten grondslag liggen aan 

deze tegenstrijdige verandering in de pulmonale ontstekingsreactie ten gevolge van 

acute longschade werden onderzocht in Hoofdstuk 5. Het aantal macrofagen in de 

longen van obese muizen was verhoogd en deze macrofagen lieten ook een 
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ontstekingsbevorderend karakter zien. Verder bleken er ook vetdruppels aanwezig in de 

macrofagen van obese muizen, waarmee het ontstekingsbevorderende karakter 

gedeeltelijk verklaard kan worden. Na het induceren van acute longschade in deze 

muizen bleken de macrofagen een meer ontstekingsremmend karakter te hebben. Dit 

suggereert dat obesitas het macrofaag karakter in de long kan veranderen gedurende 

het verloop van de ontwikkeling van acuut longschade in deze muizen. De resultaten 

beschreven in dit hoofdstuk laten zien dat er een verandering plaatsvindt in het karakter 

van de macrofagen in de longen van obese muizen, en deze kunnen ten grondslag liggen 

aan de tegenstrijdige resultaten die gezien worden in obese patiënten met ARDS, welke 

een verhoogd risico hebben op het ontwikkelen van ARDS maar waarbij het verloop en 

de prognose van de ziekte verbeterd is.  

Obesitas gaat gepaard met een ontregeling van adipokine gehaltes in het bloed. Eén van 

de meest bekende adipokines is leptine, ook wel bekend als verzadigingshormoon. 

Leptine speelt een belangrijke rol bij het reguleren van voedsel inname alsook 

verscheidene fysiologische processen. In Hoofdstuk 6 wordt een overzicht van de 

recente literatuur weergegeven waarin de rol van leptine op de verschillende cel types 

die de long bevat uitgediept in de context van zowel de gezonde situatie alsook in 

longziekten. Het is aangetoond dat leptine gehaltes in de long kunnen stijgen na het 

ontstaan van longschade, en verder kan leptine immuun cellen, zoals neutrofielen, 

beïnvloeden. De rol van leptine op het ontwikkelen van een neutrofiel ophoping in de 

long gedurende een longinfectie en acute longschade werd onderzocht in Hoofdstuk 7. 

Leptine gehaltes in de long waren verhoogd in zowel humaan alsook muizen longweefsel 

na een bacteriële of virale longinfectie. Verder werd er aangetoond dat leptine het 

aantal neutrofielen in de long kan verhogen. Dit wordt mede veroorzaakt doordat 

leptine migratie van neutrofielen naar de long stimuleert, maar ook doordat leptine 

ervoor zorgt dat de neutrofielen in de long een langere levensduur hebben.  

Er zijn verschillende condities (obesitas, maar ook zwangerschap, nierfalen en diabetes) 

waarbij we hoge leptine gehaltes in het bloed (hyperleptinemie) zien, welke 

geassocieerd zijn met een verhoogd risico voor het ontwikkelen van longinfecties. In 

Hoofdstuk 8 is er gebruik gemaakt van een translationele studie opzet om de relatie 

tussen obesitas-geassocieerde hyperleptinemie en de verminderde afweerrespons in de 

long te onderzoeken. Leptine gehaltes in het bloed correleren positief met het risico 

voor het ontwikkelen van een longinfectie, ongeacht het BMI en factoren van het 

metabool syndroom in gezonde mensen. Verder correleerde leptine in het bloed ook 

positief met mortaliteit in patiënt met een ernstige longinfectie die tot ARDS was 

overgegaan. Vergelijkbare resultaten werden gevonden in een muismodel waarin 

obesitas geïnduceerd wordt door middel van een hoog vet dieet met een longinfectie. 

Om de effecten van verhoogde leptine gehaltes in bloed te kunnen testen zonder de 

invloed van een obese omgeving, is er een uniek muis model van experimenteel 

geïnduceerde hyperleptinemie ontwikkeld. Hierin zijn de humane bevindingen bevestigd. 

Deze studies laten dus zien dat de effecten die obesitas lijkt te hebben op longinfecties, 
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gedeeltelijk, gedreven worden door verhoogde systemische leptine gehalten 

onafhankelijk van andere factoren van het metabool syndroom. 

De kennis opgedaan uit de studies in dit proefschrift (Hoofdstuk 2-8), zijn kritisch 

geëvalueerd en geïntegreerd met de huidige kennis in de literatuur in Hoofdstuk 9. 

Verder zijn er ook aanbevelingen gedaan voor vervolgonderzoek. De actie van obesitas 

op de pulmonale afweerrespons wordt hier beschreven met een focus op 1) de rol van 

metabole variabelen en hoe deze kunnen bijdragen aan het bestaan van de obesitas 

paradox zoals beschreven voor longinfecties en ARDS, en 2) het belang van leptine, en 

meer specifiek de balans van leptine gehaltes, in de pulmonale afweerrespons. Dit 

hoofdstuk bevat ook nieuwe ideeën en technieken om het onderzoek naar obesitas en 

dysregulatie van leptine op longziekten te kunnen blijven onderzoeken. Het is dus 

cruciaal om vernieuwde en verbeterde inzichten te krijgen in het ziektebeeld van zowel 

longinfecties alsook ARDS in obese patiënten. Dit kan richting geven aan nieuwe 

behandelmethoden en daarmee verergering van de ziekte en uiteindelijk mortaliteit 

verlagen.  
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Socioeconomic relevance 

Obesity is a rapidly expanding global epidemic – “globesity” – leading to a markedly 

increased number of overweight and obese adults (27.5%) and for children (47.1%) in 

the past 30 years (1). Recent reports from the World Health Organization (WHO) indicate 

that in 2014 more than 1.9 billion adults (18 years and older) were overweight (BMI>25), 

and of this overweight population, over 600 million people were obese (BMI>30). The 

increased prevalence of overweight and obesity has been accompanied by a substantial 

increase in the direct medical costs of these conditions. Obesity alone accounts for 0.7% 

- 2.8% of total health care expenditures worldwide (2, 3) and when costs associated with 

being overweight are also included, this figure increases to 9.1% (4, 5). As indicated, 

obesity is a growing problem, not only from a public-health perspective, but also in 

relation to many communicable and non-communicable respiratory diseases. 

Pneumonia and respiratory infections are, according to the WHO, ranked among the 

leading causes of death worldwide. Therefore, the research described in this thesis is 

highly relevant looking from both the perspective of obesity, as well as from pneumonia 

and respiratory infections. Obesity has been associated with an increased susceptibility 

to and severity of both bacterial and viral respiratory infections (6), however the 

underlying mechanisms are poorly understood. The importance of investigating the 

impact of obesity on respiratory diseases is not limited to respiratory infections, but can 

also include other lung diseases including: obesity and asthma and obesity and primary 

pulmonary hypertension.  The current thesis significantly adds to the understanding of 

obesity-associated defects in pulmonary host defense, which are accompanied by 

dysregulation of neutrophil and macrophage function. In addition, critical evidence was 

provided that the adipokine leptin is an important mediator of pulmonary host defense. 

Further understanding of the mechanisms underlying the impairment of pulmonary host 

defense in this at risk population (obese subjects), which is as mentioned before a large 

part of the general population, is of critical importance. Obese subjects are usually not 

mentioned separately when one makes a statement about the “general population”, but 

the findings in this dissertation add to the view that these subjects have a different 

profile when it comes to health risks, especially when looking at infections and more 

specifically in the respiratory tract.  Furthermore, obese subjects are not only at risk for 

developing respiratory infections, but recent studies also suggested that prophylactic 

measures such as flu-vaccinations are less effective in this population (7). Therefore, the 

obese population appears to be at higher risk for developing respiratory infections, even 

in the setting of appropriate prophylaxis.  
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Target groups  

Health care providers and obese patients 

The present thesis provides important insights for health care providers. The prevalence 

of obesity is still increasing; in addition the incidence of respiratory infections in the 

obese population is high and likely underestimated. An increased awareness of the 

respiratory health risks associated with obesity is warranted, and healthy behavior and 

weight loss, until a healthy weight is reached, should be encouraged.  

Several organizations can benefit from the work described in this thesis, including the 

European Lung Foundation (ELF). The ELF aims to bring together patients and the public 

with respiratory professionals to positively influence lung health within Europe. In some 

areas, such as Germany, obesity incidence is much higher compared to the incidence in 

the Netherlands, and with the help of the ELF the outcomes of the studies performed in 

this thesis can be communicated to the European public. Furthermore, the patient 

organizations of the Dutch Lung Foundation as well as the obesity society can also 

benefit from these studies. The Dutch Lung Foundation does have a “Longpunt” in the 

Limburg area (Maastricht, Sittard and Weert) where I will present and discuss my 

research to and with patients suffering of a lung diseases to inform them about the study 

outcomes, but also to receive their input for further research studies and grant 

applications. Furthermore, the study outcomes will also be communicated towards 

obese subjects and their relatives which are involved in the “Obesitas Vereniging”. 

Furthermore, “Zwaartepunt”, an organization aimed at competence-based training of 

health care providers (physicians, nurses, dieticians) related to obesity, organizes 

conferences, symposia and hands-on training courses related to the care and 

management of obese patients. The studies described in this dissertation have led to an 

increased understanding of the impact of body weight and nutritional status on 

pulmonary host defense, and will be communicated towards healthcare providers with 

the help of “Zwaartepunt”. 

Science 

Future research questions 

This thesis contributes to research in the field, as the results elucidate possible 

mechanisms which underlie the impaired pulmonary host defense in obesity. Although 

valuable new insights have emerged from the work presented in this dissertation, a 

number of issues remain unresolved and new questions arise. Foci of additional research 

should include examining the effects of obesity-associated metabolic abnormalities 

(dyslipidemia, hyperglycemia and adipokine dysregulation) on pulmonary host defense, 

which may lead to identification of subjects at elevated risk for developing respiratory 

infections and ARDS. In addition, further understanding of host defense and the specific 
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mechanisms underlying its impairment in hyperleptinemic conditions, including not only 

obesity, but also pregnancy, renal failure and diabetes, is critical to further develop 

improved identification and treatment of populations at risk for pneumonia.  

The importance of pulmonary host defense is not limited to protection against 

respiratory infections. Episodic airway infections can lead to a worsening of existing 

chronic lung diseases, such as Chronic Obstructive Pulmonary Disease (COPD). Such 

exacerbations of the disease have been shown to be more prevalent in underweight 

COPD patients, whereas obese subjects have a lower risk for exacerbations. Knowledge 

transfer through collaborations between a variety of respiratory professionals is needed 

to implement the findings of this dissertation in other respiratory diseases.  

Relevant mouse model to study obesity 

Several animal models of obesity have been used in literature to investigate the effects 

of obesity and associated comorbidities on the pulmonary immune response related to 

diverse acute and chronic lung diseases. However, important caveats may exist when 

studying the available murine models of obesity and these should be taken into account 

when interpreting the generated data, as well as extrapolating this to the own study set. 

In addition, with these caveats in mind, one should also be cautious when extrapolating 

studies performed in murine obesity models to human obesity. In Chapter 4 we 

investigated the pulmonary immune response and host defense, in particular neutrophil 

function, following an acute inflammatory insult in four models of murine obesity. In 

addition, several metabolic parameters were characterized. Until now, very few studies 

were performed which compare pulmonary host defense and immune function in 

obesity. Our work greatly enhances the understanding of how results obtained in the 

different models should be interpreted and to which extent the metabolic parameters 

vary between different models of obesity. The diet-induced model of obesity is the best 

model thus far to study pulmonary infection in the context of human obesity, however, 

caution should be used when extrapolating data from this model to the human situation 

as mice in this model may manifest features of a more ‘metabolic healthy obese 

phenotype’.  

Personal development 

The outcomes of the studies described in this thesis have resulted in multiple scientific 

abstracts on national and international conferences. The abstract containing the results 

of Chapter 7 and Chapter 8 were awarded with an ERS Lung Science Conference Bursary 

in 2013 and an ATS abstract scholarship at the annual ATS conference in Denver, CO, 

USA in 2015, respectively. Furthermore, the results and insights gathered from the 

studies performed have served as the foundation for several grant applications of which 

one was shown to be successful already.  
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The studies described in Chapter 3, Chapter 6 and Chapter 7 have been published in peer 

reviewed scientific journals in the fields of critical care medicine as well as respiratory 

medicine. The results of Chapter 7 were accompanied by an editorial describing the 

march of leptin from satiety hormone to an important immune modulator. The results of 

Chapter 8 are currently in revision. The study results of Chapter 4 are submitted and 

Chapter 5 will be submitted when additional experiments are performed.  

The work described in this thesis was performed within the structural collaboration 

between the Department of Respiratory Medicine, Maastricht University Medical Center, 

Maastricht, The Netherlands and the Vermont Lung Center, University of Vermont 

College of Medicine, Burlington, VT, USA, thereby strengthening this collaboration. 

Furthermore, several national and international collaborations between the authors and 

other research groups including: the Department of Respiratory Medicine, Ghent 

University Hospital, Ghent, Belgium, the Cytokine Receptor Lab (CRL), VIB Department of 

Medical Protein Research, Ghent, Belgium and the Department of Pediatrics, National 

Jewish Health, Denver, CO, USA.  

 

Schedule and implementation 

The studies described in this thesis are already published in or submitted to international 

peer-reviewed scientific journals, and discussed during various national and international 

conferences, thereby facilitating scientific progress and contribution to the scientific 

community. 

The studies presented in this thesis indicate that obese and/or hyperleptinemic subjects 

should be considered as high risk patients for severe pneumonia. Furthermore, the 

results of the studies described in this thesis contributed to the awareness and 

importance of this topic. The new research questions that arose from this thesis 

regarding the mechanisms underlying the impaired pulmonary host defense in obesity 

and how this can be integrated into clinical practice can consequently contribute to new 

therapeutic strategies and better care for the obese patients. In addition, the 

comparison of the four most commonly used mouse models of obesity provided by this 

work, shed light on the importance of understanding which metabolic factors are 

affected before extrapolating data from one model to another.  
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ALI     acute lung injury 

AMPK    AMP-activated protein kinase 

APACHE    acute physiology and chronic health evaluation 

ARDS    acute respiratory distress syndrome 

ASM    airway smooth muscle 

BAL(F)    bronchoalveolar lavage (fluid) 

BEC     bronchial epithelial cells 

BMI     body mass index 

CCL2    chemokine (C-C motif) ligand 2 

CD     cluster of differentiation 

CFU     colony forming units 

CHD    coronary heart disease 

CLP     cecal-ligation puncture 

COPD    chronic obstructive pulmonary disease 

CPE     carboxypeptidase E 

CRP     C-reactive protein 

CSF     colony stimulating factor 

CVD    cardiovascular disease 

CXCL    chemokine (c-x-c motif) ligand 

CXCR    c-x-c chemokine receptor 

DC     dendritic cell 

DIO     diet-induced obesity 

FFMI    fat free mass index 

fMLP    N-formyl methionine-leucyl-phenylalanine 

FPR1    formyl peptide receptor 1 

GM-CSF    granulocyte macrophage colony stimulating factor 

GSK-3    glycogen synthase kinase-3 

HbA1C    glycated hemoglobin A1C 

HDL     high density lipoprotein 

HL     hyperleptinemia 

HMW    high molecular weight 

IACUC    institutional animal care and use committee 

IFN     interferon 

IL     interleukin 

IRS     insulin receptor substrate 

JAK     janus kinase 

KC     keratinocyte cytokine 

LDL     low density lipoprotein 

LPS     lipopolysaccharide 

Lyso-PS    lysophosphatidylserine 

MAPK    mitogen activated protein kinase 

MCP-1    monocyte chemoattractant protein-1  
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M-CSF    macrophage colony stimulating factor 

MHO    metabolically healthy obesity 

MIP-2    macrophage inflammatory protein-2 

MPO    myeloperoxidase 

MPS    macrophage phagocyte system 

mTOR    mammalian target of rapamycin 

NASH    non-alcoholic steatohepatitis 

NHANES   national health and nutrition examination survey 

NK-cells    natural killer cells 

NO     nitric oxide 

o.p.     oropharyngeal 

ObR    leptin receptor 

ObRa    leptin receptor isoform a 

ObRb    leptin receptor isoform b 

PAMP    pathogen associated molecular pattern 

PEEP    positive end expiratory pressure 

PEG     polyethyleenglycol 

PI3K    phosphoinositide 3 kinase 

PMN    polymorphonuclear leukocyte 

PRR     pattern recognition receptor 

PS     phosphatidylserine 

PSGL    p-selectin glycoprotein ligand 

PTP1B    protein tyrosine phosphatase 1B 

ROS     reactive oxygen species 

SOCS    suppressor of cytokine signaling proteins 

STAT    signal transducers and activators of transcription 

TGF     transforming growth factor 

TLR     toll like receptor 

TNF-α    tumor necrosis factor-α 

Tregs    t regulatory cell 

Tyr     tyrosine 

UCP     uncoupling protein 

WHO    world health organization   
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Finally - that is the first thought that comes to my mind as I am starting to write the most 

read chapter of this PhD thesis – the acknowledgements. Now it is time to look back, see 

how far I have come, and reflect on a very challenging but exciting past 4.5 years. Hard 

work, motivation and willpower are needed to be able to start, but definitely to finish a 

PhD trajectory. However, without guidance and support this journey would not have 

been possible, and now I may finally thank everyone who has contributed to and 

supported me during this PhD trajectory.  

Professor Wouters, thank you for providing me with the opportunity to perform my PhD 

project within the Department of Respiratory Medicine. You have always given me your 

full confidence, support and freedom in my projects. Your knowledge and vision on 

respiratory research have made this an outstanding learning experience. I am very 

grateful that you gave me the unique opportunity to continue the work I started during 

my masters’ study in collaboration with the University of Vermont, in a PhD project. In 

my opinion this has been a crucial factor for the success of my projects and my 

development as a researcher. I look forward to start exciting new projects and to 

continue working in Maastricht.  

Next I would like to thank my co-promotores. First, Professor Suratt, dear Ben, thank 

you for giving me the opportunity to work with you and the Suratt-lab members. When I 

first arrived in your lab in January 2011 as a master’s student, I was mostly overwhelmed 

by the different environment and scientific culture. Soon after, I realized that this 

inspiring environment and scientific culture in which motivation, dedication and striving 

for scientific excellence is critical, was one that suited me. You have taught me more 

than I thought possible to attain. Your enthusiasm and dedication made me go the extra 

mile (or hour(s)) and led to multiple great chapters described in this thesis, which will 

hopefully all get published soon. Thank you for introducing me into the world of 

scientific conferences (both the scientific and social aspects) and allowing me to present 

our research on numerous occasions. I was astonished when I found out about your 

knowledge of the Dutch language. Maybe not so much regarding the quantity, but more 

so the “quality”….Although that does not count for you trying to pronounce my last 

name. Your never ending editing of my manuscripts have led to some frustration along 

the way, but those edits always provided me with new insights and a better 

representation of our data. Thank you for being a great mentor and making sure that, 

even when I was working in Maastricht, there was always an opportunity for weekly 

(skype) meetings to discuss data or plan new projects. I have a lot of respect for the way 

you run a basic science lab as a clinician. Although “research time” has become very 

limited, you always find some time to think out new approaches to investigate the 

problems you encounter in the clinic in a translational approach, and discuss them with 

the lab-members. I am happy that you will continue to be one of my mentors, albeit 

from a distance.  

Second, Dr. Vernooy, dear Juanita, thank you for introducing me into the world of leptin 

research. I am glad that we have been able to extent your previous work on leptin in 
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COPD to other diseases of the lung. Our work together has known its struggles, but this 

enhanced my ability to work independently and improved my communications skills. 

Two competences from which I will definitely benefit in my future career. In the past 

years your academic focus has become more towards education, and I wish you all the 

best with this new endeavor.  

I would like to thank the members of the thesis reviewing committee consisting of Prof.  

Savelkoul (chairman), Prof. Herold, Prof. van der Poll, Prof. Roekaerts and Dr. Sverdlov 

for critically reviewing and evaluating this dissertation. Furthermore, I would also like to 

thank the members of the corona. 

Graag wil ik ook mijn dank uitspreken aan France, Manon, Gaby, Lilian en de andere 

dames van het secretariaat Longziekten, voor alle ondersteuning en organisatie die 

grotendeels achter de schermen gebeurd. Verder wil ik ook alle collega’s van de afdeling 

Longziekte bedanken.  

Then I would like to continue to thank people that have been very important early on. To 

start with Dr. Langen, dear Ramon, your unlimited enthusiasm and ability to motivate 

students and colleagues to bring out the best in themselves are intriguing. I performed 

the first internship of my master’s study under your supervision and the aforementioned 

aspects contributed towards my choice to pursue a career in academia. Thank you for 

everything I have learned from you. I always value your advice and am glad that you 

have been willing to free up some of your valuable time to talk about career choices and 

how to approach complex situations. Next to Ramon as the principal supervisor, the daily 

advisor of this internship, Dr. Pansters, introduced me to the world of animal work. Dear 

Nicky, as you mentioned in your own acknowledgement section not too long ago, “I was 

the first, and only, student you supervised”. I am still not sure whether this was a good 

or a bad sign. Thank you for teaching me the ins and outs of various lab techniques, but 

also for all the fun parties and endless discussions in the past years. Best of luck with 

your job search. 

Next I would like to thank all former and present members of the Suratt lab. Chris, 

Tatsiana, Lauren and Angela, thank you for introducing me into the world of neutrophil 

biology and the fun times in the lab. Elianne, it was great to be able to speak Dutch in 

the lab. I think that “winkelwagen” and “huishoudfolie” are the two Dutch words that 

almost everybody knew after a while. Thank you for joining me in lots of crazy 

experiments. I am glad that not all of them made us live in the lab for three days. I truly 

enjoyed our hiking trips, having drinks and baking as well as our sightseeing trips in San 

Francisco and San Diego. It is good to know that you are enjoying your job in Ghent and 

can finally be closer to your family. Then two lab members without whom I would not 

know the term “Stitchfix”. Catherine and Maryellen, thank you for the fun times in- and 

outside the lab, and keeping me sane at times. Catherine, good luck with your studies 

and do not forget to visit when you are in Europe! Maryellen, I sometimes miss your 

organized chaos. It has always been a pleasure to discuss all sorts of life-issues with you, 
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preferably when enjoying a drink. Aaron, without you a lot of research in the past 1.5 

years would not have been possible. Thanks for all your help with the apoptosis and flow 

cytometry experiments. Estee, you did a great job managing the animal colony and 

managed to obtain some EM skills which led to a bunch of great images, thank you for all 

your help! Last but not least, Sebastian, tail vein injections were definitely not my 

strongest skill, but with your tremendous help most of the transplants were successful! 

Thank you!  

I would also like to thank the colleagues on the 4
th

 floor of Given, Jen, Shannon, Laura, 

Phil, Ben and Chris. You all made lab-life a lot more fun, and I owe a big thank you to all 

for your help and advice on a variety of experiments.  

Thanks to everyone in the Vermont Lung Center for creating a translational research 

environment. Dr. Poynter, thank you for your valuable advice and insights during the 

past 4 years. Drs. Stapleton and Dixon, without you the statistical analysis in the 

“hyperleptinemia chapter” would not have been possible, thank you! Dr. Wargo, many 

thanks for your help with the bacterial pneumonia modelling, as well as the most recent 

experiments looking at the lipid profile in the lung. Dr. Rincón, thank you for your help 

when studying the neutrophil intracellular signaling and sharing your insights regarding 

these processes.  

Graag zou ik ook alle collega’s in Maastricht willen bedanken. Dr. Dentener, beste Mieke, 

dankjewel dat jouw deur altijd open staat voor advies. Ik ben blij dat we sinds kort de 

“long-lijn” meetings weer hebben kunnen oppakken en ik hoop dat er nog vele zullen 

volgen. Dr. Reynaert, beste Niki, bedankt voor jouw waardevolle input tijdens 

labmeetings, ik heb altijd veel van jou kunnen leren. Ook een dikke dankjewel voor jouw 

kritische feedback tijdens het schrijven van recente subsidieaanvragen. Dr. Rohde, beste 

Gernot, hartelijk dank voor het delen van jouw klinische inzichten tijdens onze meetings, 

ik hoop dat we in de toekomst verder samen kunnen werken. Claudia, van jou heb ik een 

groot deel van het lab werk geleerd. Ook jij deed geregeld mee aan experimenten die 

misschien een beetje veel van het goede waren, maar voor 13 ELISA platen op één dag 

draaide jij je hand niet om, dankjewel daarvoor! Dr. Eurlings, beste Irene, samen zijn we 

begonnen als studenten bij PUL. Dankjewel voor de gezellige en leerzame tijd op het lab 

en zeker ook daarbuiten. Ik ben blij dat je het goed naar je zin hebt in je nieuwe baan en 

hoop dat er nog vele cocktailavondjes met de rest van de long-dames mogen volgen. 

Poornima, thanks for the interesting conversations and good luck finishing your PhD 

thesis. Dr. Perkins, dear Tim, it was great to work with you. I wish you all the best in your 

post doc position in Pittsburgh. Dr. Peeters, beste Pol, dankjewel voor jouw altijd 

opbeurende woorden en verrassende inzichten op zowel wetenschappelijk alsook 

persoonlijk vlak. Jouw doorzettingsvermogen is bewonderenswaardig! Jij bent een 

levensgenieter pur sang en het is mooi om te zien hoe jij altijd je weg weer vindt. 

Hopelijk tot snel! Gonda, waar moet ik beginnen (of kan ik beter vragen, hoe gaan we 

eindigen?). Aangezien wij samen zelfs de weg kwijt kunnen raken met een naar behoren 

werkend navigatiesysteem. Dankjewel voor de talloze koffietjes, babbels, 
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skypegesprekken, maar ook adviezen op het lab. Hopelijk heb jij nu ook je plekje 

gevonden en kun je de komende jaren verder bouwen aan een wegwijzer richting jouw 

eigen promotie. Cheryl, bedankt voor de gezellige avondjes in Vermont en ik hoop dat er 

nog veel mogen volgen. Veel succes met jouw eigen onderzoek. Caspar, mijn nieuwe 

kamergenoot, dankjewel voor jouw enthousiasme, het heeft de afgelopen maanden 

goed meegeholpen als ik het even niet meer zag zitten. Veel succes met jouw 

onderzoek! 

Drs. Gosker en Remels, beste Harry en Alex, bedankt voor jullie input tijdens de 

afgelopen jaren. Alex, dankjewel voor jouw hulp en interesse bij het schrijven van de 

Kootstra aanvraag. Astrid, jij hebt er mede voor gezorgd dat ik mijn senior stage in 

Vermont kon lopen. Dankjewel voor het leggen van dit eerste contact! Bram, Celine, 

Koen, Ilse en Ana, dank jullie wel voor de gezelligheid op het lab en jullie adviezen in het 

begin van mijn PhD onderzoek. Ana, good luck finishing your PhD thesis! Marco en Dr. 

Chiel, zonder jullie zou het lab lang niet zo soepeltjes draaien als dat nu het geval is. 

Bedankt dat ik altijd met mijn vragen bij jullie terecht kan. Chiel, mijn 

kloneringsexperimenten lopen telkens niet helemaal gesmeerd, bedankt voor jouw 

advies en hulp, 2016 wordt het jaar dat dit eindelijk gaat lukken….hoop ik. Frank en 

Anon ook een dikke dankjewel voor jullie gezelligheid op het lab. Dan de in mijn ogen 

nog steeds “nieuwe” lichting PhD studenten: Judith, jij bent nu ook bijna klaar met jouw 

onderzoek. Nog even doorzetten en dan is er ook voor jouw licht aan het einde van de 

tunnel. Positief blijven en dan komt dat helemaal goed! Rosanne, Anita, Pieter en Sarah 

dank voor jullie gezelligheid en veel succes met jullie onderzoek! Karin, bedankt dat ik je 

altijd om advies mag vragen. Jouw klinische kijk op dingen geeft mij vaak verassende 

inzichten. Hopelijk gaan jouw studies op korte termijn van start. Jules, de interesse die jij 

toont voor ieders onderzoek, ook als het niet direct gerelateerd is aan jouw eigen 

studies, is bewonderenswaardig en mag voor velen een voorbeeld zijn. Dankjewel voor 

jouw feedback tijdens presentaties. Met jouw positieve en coöperatieve instelling weet 

ik zeker dat jouw onderzoek een succes wordt!  

Dan een woord van dank aan de studenten die bijgedragen hebben aan het tot stand 

komen van de studies beschreven in dit proefschrift. Lotte, jij hebt een grote bijdrage 

geleverd aan het genereren van preliminaire data waaruit de macrofaag projecten 

voortgevloeid zijn. Hartelijk dank daarvoor! Ik hoop dat jij nu je plekje gevonden hebt 

voor de klas. Alix bedankt voor jouw bijdrage aan het leptine werk. Ik hoop dat het een 

leerzame periode was waarin je een kijkje in de keuken van het labonderzoek gekregen 

hebt.  

Verder wil ik de collega’s van Medische Microbiologie bedanken: Frank Stassen, Marlies 

Mooij, Carla, Charlotte en Birke. Dank voor jullie input tijdens de MMB/PUL meetings. Ik 

heb altijd veel opgestoken tijdens deze besprekingen en ik hoop in de toekomst nog 

meer te kunnen leren over jullie onderzoek.  
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Professor Tavernier en Dr. Zabeau, zonder jullie zouden de leptine hoofdstukken niet in 

hun huidige vorm tot stand gekomen zijn. Grote dank hiervoor. Jullie kennis over leptine 

is enorm en ik hoop in de toekomst nog veel van jullie op te mogen steken. Hartelijk 

dank! 

Professor Brusselle, Professor Joos en Dr. Bracke, hartelijk dank voor de fijne 

samenwerking die geleid heeft tot een mooi review over de rol van leptine in 

longziekten.  

Dr. Oligschläger, Yvonne, tijdens onze studie hebben we heel wat kilometers richting 

Diepenbeek en Maastricht samen afgelegd. Diep respect voor jouw enorme inzet en 

betrokkenheid bij alles wat je doet, jij bent voor mij zeker een voorbeeld als 

onderzoeker. Bedankt voor jouw interesse in mijn onderzoek en veel succes met alles! 

René, het leven kan soms raar lopen. Dank voor jouw ondersteuning en interesse in mijn 

onderzoek. Ik hoop dat jij jouw dromen en carrière doelen waar kunt maken. 

Renske, bedankt voor jouw hulp op het lab, maar zeker ook de koffiepauzes en stap- en 

cocktailavondjes. We hebben beide ervaren dat het leven zich niet altijd van zijn beste 

kant laat zien, maar gelukkig schijnt de zon nu weer volop! . Ik ben blij dat je na je werk 

bij PUL een fijne nieuwe baan gevonden hebt waar jouw talent tot uiting komt. 

Dankjewel voor jouw interesse in mijn onderzoek en jouw wijze raad op belangrijke 

momenten, ik ben blij dat jij als paranimf op deze belangrijke dag achter mij staat. 

Geniet van jouw grote dag samen met Dennis! Dr. Walenbergh, Sofie, ik heb met 

oprechte bewondering toegekeken hoe jij jouw onderzoek in goede banen leidt en zeer 

succesvol jouw promotie afgerond hebt. De frustraties waarmee we beide aan de 

eindstage van de master begonnen lijken ondertussen al heel lang geleden. Dankjewel 

voor alle gezelligheid van de afgelopen jaren, de peptalks, maar vooral ook de feestjes 

die gezorgd hebben voor mooie herinneringen. Super fijn dat jij mijn paranimf wilt zijn. 

Veel succes met het vervolg van jouw onderzoek! 

There is more to life than just work and I would like to thank all of my friends for their 

support in the past years. Eveline, een vriendschap die meer dan 20 jaar geleden begon. 

Dankjewel voor jouw interesse in mijn onderzoek en de steun die je bood toen het leven 

even tegen zat. Geniet samen met Rick van jullie kleine man! Esther, samen hebben wij 

het HBO doorlopen waar een mooie vriendschap uit ontstaan is. Dankjewel voor jouw 

wijze woorden en de gezellige etentjes. Geniet van jouw grote dag samen met Wim! 

Krithika, I could not have wished for a better friend in Burlington. I always valued our 

scientific and non-scientific discussions; we also shared frustrations about grant and 

thesis writing. You are an amazing person and a great researcher. I am very sorry to have 

missed your wedding, but I wish you and Raghunandan all the best. 

Graag wil ik ook Tim en Annet, Mark en Anke, Mandy en Bart, en Jill en Dolf bedanken 

voor hun interesse in mijn werkzaamheden. 
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Mama en Wil, nu zit het er dan eindelijk op! Zonder jullie nooit aflatende steun was dit 

zeker niet gelukt. Een ritje naar het vliegveld, een extra bordje op tafel zodat jullie zeker 

wisten dat ik ook af en toe zou eten, en er was ook steeds een slaapplek beschikbaar op 

de momenten dat het leven even tegen zat. Nooit was het teveel. Bedankt ook voor jullie 

begrip tijdens mijn afwezigheid. Ik zal proberen in de toekomst op z’n minst op hetzelfde 

continent te blijven wonen! Ik hoop dat jullie leven op korte termijn in een rustiger 

vaarwater komt zodat jullie eindelijk weer kunnen gaan genieten van elkaar. Bedankt 

voor alles!! 

Pap, ik ben niet altijd even trots op de eigenschappen die ik van jou mee gekregen heb, 

maar deze hebben er mede aan bijgedragen dat ik dit traject nu af kan ronden. Bedankt 

voor de interesse die zowel jij als Sabine getoond hebben. 

Zusjes: Kelly, dankjewel dat jij altijd met wijze raad voor mij klaar staat, waar ter wereld 

ik ook ben. Het leven gaat niet altijd van een leien dakje, maar uiteindelijk komen we 

steeds weer op onze pootjes terecht. Vergeet niet om ook af en toe een stapje terug te 

doen en te genieten van het leven. Ook een dikke dankjewel dat je er samen met Marcel 

voor gezorgd hebt dat Coen en Lars weten wie “tante Niki” is, en dat ik niet te veel van 

hun eerste jaren heb gemist. Maak er samen iets moois van! Tessa, ook jij bent nu bijna 

klaar met je specialisatie. Daarna is het eindelijk tijd om samen met Jack te gaan 

genieten van Luc en David in jullie nieuwe woning. Dank voor jullie interesse! Dan de 

benjamin van de familie (al blijf ik helaas toch echt de kleinste): Romina, jij hebt de 

afgelopen jaren keihard gewerkt om jouw studie af te ronden en ik ben er trots op dat je 

nu al een vast contract hebt. Dankjewel dat jij elke keer als ik weer van huis was de zorg 

voor de paardjes op je nam, mijn dank daarvoor is enorm. Ik hoop dat we samen nog 

vele jaren met onze hobby bezig mogen zijn en mooie herinneringen kunnen maken. 

Geniet volop van het leven en ik hoop dat je samen met Peter een mooie toekomst op 

kunt bouwen. 

Matt, how can I possibly thank you for everything you have done to help me to be the 

person I am today and to achieve this important goal. You believed in me whenever I 
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