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ABSTRACT 

Due to a sharp increase in global demand for protein of animal origin, animal production 

systems have transformed into industrial-scale operations known as concentrated animal feeding 

operations (CAFOs). Due to the high animal density within CAFOs, these facilities generate and 

accumulate various of contaminants such as airborne dust, gases, and microbes. Organic dust (OD) 

from such large animal confinement facilities is a complex mixture of microbial-associated 

components and particulate matter known to elicit chronic respiratory diseases in exposed workers. 

Examination of clinical samples from exposed workers revealed the prevalence of fevers, airway 

hyperresponsiveness, and an increase in neutrophils, macrophages, and proinflammatory 

mediators including TNFα, IL-6, and IL-8 (CXCL8) in bronchoalveolar lavage (BAL) fluid. 

Studies have also shown the release of damage-associated molecular patterns (DAMPs) and 

activation of multiple overlapping signaling pathways on OD exposure.  

In the following dissertation, we investigated the role of high mobility group box 1 

(HMGB1), a ubiquitously present transcription factor and DAMP, in OD-mediated airway 

inflammation. HMGB1 has been shown to mediate the activation of innate immune responses and 

plays a critical role at the intersection of host inflammatory response to sterile and to infectious 

threats. The goal of our research was to understand the role and impact of HMGB1 in OD-mediated 

airway inflammation. We show that OD-mediated HMGB1 release amplifies cytokine release and 

tissue damage. Using experimental strategies that selectively target HMGB1, we effectively 

reversed activation of specific immune signaling molecules and cytokine release and significantly 

attenuated damage in OD exposed in vitro and in vivo models. 

In addition to the myriad of immune signaling and responses, inflammation contributes to 

cellular structural and functional changes as well. Recently, mitochondria are emerging as 
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therapeutic targets in addition to their essential role in cellular respiration. Emerging evidence 

shows that exposure to contaminants damages mitochondrial structure and alters function. We 

identified that OD exposure would induce ultrastructural changes in mitochondria and 

transcriptional changes in genes encoding proteins related to mitochondrial structure and function. 

We further investigated how the pathologic (secreted) and physiologic (nuclear) roles of HMGB1 

would influence OD-exposure induced mitochondrial dysfunction, and airway inflammation. By 

using targeted HMGB1 antagonists we identified that HMGB1 could be a critical regulator of 

mitochondrial structure and function. We showed that neutralization of HMGB1 rescues OD-

induced mitochondrial damages at structural and transcriptomic levels. Overall, our results 

highlight a critical role HMGB1, and mitochondria play in the progression of OD mediated airway 

inflammation. Identifying a mechanistic correlation between these two factors will likely help 

develop effective therapeutic strategies.
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 GENERAL INTRODUCTION  

Dissertation Goals 

This dissertation aims to mechanistically describe the role of high mobility group box 1 

(HMGB1) and mitochondrial dysfunction in organic dust (OD) exposure-induced lung 

inflammation. Exposure-induced lung inflammation is known to drive adverse effects on the 

respiratory health of individuals. Here we identified high mobility group box 1 (HMGB1) protein,  

a prototype damage-associated molecular pattern (DAMP), and investigated its role in OD 

exposure-induced airway inflammation. HMGB1 is a ubiquitously present nucleosome protein and 

global knockdown is shown to be fatal in mouse models indicating its importance in homeostasis. 

However, under inflammatory or necrotic conditions, nuclear HMGB1 moves into the cytoplasm 

and is secreted into the extracellular milieu which exacerbates the inflammation.  

Based on published data, targeting secreted HMGB1 has potential benefits in mitigating 

the development and propagation of OD-mediated lung inflammation. To describe the role of 

HMGB1 in the OD-induced airway inflammation, we used in vitro experiments with HMGB1 

specific gene knockdown and anti-HMGB1 antibody-mediated neutralization or ethyl pyruvate 

(EP) mediated blocking of nucleocytoplasmic translocation. We also generated and used 

conditional lung club cell-specific HMGB1 knockout mouse model and administered anti-

HMGB1 antibodies to mice to assess the role of intracellular and extracellular HMGB1 in OD 

mediated airway inflammation, respectively.  

Mitochondria are essential cellular organelles with known functions in generating cellular 

energy (ATP), production of reactive species, and immune functions. Emerging evidence shows 

that mitochondrial dysfunction is central to many inflammatory diseases such as asthma, 

cardiovascular conditions, and neurodegenerative diseases. Therefore, we aimed to investigate the 



2 

role of mitochondrial dysfunction of airway epithelial cells and monocytes using various models. 

By using mitochondria-targeting antioxidants (cytoplasmic NOX-2 inhibitor, mitoapocynin), we 

analyzed the changes in mitochondrial dynamics, mitochondrial DNA release and signaling, as 

well as structural integrity, respiration, and metabolism using the in vitro and in vivo models listed. 

Next, we examined whether extracellular HMGB1 plays a pathologic role in exacerbating OD 

exposure-induced mitochondrial dysfunction. Using lung club cell-specific conditional KO mice 

or antibody-mediated neutralization of secreted HMGB1, we investigate the role of normal nuclear 

versus secreted HMGB1 in driving mitochondrial dysfunction in OD-exposure models.  

Our results provide novel insights into how the host-response to OD involves secretion of 

HMGB1 and the potential role of HMGB1 in feeding the inflammation loop via different mediators 

(cytokines and reactive species) and mitochondrial dysfunction. Our results identify the potential 

role of novel targets (HMGB1 and mitochondria) to develop better therapeutics for OD-induced 

lung inflammation.  

Dissertation Organization 

The present dissertation is organized into chapters focused on the role and impact of 

HMGB1 and mitochondrial dysfunction in OD-mediated lung inflammation. Chapter 2 introduces 

and reviews previous and current literature on organic dust exposure, HMGB1 and mitochondrial 

dysfunction in airway diseases and is pertinent to understanding the background and significance 

of the following chapters. Chapter 3 investigates OD exposure induced release of HMGB1 and 

impact of translocation and signaling due to HMGB1 in human bronchial epithelial cells. Using 

ethyl pyruvate (blocker of HMGB1 translocation) or anti-HMGB1 neutralization antibodies, we 

delineated the role of HMGB1. This chapter has been published in the Journal of Respiratory 

Research. In chapter 4, we describe the effects of OD exposure on cellular mitochondria through 

morphological and functional changes and other possible mechanisms coming into play. The 
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contents of this chapter have been accepted for publication in the Journal of Histochemistry and 

Cell Biology. In chapter 5, we expand on the findings of chapter 4 and focus on the possible role 

of HMGB1 in OD exposure-induced mitochondrial dysfunction in primary human bronchial 

epithelial cells. Using this in vitro model, we subjected the cells to single and repeated exposure 

to OD and performed siRNA mediated HMGB1 knockdown or anti-HMGB1 antibody-mediated 

neutralization,  to identify the impact of HMGB1 on the structure, respiration, and metabolism of 

the mitochondria. In chapters 6 and 7, we sought to further expand our understanding of the role 

and impact of HMGB1 in in vivo models of OD-exposure. In chapter 6, we used a lung club cell-

specific HMGB1 knockout murine model to investigate the intracellular role of HMGB1 in the 

pathogenesis of OD-mediated airway inflammation. We also focused on how this loss could 

impact mitochondrial function by measuring the release of mitochondrial secondary messengers 

and markers of glycolytic activity. In chapter 7, we focus on the extracellular functions of secreted 

HMGB1 by systemically neutralizing secreted HMG1 using anti-HMGB1 neutralizing antibodies 

in vivo. Finally, in chapter 8 we present an overall summary, conclusion, and potential future 

applications of our findings including contributions towards the basic biology of HMGB1 and 

mitochondria in inflammation. 
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 LITERATURE REVIEW 

Introduction 

Occupational exposure to organic dust (OD) is associated with the development of negative 

health effects in the workers. Exposed workers report various respiratory disease symptoms 

including bronchitis, asthma and asthma-like symptoms, chest tightness, coughing, mucus 

membrane irritation, and the annual decline in lung function (Charavaryamath and Singh 2006; 

Sethi et al. 2017). Mechanistic studies using in vitro and in vivo models of OD exposure have 

unraveled details on the underlying pathophysiology. OD exposure induced generation of 

oxidative stress, cytokine release, and cellular dysfunction in the airway epithelial cells is known 

to be driving a vicious cycle of low-grade inflammation. Several recent investigations have 

described the role of various microbial associated molecular patterns (MAMPs), corresponding 

host pattern recognition receptors (PPRs), and various immune cells in orchestrating the 

inflammation (Poole and Romberger 2012). Due to the complex nature and composition of OD 

and activation of overlapping signaling pathways on exposure, there is an urgent need to 

characterize a common cellular target to design effective therapeutic strategies to reduce OD-

induced inflammatory lung diseases (Nath Neerukonda et al. 2018). Recent findings strongly 

suggest an emerging role of mitochondrial dysfunction and HMGB1-induced signaling in airway 

inflammation and disease progression (Li et al. 2013). However, a detailed understanding of OD-

induced airway inflammation, HMGB1 release and signaling, and the development of 

mitochondrial dysfunction largely remain unknown. This review will provide an overview and 

highlight the recent advances made in understanding these three factors listed.  
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Historical records on health effects of agricultural work 

Dangers and health risks associated with working in agriculture have been documented in 

various historical manuscripts and art dating back to the classical Greek and Egyptian era. Early 

writers have also identified and documented the link between occupations and particular health 

disorders. For example, mining accidents and occupational diseases caused by dust inhalation in 

miners during the middle ages, mercury poisoning of Venetian mirror makers have been 

documented (Sethi et al. 2017; Nordgren and Charavaryamath 2018). The book titled “Historia de 

gentibus septintrionalibus” written in 1555 by Olaus Magnus mentions the damage to vital organs 

by inhaling grain dust generated by crop threshers and Bernardino Ramazzini in his book titled, 

“De Morbis Artificum Diatriba” (Felton 1997; Schenker et al. 1998). Although the incidences of 

many early occupational diseases have declined, there persists an innumerable number of 

occupational hazards warranting further investigations.  

Agriculture industry in the United States 

The agriculture industry employs about 23.95% of the world's population. In 2019, direct 

on-farm employment (2.6 million jobs in the USA) has contributed $136 billion gross domestic 

product (GDP) and accounts for 1.3% of the US employment. Simultaneously, a career in 

agriculture and food-related industries alone supported an additional 19.6 million jobs. The meat 

and poultry plants have employed about a third (29.3%) of the US food and beverage 

manufacturing employees (Hribar and Schultz). The majority of animal production is through 

concentrated animal feeding operations (CAFOs) in order to achieve high efficiency and meet the 

growing production demands.  

Contaminants in livestock farming environments 

An increase in global population and increasing demand for cheaper protein sources have 

transformed the animal production units into industrial-scale operations termed concentrated 
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animal feed operations (CAFOs). CAFOs are characterized by confined spaces with a high animal 

density resulting in a complex work environment. CAFOs are known to generate many on-site 

contaminants which include a large variety of gases and organic dust (OD). These contaminants 

are either of animal origin, animal feed components, or pesticide residues (Hribar and Schultz). To 

determine the cause of exposure-induced changes in the airways of exposed agricultural workers, 

studies have analyzed organic dust samples for the presence of quantifiable environmental agents 

found within the CAFOs.  

 
Figure 2.1 CAFOs and organic dust 
Concentrated animal feeding operations (CAFOs) employ the use of large confinement buildings 
containing animals closely packed together (a). This results in the generation of a complex 
environment characterized by a large variety of gases as well as high levels of organic dust (b). 
Dust levels range from 1.9 to 30.0 mg/m3 with a high percentage of particles considered to be in 
the respirable range (< 10 µ) (c). 

Organic dust and particulate size 

Airborne organic dust (OD) is one of the chief components of contaminants within 

occupational settings in CAFOs (Nordgren and Charavaryamath 2018). The OD is a complex 

mixture of a variety of substances that include particulate matter (PM) of varying sizes, microbes, 

and microbial products. The size of the particulate matter in OD determines their delivery and 

localization in the airways, which is an important factor in respiratory disease development in 

CAFOs (Kirychuk et al. 2010). In humans, particles of size less than 10 µm are respirable as they 

can be deposited anywhere in the respiratory zones of the airways, meaning from terminal 
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bronchioles to alveoli (Figure 2.1). In many CAFOs, as high as 50% of the total dust generated is 

considered to be within the respirable particle size range (≤ 10 µm) (Kilburn 1984; Kirkhorn and 

Garry 2000). Confinement buildings can be a dusty environment, with dust concentrations ranging 

from 1.9 -30 mg/m3 of air sampled from swine and 0.16 mg/m3 from poultry confinements. There 

is evidence showing that total dust levels should be kept under 2.5 mg/m3 for a safe working 

environment, as high concentrations of respirable dust can lead to increased risk of respiratory 

diseases (DONHAM et al. 1986; Reynolds et al. 1996). The concentration of dust in CAFOs is 

dependent on other physical factors such as aerosolization velocity, settling velocity, and 

resuspension rate. Again, these factors could be influenced by facility ventilation, relative 

humidity, type of animal feed, methods of feeding, sources/locations of dust, animal density, 

general facility management, and cleanliness (May et al. 2012).  

Microbial components 

The chemical composition of dust particles also plays a role in their capacity to stimulate 

an inflammatory response. In CAFOs, the primary sources of dust are organic materials that 

include dried fecal matter, skin flakes, dried urine, feed materials, housing litter, mites, and spores. 

These organic materials promote the growth of a wide variety of microorganisms such as bacteria, 

viruses, and fungi. 

Organic dust (OD) generated in CAFOs is rich in endotoxins with concentrations reaching 

10 ng/m3. Endotoxin concentrations in the OD samples from CAFOs are directly associated with 

adverse respiratory health outcomes. The term endotoxin is commonly used interchangeably for 

the chemically pure form of lipopolysaccharide (LPS). In humans, inhalation, or intravenous 

administration of LPS induces multiple clinical signs and symptoms such as fever, shivering, and 

coughing (Donham et al. 1995; Reynolds et al. 1996; Schenker et al. 1998; Dosman et al. 2006b). 

Inhaled endotoxin causes decreased lung function, low diffusion capacity, and airway obstruction. 
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However, the association between endotoxin levels in CAFOs and respiratory diseases is not 

universal because studies have reported cases of high exposure without symptoms or low exposure 

with a symptomatic response (Rask-Andersen et al. 1989; Senthilselvan et al. 2009). 

Because of the lack of universal association between endotoxin and respiratory disease 

outcomes, studies demonstrated that OD samples from CAFOs treated to remove endotoxin 

retained the ability to induce significant inflammation. Muramic acid (the basic backbone of 

peptidoglycan, a component of gram-positive bacteria) is one of the key components of OD and 

was found to be associated with airway inflammation. High concentrations of muramic acid were 

reported in many CAFO facilities ranging from 5-15 ng/mL (Poole et al. 2010b). Poole et al. 

demonstrated that exposure to peptidoglycan alone elicited a proinflammatory response with the 

release of cellular mediators, leading to airway inflammation in rodents similar to that observed 

on exposure to organic dust extract (ODE) (Romberger et al. 2002; Poole et al. 2008). These 

findings underscore the importance of both gram-negative and gram-positive bacterial components 

in inducing respiratory inflammation in individuals exposed to OD.   

Gases  

CAFOs work environment contains high levels of gases primarily due to the microbial 

degradation of the animal manure. These gases, namely, methane (CH4), ammonia (NH3), 

hydrogen sulfide (H2S), carbon monoxide (CO) and carbon dioxide (CO2) together contribute and 

pose significant health risks for both workers and animals. Studies have linked H2S exposure to 

the development of pulmonary edema and cause olfactory paralysis (Kirkhorn and Garry 2000). 

Studies show that exposure to ammonia can cause sinusitis and chronic obstructive pulmonary 

disease (COPD). In addition, dust particles absorb ammonia which allows the ammonia to travel 

deep into the distal airways (Von Essen and Donham 1999). Studies have also shown altered innate 

immune responses on prolonged exposure to CO2 (Schneberger et al. 2017). In addition to the 
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gases listed above, a large number of volatile organic compounds (VOC) have been detected in 

the environment of CAFOs, further adding to the unpleasant odor and negative health effects 

(Schaeffer et al. 2017).  

Airway disease manifestations 

Upper airway respiratory diseases  

Animal confinement workers report a variety of upper respiratory tract disease symptoms. 

These diseases fall along the spectrum of airway diseases associated with large animal confinement 

farming which include rhinitis, sinusitis, and mucous membrane inflammation syndrome with 

allergic and irritant rhinitis symptoms (Table 2.1) (Reynolds et al. 1996; Von Essen and Donham 

1999; Kirkhorn and Garry 2000; Poole et al. 2007). Nasal lavage findings from OD exposed 

subjects have demonstrated increased numbers of neutrophils, and increased levels of interleukin 

(IL)-8 and IL-6 (Von Essen and Romberger 2003; Dosman et al. 2006a; May et al. 2012). Nasal 

symptoms such as congestion, rhinorrhea, and pruritus have been shown to occur in almost 50% 

of animal confinement workers and are associated with acute and chronic inflammation of the 

nasal mucous membrane (Kirkhorn and Garry 2000; Von Essen and Romberger 2003).  

Lower respiratory tract inflammation  

Development of chronic airway inflammation has been identified in those working for two 

or more hours for several years in CAFOs, where it is characterized by the presence of increased 

numbers of neutrophils and macrophages, but not eosinophils. Persons with pre-existing asthma 

may be at risk of suffering from exacerbations of asthma symptoms. However, there is little 

evidence of exposed individuals developing asthma. The asthma symptoms observed in adult 

CAFO workers are more commonly regarded as work exacerbated asthma (WEA) as opposed to 

occupational asthma (OA) (Eduard et al. 2009). While WEA is seen in subjects with moderate or 

severe asthma, OA is new-onset asthma induced by an environmental aspect of the workplace and 
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is mostly IgE-mediated due to the components of OD such as animal dander, storage mites, and 

cockroach (Tarlo and Malo 2009). There are also reports of "asthma-like syndrome" which is an 

airway disorder characterized by cough, chest tightness, dyspnea, and wheezing without airway 

obstruction on pulmonary function testing in animal confinement workers. Unlike asthma, asthma-

like syndrome does not have any evidence of airway obstruction and lacks signs of persistent 

airway inflammation and eosinophil influx. However, symptomatic individuals with asthma-like 

syndrome show airway hyper-responsiveness on methacholine challenge (Table 2.1) (Dosman et 

al. 2006b; Von Essen et al. 2010). 

Workers in CAFOs are also at an increased risk of respiratory morbidity and mortality due 

to the development of chronic bronchitis and chronic obstructive pulmonary disease (COPD). 

Multiple studies have shown that the highest prevalence of chronic bronchitis is in animal 

production workers as compared to non-animal agriculture workers, with some at an increased risk 

of developing COPD (Eduard et al. 2009). Bronchitis symptoms vary based on the duration of 

exposure and workers have shown intermittent symptoms suggesting the presence of acute 

bronchitis as well. There was also an overlap shown in the symptoms of chronic bronchitis with 

that of acute exacerbation and asthma-like syndrome, more common in workers who smoke 

cigarettes, characterized by severe airway obstruction (Viegas et al. 2018).  

Studies with naïve subjects without previous exposure to organic dust have shown the 

development of cough, dyspnea, nasal stuffiness, headache, fever and chills, malaise, nausea, and 

eye irritation after a few hours of exposure, with airway hyperresponsiveness in normal and healthy 

subjects (Larsson et al. 1994; Cormier et al. 1997). Bronchoalveolar lavage (BAL) from these 

subjects revealed the presence of increased numbers of neutrophils, macrophages, eosinophils, and 

lymphocytes compared to unexposed reference groups. This study also identified an increase in 
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several inflammatory cytokines and chemokines, such as IL-6, IL-8, and IL-1β, in the lavage fluid 

within 24 h of exposure (Wang et al. 1997).  

Organic dust toxic syndrome 

Organic dust toxic syndrome (ODTS) is a disease characterized by symptoms such as fever, 

malaise, myalgias, chest tightness, headache, and nausea which occur 4-8 hours following 

exposure to large amounts of OD (Table 2.1) (Von Essen and Romberger 2003). During the acute 

phase of the illness, findings have shown the development of leukocytosis with a profound 

neutrophil influx into the lower respiratory tract, with an increased probability of it manifesting as 

chronic bronchitis. While ODTS was originally described after silo-unloading, it has been recently 

identified after a variety of exposures to OD. The prevalence of ODTS is reported to be as high as 

34% in swine confinement workers (Donham et al. 1995; Von Essen and Romberger 2003). 

Innate immune mechanisms 

OD contains a variety of MAMPs and the biological significance of these MAMPs has 

been explored via the corresponding PRRs. Of the many PRRs known, OD-induced signaling via 

TLR2, TLR4 and NOD2 have been identified using various in vitro and in vivo models 

(Charavaryamath et al. 2008; Bailey et al. 2008; Poole et al. 2010a; Poole et al. 2011). In general, 

activation of these PRRs results in signaling through common intracellular signaling molecules 

and transcription factors such as myeloid differentiation factor 88 (MyD88) and nuclear factor 

kappa B (NFκB), respectively, to elicit the production of pro-inflammatory mediators including 

IL-1, IL-6, IL-8 and tumor necrosis factor (TNF)-α (Figure 2.2). Several studies have identified 

the activation of these signaling pathways on OD exposure (Senthilselvan et al. 2007; An et al. 

2020). Protein kinase C (PKC) is a catalytic enzyme, and it is known to mediate the release of pro-

inflammatory cytokines in human bronchial epithelial cells exposed to OD. Specifically, PKC 

isoforms, PKCα and PKCε have been shown to activate sequentially on exposure to OD 



12 

(Romberger et al. 2002). Following OD exposure of human bronchial epithelial and monocytic 

cell lines, a kinome analysis has revealed activation of a myriad of overlapping innate 

inflammatory mechanisms (Nath Neerukonda et al. 2018).  

  
Figure 2.2 Airways diseases and inflammatory consequences on organic dust exposure 
Concentrated animal feeding operations (CAFOs) generate large amounts of contaminants such as 
organic dust (OD), containing particulate matter and microbial components (i.e. endotoxin, 
peptidoglycan, fungi). These contaminants of OD are recognized by several innate immune 
receptors resulting in a myriad of inflammatory consequences. (Adapted from Poole and 
Romberger 2012) 

High mobility group box 1 (HMGB1): a friend or foe? 

High mobility group box 1 (HMGB1) is a highly conserved (across species) non-histone 

chromosomal protein. This ubiquitously found nuclear protein was originally isolated and 

characterized in the 1970s and is a highly abundant protein with important biological activities 

inside as well as outside the cell (Goodwin et al. 1973).  HMGB1 is also known to play multiple 

roles in the pathogenesis of inflammatory diseases and mediate processes that range from 

inflammation to repair (VanPatten and Al-Abed 2018). The biological actions of HMGB1 are 

diverse and it is known to bind to multiple receptors reflecting the unique biochemistry of this 

protein. Given that HMGB1 has potent pro-inflammatory properties, it poses a potential target for 
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anti-inflammatory therapy. To the best of our knowledge, there have been no reported studies 

performed to investigate whether it could be targeted in OD-mediated airway inflammation, hence 

we decided to mechanistically examine if HMGB1 is a potential therapeutic target. 

  
Figure 2.3 HMGB1 protein structure 
Diagrammatic representation of high mobility group box 1 (HMGB1) is shown containing box A, 
box B, and acidic C-terminal tail. Box A and box B contain the two nuclear localization signal 
sequences (NLS). Both NLS contains a total of 9 conserved lysine residues which are susceptible 
to acetylation modification. HMGB1 also contains three cysteine residues (C23, C45, C106) which 
are modified into several reversible redox states. (Adapted from Yang et al. 2015; Ugrinova and 
Pasheva 2017a) 

HMGB1: structure and modification  

HMGB1 consists of 215 amino acids and is composed of three domains: A box (amino 

acid residues 9–79), B box (amino acid residues 95–163), and a C-terminal acidic tail (amino acid 

residues 186–215) (Figure 2.3) (Bianchi et al. 1992; Štros 2010). A box acts as a competitive 

antagonist to HMGB1 and thus inhibits HMGB1 activity as well as promotes anti-inflammatory 

properties in vivo and in vitro. B box has been identified as a functional domain with pro-

inflammatory functions. HMGB1 also contains two nuclear localization sequences (NLS) and 

DNA binding domains (Box A and Box B) to recognize, bind to DNA, stabilize chromatin 

structure, and modulate gene transcription by bending dsDNA. HMGB1 has a bipolar charge due 

to the negatively charged C-terminal tail and positively charged N terminal (Bianchi et al. 1989; 

Bianchi et al. 1992; Li et al. 2003).  
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The functions of HMGB1 are defined by the posttranslational modification (PTM) it 

undergoes, such as acetylation, methylation, glycosylation, and phosphorylation. HMGB1 

acetylation has been shown to control its translocation and secretion (Andersson et al. 2002; 

Andersson et al. 2014; Pisetsky 2014). Another important modification is the redox states of three 

of its cysteine residues, two in box A (C23 and C45) and one in box B (C106). The redox 

modification of HMGB1 is known to regulate its translocation, release, and activity. Fully reduced 

HMGB1, which expresses three cysteine thiol residues, shows chemotactic activity. Partially 

oxidized form of HMGB1 (C23 and C45 form a disulfide bond) exerts cytokine stimulating 

activity. The complete oxidation of the three cysteines to sulfonates, observed during an increase 

in endogenous or exogenous reactive oxygen species (ROS), promotes HMGB1 translocation and 

release (Tang et al. 2010; Li et al. 2013; Li et al. 2013). 

HMGB1 inside the cell 

Nuclear HMGB1 has been shown to act as a DNA chaperone with DNA binding and 

bending activities (Figure 2.4). The protein is said to interact non-specifically with DNA structures 

and regulate nuclear homeostasis and genome stability. HMGB1 is also involved in repair 

pathways such as nucleotide excision repair (NER), base excision repair, mismatch repair, and 

double-stranded break repair. HMGB1 binds to the nucleosome and promotes nucleosome binding, 

relaxing the structure allowing accessibility to the chromatin structure (Štros 2010; Ugrinova and 

Pasheva 2017). Recent studies have identified that HMGB1 is essential in maintaining 

mitochondrial quality control and autophagic surveillance (Tang et al. 2011; Zhu et al. 2015).  

HMGB1 outside the cell and its receptors 

Exposure to inflammatory or endogenous danger signals initiates the mobilization of 

nuclear HMGB1 to the cytoplasm which culminates in extracellular secretion (Figure 2.4). 

HMGB1 release occurs in two major ways, active secretion and passive secretion (Pisetsky 2014). 
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Active secretion is initiated by cell signal transduction through plasma membrane receptors 

resulting in the acetylation of HMGB1. HMGB1 can be actively secreted by activated 

macrophages, natural killer cells, dendritic cells, endothelial cells, platelets, and other 

immunologically competent cells on exposure to microbial associated molecular patterns 

(MAMPs), and endogenously derived inflammatory mediators such as TNFα, IL-1β, and IFN-γ. 

Passive secretion is initiated in cells undergoing necrosis where active HMGB1 diffuses out of the 

cells and is nearly instantaneous (Andersson and Tracey 2011; Pisetsky 2014). Thus, endogenous 

HMGB1 has a crucial functional role as a signaling molecule that informs other cells that damage 

or invasion has occurred. HMGB1 is pleiotropic in function, having multiple effects such as its 

involvement in inflammation and repair. Thus, it is said to play a central role in gating the 

magnitude of inflammatory response to clinical syndromes. 

HMGB1 has distinct properties when compared to canonical pro-inflammatory cytokines 

where it elicits responses via unrelated receptors previously identified to transduce activation 

signals from exogenous and endogenous ligands. Although about 12 receptors have been 

identified, receptor for advanced glycation end products (RAGE), TLR2, TLR4, and TLR9 are 

considered to be the major receptors (Andersson and Tracey 2011; Ding et al. 2017). RAGE was 

the first receptor demonstrated to have a high affinity for HMGB1. RAGE is expressed in a variety 

of cell types and its binding to HMGB1 is said to mediate cell proliferation, growth, migration, 

chemotaxis, or/and differentiation (Sorci et al. 2013). TLRs are also important for the signaling 

mediated by HMGB1. To date, three members of the TLR family have been reported to be involved 

in the HMGB1 signaling pathway, namely TLR2, TLR4, and TLR9. TLR4, in particular, is more 

important for HMGB1 induced macrophage activation and proinflammatory cytokine release 

(Yang et al. 2010).  
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Figure 2.4 Intracellular and extracellular functions of HMGB1 
High-mobility group box 1 protein (HMGB1), when secreted extracellularly, binds to and signals 
through RAGE (receptor for advanced glycation end products), Toll-like receptor (TLR) 2, and 
TLR4 (a) promoting the activation of pathways that involve MyD88, NFκB and MAP Kinase (b). 
Evidence suggests a role for HMGB1 in regulating apoptosis and mitochondrial quality control 
(c). In the nucleus, HMGB1 is transiently associated with nucleosomes and is important in 
controlling DNA transcription (d). HMGB1 can be secreted by immune cells after activation 
involving accumulation of hyperacetylated HMGB1 in secretory lysosomes, fusion with the cell 
membrane and release into the extracellular space (e). However, HMGB1 is passively 
released/leaked out during necrotic cell death (f).  

HMGB1 in disease 

HMGB1 has been shown to contribute to the pathogenesis of various diseases as a late 

mediator of sterile inflammation due to its role as a prototypic damage associated molecular pattern 

(DAMP). High levels of HMGB1 in tissues can cause acute damage leading to loss of function. 

Increasing evidence suggests that HMGB1 could serve as a therapeutic target because of its wider 

window for therapeutic intervention. A summary of the physiological function of HMGB1 in organ 

systems and disease models is described in Table 2.2. 
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Endotoxemia  

Exposure to lethal doses of endotoxin in mammals initiates a biphasic cytokine response. 

Responses with a peak in levels of TNF-α or IL-1β occurring within hours of exposure constitute 

the early response, while the release of HMGB1 16 to 32 h after the onset of endotoxemia 

constitutes the late response. This late response is responsible for the complete lethal inflammatory 

response observed in endotoxemia. Administration of anti-HMGB1 antibodies after the early 

response of TNF-α conferred significant protection from endotoxemia mediated lethality (Wang 

et al. 1999; Abeyama et al. 2005). Based on these results, HMGB1 appears to be an attractive 

target to reduce tissue damage and lethality due to microbial sepsis. 

Gastrointestinal inflammation 

Intraperitoneal administration of LPS or cecal ligation and puncture (CLP) is known to 

cause an increase in HMGB1 levels which leads to the development of intestinal hyperpermeability 

and bacterial translocation (Sappington et al. 2002; Yang et al. 2009). Gut barrier dysfunction was 

shown to be restored on treatment with either anti-HMGB1 antibody or ethyl pyruvate, which 

blocks the extracellular release of HMGB1 (Yang et al. 2006; Davé et al. 2009). Inflammatory 

bowel disease models have described the positive effect of anti-HMGB1 antibody therapy in 

response to chemically induced colitis.  

Neurological disorders 

The presence of high levels of HMGB1 in animals has resulted in the development of 

sickness behavior. Intracerebral administration of HMGB1 induces aphagia, taste aversion, fever, 

IL-1β, and TNF-α production (O’Connor et al. 2003). A role for HMGB1 in mediating the 

activation of glial cells along the TLR4/NF‐κB signaling axis in epilepsy has also been identified. 

In a coriaria lactone (CL)‐induced epilepsy model, CL was found to increase the levels of HMGB1, 

TLR4, RAGE, NF‐κB, and inducible nitric oxide synthases (iNOS) in human microglia (HM) cells 
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(Kim and Kang 2018; Paudel et al. 2019). Immunohistochemical staining suggested the nuclear to 

cytoplasmic translocation of HMGB1 in neurons and glial cells as well as its release into the 

extracellular space. In addition, HMGB1 has been shown to have a role in enhancing the toxicity 

of β-amyloid in Alzheimer’s disease (Takata et al. 2004; Massey et al. 2019).  

Respiratory disorders 

Studies performed to investigate the role of HMGB1 in cigarette smoke-induced 

inflammation and COPD found elevated levels in BAL, sputum, and serum of COPD patients 

when compared to smokers without COPD and nonsmokers (Kanazawa et al. 2012). In rodent 

models, chronic cigarette smoke exposure was shown to induce an upregulation of HMGB1 

protein expression in the lungs (Bezerra et al. 2011). HMGB1 levels are increased in the sputum 

of patients with cystic fibrosis and is implicated in mediating neutrophil chemotaxis which was 

significantly reduced on the addition of anti-HMGB1 antibodies. HMGB1 blocking therapies have 

been shown to ameliorate disease manifestation in cases of organic dust-induced lung 

inflammation, acute lung injury (ALI), pulmonary fibrosis (PF), and ventilator-induced lung injury 

(Abraham et al. 2000; Ogawa et al. 2006; Bhat et al. 2019).   

Mitochondrial dysfunction in airway disease and pathology 

Mitochondria are an indispensable organelle with an essential function in generating ATP 

molecules via cellular respiration. Mitochondria are shown to be involved in host response to 

pathogens, and a variety of diseases through a multitude of pathways such as the production of 

reactive species, cellular bioenergetics, secretion of mitochondrial specific DAMPs (mtDAMPs), 

and activation of various signaling pathways (Eisner et al. 2018). Airway epithelial cells, from the 

proximal airways to the terminal alveoli, act as the first line of defense against inhaled pathogens 

and noxious particles. Chronic exposure of lung epithelial cells to these toxicants can trigger 

oxidative stress, inflammation, cell death, cellular remodeling, cellular senescence, and cellular 
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dysfunction, all of which are key processes involved in the pathogenesis of airway inflammation. 

Evidence suggests abnormal mitochondrial signatures and mitochondrial dysfunction underlie the 

pathological mechanisms behind a plethora of lung diseases, including but not limited to chronic 

obstructive pulmonary disease (COPD), asthma, and lung cancer (Piantadosi and Suliman 2017; 

Aghapour et al. 2019). This led us to investigate the mechanistic basis of mitochondrial 

dysfunction in OD induced lung inflammation and how it may be promoting airway pathology. 

Role of mitochondria in airways during homeostasis 

The lung contains over 40 different cell types with variable mitochondrial numbers and 

functions (Gail and Lenfant 2015). The cell-specific distribution of mitochondria impacts the 

production of ATP and metabolites required for the proper functioning of cells (Figure 2.5). 

Mitochondria in airway cells preferentially use glucose-derived substrates for oxidative energy 

production. Airway epithelial cell mitochondria have a unique metabolic adaptation to aerobic 

oxidative phosphorylation (OXPHOS) as they possess lung-specific isoform of electron transport 

chain (ETC) cytochrome c oxidase (COX subunit IV-2). This isoform is oxygen-sensitive and is 

twofold more avid for oxygen than the COX found in other organs (Hüttemann et al. 2012). Airway 

bronchial epithelial cells and vascular smooth muscle cells (SMCs) require higher numbers of 

mitochondria for cilia to beat and allow contraction. In the alveolar region, type 2 alveolar 

epithelial cells (AT2) have three-fold more mitochondria per cell compared to endothelial or type 

1 alveolar epithelial cells (AT1). The high mitochondrial density in AT2 cells supports synthesis, 

secretion, and recycling of surfactants (Massaro et al. 1975; Piantadosi and Suliman 2017).   

Mitochondrial dynamics and biogenesis 

The mitochondria are highly dynamic organelles that adapt to changes in homeostatic 

conditions such as cellular stress and damage. Mitochondria undergo membrane remodeling 

through cycles of fusion and fission events, creation of new mitochondria (biogenesis), or the 
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removal of damaged mitochondria by mitochondrial-specific autophagy (mitophagy) to control 

mitochondrial structure, number, and metabolism, during normal mitochondrial turnover in 

homeostasis and in response to cellular stress (Eisner et al. 2018). Mitochondrial fission requires 

the recruitment of dynamin-related protein 1 (DRP1) while mitochondrial fusion is mediated by 

dynamin-related GTPases mitofusin 1 and 2 (MFN1/2) on the outer mitochondrial membrane 

(OMM) and dynamin-related protein optic atrophy 1 (OPA1) on the inner mitochondrial 

membrane (IMM) (Chen et al. 2003). Mitochondrial biogenesis is regulated by PGC (PGC1α and 

PGC1β) along with TFAM and NRF1/2 as key downstream regulators. This has been shown to 

occur in distal lung cells and inflammatory cells found in the alveolar region and during conditions 

of high energy demand and cellular stress (Lee and Wei 2005; Agrawal and Mabalirajan 2015). 

Defective or damaged mitochondria are selectively removed by the formation of autophagosomes 

around the mitochondria resulting in their degradation, a process called mitophagy. The known 

regulators of mitophagy are PTEN induced kinase 1 (PINK1), the BH-3 only BCL2 protein 

(BNIP3), and the E3 ubiquitin ligase Parkin (Ding and Yin 2012). Mitochondrial biogenesis and 

mitophagy together allow cells to quickly replace metabolically dysfunctional mitochondria before 

energy failure (Ploumi et al. 2017). A summary of the airway diseases associated with changes in 

mitochondrial dynamics is listed in Table 2.3. 

Mitochondrial DAMPs and inflammation  

Accumulation of damaged or dysfunctional mitochondria can contribute to lung 

inflammation through the release of mitochondrial-derived molecules referred to as mitochondrial 

damage associated molecular patterns (mtDAMPs), which at normal physiological concentrations 

act as second messengers (Zhang et al. 2010). They are potent activators of pro-inflammatory 

responses due to the high level of homology they share with MAMPs. The best-studied mtDAMP 

is mitochondrial DNA (mtDNA), which has been shown to activate Toll-like receptor 9 (TLR9) 
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as well as DNA sensor cyclic GMP–AMP synthase (cGAS) (García and Chávez 2007; Motwani 

et al. 2019; Riley and Tait 2020). Other mitochondria specific molecules that can act as DAMPs, 

including ATP, TFAM, cardiolipin, carbamoyl phosphate synthetase, and cytochrome c (Cloonan 

and Choi 2016). mtDAMPs are involved in the pathophysiology of various diseases, however, 

their role in airway diseases is not well characterized. Few studies have assessed the extracellular 

role of mtDAMPs. Nonetheless, it has been shown that exposure of airway epithelial cell lines to 

cigarette smoke and organic dust induces cell death, and the release of mtDNA along with other 

non-mitochondrial-derived DAMPs (Prakash et al. 2017). Evidence of mtDNA release has been 

shown in the case of COPD and pulmonary fibrosis (PF) murine models. ATP also acts as a 

mtDAMP in the lungs where it can activate the proinflammatory purinergic receptors. Increased 

ATP levels have been observed in bronchoalveolar lavage fluid (BALF) of COPD and asthma 

patients as well as in murine asthma and PF (bleomycin) models, which are associated with 

inflammation (Aghapour et al. 2019; Cloonan et al. 2020). Together, mtDAMPs may invoke and 

perpetuate a cascade of inflammatory reactions as well as induce lung tissue damage (Table 2.4). 

Therapeutic targeting of mitochondrial dysfunction in lung disease 

Emerging mitochondria specific therapeutics have been shown to be effective in alleviating 

symptoms or improving pathophysiological features seen in respiratory diseases. Strategies aimed 

at ameliorating impaired mitochondrial bioenergetics and promoting biogenesis have shown to 

improve the regulation of mitochondria dynamics, and inhibition of excessive mitochondrial ROS 

generation. The use of small molecule antioxidants as a therapeutic target for mitochondrial 

dysfunction has been studied, both in vitro and in vivo.  Other mitochondrial-targeted therapeutic 

strategies that could potentially be used to treat lung diseases include the use of metabolic 

modulating compounds such as dichloroacetate, histone deacetylase inhibitors, and fission 

inhibitors (Agrawal and Mabalirajan 2015). Stimulating adaptive mitochondrial biogenesis and 
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mitophagy may be a useful therapy for acute lung injury, and transfer of mitochondria from 

mesenchymal stromal stem cells ameliorates the imbalance in oxidative respiration, improves 

energy levels, and enhances mitochondrial biogenesis in damaged epithelial cells and may be 

beneficial in ALI, asthma, or COPD (Schumacker et al. 2014). 

 
Figure 2.5 Mitochondria mediated regulation of airway homeostasis 
Mitochondria are important in maintaining the proper functioning of specialized airway cells. 
Mitochondria regulate ciliary beat frequency in bronchial epithelial cells, mucus secretion by 
goblet cells, mucociliary clearance, and contraction in vascular smooth muscle cells. Functions of 
alveolar type II epithelial cells including surfactant production and regeneration are regulated by 
mitochondria. Alveolar macrophages and other immune cells respond to infections and release 
mitochondrial danger signals. Phagocytosis and regulation of immunometabolism is also 
dependent on mitochondria. Upregulation of mitochondria-specific pathways promotes 
differentiation of fibroblasts to myofibroblasts. (Adapted from Cloonan et al. 2020) 

Conclusion 

Organic dust exposure in agriculture is associated with the development of chronic 

respiratory diseases, but the exact etiology of the disease development remains unclear. Emerging 

evidence suggests that it cannot be ascribed to one or two agents alone but involves a wide range 

of host defense responses due to stimulation by a variety of MAMPs that likely activates a variety 
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of innate inflammatory pathways. Based on the evidence and importance, we have decided to focus 

on the role of extracellular HMGB1 and mitochondrial dysfunction on exposure to OD.  Based on 

the information currently available, we posed the following research questions: First, what type of 

function does HMGB1 play in ODE-induced airway inflammation? Second, does exposure to ODE 

induce mitochondrial dysfunction? And third, emerging evidence suggests a correlation between 

HMGB1 and maintaining mitochondrial quality control. Due to this, can HMGB1 be a possible 

therapeutic target for ameliorating mitochondrial dysfunction due to ODE exposure? In the 

following chapters of this dissertation, we will attempt to address these questions mechanistically 

through a number of in vitro (cell culture models) and in vivo (mouse models) studies.  
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Appendix. Tables 

Table 2.1 Respiratory diseases associated with organic dust exposure 

Disease Symptom Pathophysiology Source 
Rhinitis  Congestion, rhinorrhea, 

sneezing 
 

Neutrophil influx 
IL-8/CXCL8, IL-6 levels 

(Dosman et al. 2006a; 
Poole et al. 2007) 

Asthma  Wheeze, cough, chest 
tightness, shortness of breath 
 

IgE-mediated eosinophilic influx (Dosman et al. 2006b; 
Tarlo and Malo 2009; 
Eduard et al. 2009) 

Asthma-like 
syndrome 

Cough, chest tightness, 
dyspnea, wheezing 

Normal pulmonary 
function testing 
Airway hyperresponsiveness to 
methacholine challenge 
Increased Neutrophils 
Absence of eosinophilic infiltrates 
 

(Kirkhorn and Garry 2000; 
Dosman et al. 2006b; Von 
Essen et al. 2010) 
 

Chronic 
Bronchitis 
COPD 

chronic 
cough, sputum 
production, dyspnea or 
wheezing 

Fibrosis 
Emphysema 
Mucus hypersecretion 
Neutrophil influx 
Protease release 
 

(Eduard et al. 2009; Viegas 
et al. 2018) 
 

Mucus 
membrane 
syndrome 

Combination of 
nasal, eye and throat 
complaints with 
congestion, and 
rhinorrhea 
 

Increased levels of IL-1α, IL-1β, 
IL-6 

(Von Essen and Donham 
1999; Kirkhorn and Garry 
2000) 

Organic dust 
toxic 
syndrome 

Fever, malaise, 
myalgia, chest 
tightness, headache, 
nausea 

Neutrophilia, 
Neutrophils in BALF 
Normal blood gases 
Normal lung function 

(Donham et al. 1995; Von 
Essen and Donham 1999; 
Von Essen and Romberger 
2003) 

Table 2.2 Pathophysiological effects of HMGB1 

Organ system Response to HMGB1 Source 
Central nervous  Anorexia, fever, weight loss, sickness syndrome (Agnello et al. 2002; 

O’Connor et al. 2003) 
Cardiovascular Vascular leakage, suppression of cardiac output (Liu et al. 2006b; Hagiwara 

et al. 2008) 
Pulmonary Inflammation, neutrophil recruitment, ARDS-like 

syndrome, hypoxia 
(Abraham et al. 2000; 
Ogawa et al. 2006) 

Gastrointestinal  Inflammation, bacterial translocation, loss of epithelial 
barrier function 

(Sappington et al. 2002; 
Yang et al. 2006) 

Renal-Hepatic Loss of epithelial barrier function, renal tubular injury, 
hepatic ischemic-reperfusion injury 

(Bruchfeld et al. 2008; 
Chung et al. 2008) 
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Table 2.3 Mitochondrial dynamics in airway inflammation 

Name Role in lung Disease association 
Fission/Fusion Cells that use OXPHOS  metabolism have 

elongated mitochondria networks 
Lung cancer 
Pulmonary hypertension 
COPD 

Biogenesis  Occurs in cells of distal airways, smooth 
muscle of small blood vessels during 
growth, high energy demand or stress 

ALI 
Pneumonia 
Bronchial smooth muscle remodeling in 
asthma  
Lung cancer 
COPD 
S. aureus infection  

Mitophagy Occurs in epithelial cells, fibroblasts, and 
alveolar macrophages (AlvMs) 

Pulmonary fibrosis 
COPD 
Cigarette smoke exposure 
Pulmonary vascular remodelling 
Pulmonary hypertension 
S. aureus infection  

(Adapted from Cloonan and Choi 2016) 

Table 2.4 Mitochondrial DAMPs in airway inflammation 

mtDAMPs Role in lung Disease association 
mROS Secondary messenger 

Oxidative burst in AlvMs 
ALI 
Pulmonary fibrosis 
COPD 
Asthma 
Pulmonary hypertension 
Lung cancer 

ATP Optimizes airway surface layer hydration, mucus 
composition, and mucociliary clearance 

COPD 
Asthma 

Calcium Secondary messenger Pulmonary hypertension 
Cystic Fibrosis 

mtDNA Encodes genes essential for OXPHOS. 
Activates the NLRP3. 
Inflammasome, neutrophils and AlvMs 

IPF 
Pulmonary hypertension 
Lung cancer  
Asthma 
COPD 

TFAM Mitochondrial transcription factor  
Responds to cell stress 

COPD 
S.aureus infection 

(Adapted from Cloonan and Choi 2016) 
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Abstract 

Animal production workers are persistently exposed to organic dust and can suffer from a 

variety of respiratory disease symptoms and an annual decline in lung function. The role of high 

mobility group box-1 (HMGB1) in inflammatory airway diseases is emerging. Hence, we tested a 

hypothesis that organic dust exposure of airway epithelial cells induces nucleocytoplasmic 

translocation of HMGB1, and blocking this translocation dampens organic dust-induced lung 

inflammation.  

Rats were exposed to either ambient air or swine barn (8 hours/day for either 1, 5, or 20 

days) and lung tissues were processed for immunohistochemistry. Swine barn dust was collected, 

and organic dust extract (ODE) was prepared and sterilized. Human airway epithelial cell line 

(BEAS-2B) was exposed to either medium or organic dust extract followed by treatment with 

medium or ethyl pyruvate (EP) or anti-HMGB1 antibody. Immunoblotting, ELISA, and other 

assays were performed at 0 (control), 6, 24, and 48 hours. Data (as mean ± SEM) was analyzed 

using one or two-way ANOVA followed by Bonferroni’s post hoc comparison test. A p-value of 

less than 0.05 was considered significant. 

Compared to controls, barn exposed rats showed an increase in the expression of HMGB1 

in the lungs. Compared to controls, ODE-exposed BEAS-2B cells showed nucleocytoplasmic 

translocation of HMGB1, co-localization of HMGB1 and RAGE, reactive species, and pro-

inflammatory cytokine production. EP treatment reduced the ODE-induced nucleocytoplasmic 

translocation of HMGB1, HMGB1 expression in the cytoplasmic fraction, GM-CSF, and IL-1β 

production and augmented the production of TGF-β1 and IL-10. Anti-HMGB1 treatment reduced 
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ODE-induced NF-κB p65 expression, IL-6, ROS, and RNS but augmented TGF-β1 and IL-10 

levels. HMGB1-RAGE signaling is an attractive target to abrogate OD-induced lung 

inflammation.  

Introduction 

Globally agriculture employs about 1.3 billion people (International Labor Organization, 

2018) and in the US, about 1.8 million people work in the agriculture industry. However, 

agriculture is considered a dangerous profession due to significant number of deaths, injuries, and 

morbidities (reviewed in (Sethi, et al., 2017)). People who work in agriculture and other related 

industries are persistently exposed to many contaminants and suffer from respiratory diseases and 

other conditions (reviewed in (Sethi, Schneberger, Charavaryamath and Singh, 2017) (American 

Thoracic Society, 1998)). Among the occupational contaminants, persistent exposure to organic 

dust (OD) is central to the negative health effects of work-related exposures. OD is a complex 

mixture of particulate matter of varying sizes, microbes and microbial products (Wunschel and 

Poole, 2016). Workers from concentrated animal feeding operations (CAFOs) involved in swine, 

diary (Davidson, et al., 2017) and poultry production including duck hatcheries (Guillam, et al., 

2017) (reviewed in (Sethi, Schneberger, Charavaryamath and Singh, 2017)) as well as other 

industries (sewage handlers, waste handlers and bakery workers) are persistently exposed to the 

OD.  

In North America, more than one million men, women and children suffer from exposure 

to OD (AgConnections). There is a strong link between exposure to OD and development of 

inflammatory airway diseases and annual decline in lung function (reviewed in (Charavaryamath 

and Singh, 2006, Nordgren and Charavaryamath, 2018)). Individuals exposed to OD report a range 

of respiratory and other symptoms including bronchitis, chest tightness, nasal congestion, organic 
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dust toxic syndrome, occupational asthma, mucus membrane irritation, nausea, headache, mood 

changes, altered immunity (Iowa State University and University of Iowa, 2002, Sahlander, et al., 

2012, Viegas, et al., 2013), and increased risks of lung cancer (Peters, et al., 2012). Presence of 

multiple microbial and non-microbial factors in OD and broad range of health effects upon 

exposure are a significant public health concern. Currently, there are limited therapeutic 

options to treat OD-induced inflammatory airway diseases. 

OD exposure induced respiratory symptoms and long-term changes in lung function are a 

major occupational health issue in swine production workers (reviewed in (Sethi, Schneberger, 

Charavaryamath and Singh, 2017, Wunschel and Poole, 2016)). Previously, experimental 

exposure of human volunteers to swine barn environment indicated an underlying inflammatory 

process (Senthilselvan, et al., 1997). We employed a unique rat model mimicking human 

occupational exposure to swine barn environment and showed that single 8 hour exposure induces 

airway inflammation and reactivity. In the same model, multiple (5 and 20-day) exposures resulted 

in dampened airway inflammation and reactivity. Surprisingly, there was an increase in the number 

of mucus producing goblet cells in the airways and activation of bronchus-associated lymphoid 

tissue (BALT) following 20-day exposure (Charavaryamath, et al., 2005). Mechanisms leading to 

the development of these airway remodeling features despite dampened inflammation and airway 

reactivity with 20-day exposure remain elusive.  

Next, using wild type or tlr4 mutant mouse, we demonstrated that barn exposure-induced 

lung inflammation, but not airway reactivity, is dependent on TLR4. In the same model, we 

documented  airway epithelial damage in a TLR4-independent manner (Charavaryamath, et al., 

2008). Subsequently, the roles of TLR9 (Schneberger, et al., 2016), TLR2 (Poole, et al., 2011), 

NOD2 (Poole, et al., 2010), MyD88 (Bauer, et al., 2013), and protein kinase C epsilon (PKC ε) in 
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organic dust-induced airway inflammation have been demonstrated. OD exposure has also been 

linked to bone loss indicating the systemic effects of  exposure (Wells, et al., 2017) (reviewed in 

(Carrington and Poole, 2018)). These studies and our previous work (reviewed in (Sethi, 

Schneberger, Charavaryamath and Singh, 2017)) demonstrate that OD is complex in composition 

and inhaled OD elicits host response through multiple signaling pathways. Despite increased 

understanding of mechanisms of OD-induced lung inflammation, therapeutic options to treat OD-

induced lung diseases are limited. 

Damage associated molecular patterns (DAMPs) are endogenous molecules that are 

released upon tissue damage (Frevert, et al., 2017). DAMPs are increasingly becoming important 

in chronic airway diseases (Wong, et al., 2017). High-mobility group box 1 (HMGB1) is a 

prototype DAMP present in almost all nucleated cells. HMGB1 is a normal nuclear protein that 

upon translocation to cytoplasm and secretion into extracellular milieu behaves as a DAMP with 

inflammatory cytokine-like properties (reviewed in (Ding, et al., 2016, Kang, et al., 2014)). 

Immune activation or necrosis is known to cause nucleocytoplasmic translocation and release of 

HMGB1 into extra-cellular space in many inflammatory airway diseases (Ding, Cui and Liu, 2016, 

Wong, To, Santos, Allam, Dalton, Djordjevic, Donnelly, Padula and Sukkar, 2017). HMGB1 is 

known to play a pathogenic role in asthma with contributions to airway smooth muscle (ASM) 

dysfunction and airway reactivity (Di Candia, et al., 2017). Blocking HMGB1 has been beneficial 

in a mouse model of allergic airway disease and sepsis (Hou, et al., 2015, Zhou, et al., 2014).  

Post-translational modifications such as phosphorylation and acetylation determine the 

nucleocytoplasmic translocation, secretion, and pathogenic role of secreted HMGB1 (Richard, et 

al., 2017, Youn and Shin, 2006). Nucleocytoplasmic translocation of HMGB1 involves JAK-

STAT1 mediated acetylation of lysine residues on nuclear localization sites (NLS) whereas 
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pyroptosis or exocytosis of secretory lysosomes leads to secretion of HMGB1 into extracellular 

milieu (reviewed in (Andersson, et al., 2018)). Several tools such as JAK/STAT1 inhibitor (Lu, et 

al., 2014), sirtuin 1 (Hwang, et al., 2015), anti-HMGB1 antibodies (Yang, et al., 2006)  and ethyl 

pyruvate (Shin, et al., 2015) have been used to abrogate the pathological effects of HMGB1.  

We tested a hypothesis that OD exposure of airway epithelial cells induces translocation 

of HMGB1 and blocking HMGB1 translocation dampens OD-induced lung inflammation. In the 

current study, using a human airway epithelial cell line (BEAS-2B) model, we demonstrate that 

OD-exposure induces nucleocytoplasmic translocation of HMGB1 and inflammation. Further, we 

show that EP or anti-HMGB1 treatment reduces OD-induced airway inflammation  via blocking 

HMGB1 translocation and signaling through secreted HMGB1, respectively.  

 
Figure 3.1 ODE exposure of BEAS-2B cells and EP or anti-HMGB1 neutralizing antibody 
treatment 
BEAS-2B cells were treated with either medium (control) or ODE (treatment 1) followed by either 
medium, EP (a, treatment 2) or neutralizing HMGB1 antibody (b, treatment 2). Cells were 
processed for various assays at 0 (control), 6, 24 and 48 hours by collecting cells on coverslips or 
cell pellet or cell supernatant.  
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Results 

Barn exposure and HMGB1 expression in the lungs 

Using immunohistochemistry, we delineated cell specific semi-quantitative expression of 

HMGB1 in control and barn exposed rat lungs.  The overall staining was assigned scores in a 

blinded manner by using a predetermined criterion (Table 3.2). Compared to controls, barn-

exposed rat lungs showed significantly higher expression of HMGB1 in bronchiolar epithelium, 

alveolar septa, BALT, endothelium of blood vessels and ASM (Figure 3.2, a-g). In the bronchiolar 

epithelium, HMGB1 expression was at the tip of the airway epithelium. In the alveolar septa, type 

2 alveolar epithelial cells showed predominant staining. Type 1 alveolar epithelial cells and 

alveolar macrophages were stained as well. Since these rat lungs had previously been lavaged, 

alveolar macrophages were not in abundance.  

Endotoxin content of OD samples 

Endotoxin units (EU/mL) measured in OD samples are presented (Table 3.1). 

Table 3.1 Endotoxin assay to measure LPS content in the ODE samples 

Sample No. LPS (EU/mL) 

1 1.140 ± 0.001 

2 0.990 ± 0.0005 

3 1.337 ± 0.0006 

4 1.433 ± 0.02 

5a 1.417 ± 0.002 

6b 0.8067 ± 0.0008 

7c 1.263 ± 0.0008 
a pooled sample from samples 1 and 2.  b pooled sample from samples 3 and 4. c pooled sample 
from samples 1, 2, 3 and 4. 

EP treatment reduces ODE induced cytoplasmic expression of HMGB1  

We used immunocytochemistry to detect expression of HMGB1. Using DAPI-stained 

nuclei as a reference nucleocytoplasmic translocation of HMGB1 was identified. Compared to the 
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medium-treated controls, ODE-treated cells (48 h) showed increased expression of HMGB1 in the 

cytoplasm (arrow in merged image, Figure 3.3 a). Compared to vehicle (medium), co-treatment 

with EP abrogated the ODE-induced increased expression of HMGB1 in the cytoplasm (arrow in 

merged image, Figure 3.3 b).  

EP treatment reduces ODE induced HMGB1 expression in the cytoplasmic fraction 

We performed western blotting to quantify the expression of HMGB1 in nuclear and 

cytoplasmic fractions of ODE-treated cells. Compared to controls, ODE exposure increased the 

HMGB1 protein levels in nuclear (6 and 48 h) and cytoplasmic (6 h) fractions (Figure 3.4, a-d).  

Compared to the vehicle (medium), co-treatment with EP significantly reduced the ODE-induced 

increase in HMGB1 protein levels in the cytoplasmic fractions at 6 h (Figure 3.4, b and d). 

ODE exposure results in HMGB1 and RAGE co-localization 

We performed immunocytochemistry for evaluating the expression of HMGB1 and 

RAGE. Following cell treatments, anti-HMGB1 and anti-RAGE stained (Cy3 and FITC, 

respectively) images were merged. Compared to controls (medium treated, 0 h), ODE-treatment 

induced an increase in the expression and co-localization of HMGB1 and RAGE in the cytoplasm 

(arrow, Figure 3.5a, 48 h); both changes were inhibited by co-treatment with EP. Following EP 

treatment, HMGB1 remained arrested in the normal nuclear location (Figure 3.5b, 48 h).  

ODE induced ROS and RNS production 

We quantified ROS and RNS levels in control and ODE treated cells to understand the 

effect of exposure to ODE in the presence or absence of HMGB1 secretion (EP treatment). 

Compared to the controls (medium, 0 h), ODE-treated cells produced significantly higher amounts 

of ROS and RNS at 6, 24, and 48 hours (Figure 3.6, a and b). Compared to vehicle (medium), co-

treatment with EP significantly reduced ODE-induced ROS (Figure 3.6a) but not the RNS 

production (Figure 3.6b).  
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Figure 3.2 OD exposure of rats in the swine barn work environment and HMGB1 expression 
Immunohistochemical staining for HMGB1 expression was performed on rat lung tissues. 
Compared to controls, one, five and 20-day barn (organic dust) exposure of rats induced an 
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increase in the expression of HMGB1 in the bronchioles, alveolar septa  and BALT (a) and 
endothelium of the blood vessels  and airway smooth muscle  (arrows and inset, bar = 100 µm, e), 
respectively. One-way ANOVA performed on immunohistochemical scores for HMGB1 
expression in bronchioles (9 fields/animal), alveolar septa (5 fields/animal) and BALT (7 
fields/animal) (b-d) and endothelium of blood vessels (3 fields/animal) and ASM (11 
fields/animal) is presented (f and g). *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001. 

 

Figure 3.3 EP reduces ODE-exposure induced nucleocytoplasmic translocation of HMGB1 
Medium (control, 0 h) or ODE (6, 24 and 48 h post) treated cells were stained with polyclonal anti-
HMGB1 antibody and DAPI stain delineated the nuclei. Compared to controls, ODE treated cells 
showed nucleocytoplasmic translocation of HMGB1 (arrows and inset, bar = 200 µm, a). 
Compared to vehicle (medium), co-treatment with EP (2.5 µM) showed a marked decrease in 
ODE-induced nucleocytoplasmic translocation of HMGB-1 (arrows and inset, micrometer = 200 
µm, b). 

 
Figure 3.4 EP reduces ODE-exposure induced nucleocytoplasmic translocation of HMGB1 
Medium (control, 0 h) or ODE (6, 24 and 48 h post) treated cells were processed for separation of 
nuclear and cytoplasmic fractions and western blotting to detect HMGB1 protein. Compared to 
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controls, ODE treated cells showed a temporal increase in HMGB1 expression (25 kD) in the (a) 
nuclear fraction at 6 and 48 h. Compared to vehicle (Ringer’s solution), co-treatment with EP (2.5 
µM) resulted in significantly decreased levels of HMGB1 in the cytoplasm at 6 h post-treatment 
indicating reduction in ODE-induced nucleocytoplasmic translocation of HMGB1 (d). HMGB1 
(25kD) bands were normalized over either Lamin B1 (50kD, cytoplasmic fraction, a) or β-actin 
(37kD, nuclear fraction, b) and percentage intensity (n = 5/group) of treatment groups relative to 
control were analyzed using two-way ANOVA (c and d). **p<0.01 (* indicates difference within 
the OD/barn exposure groups). 

 

Figure 3.5 EP reduces ODE-exposure induced augmentation of RAGE expression and 
HMGB1-RAGE co-localization in the cytoplasm 
Medium (control, 0 h) or ODE treated (6, 24 and 48 h post) treated cells were stained with 
polyclonal anti-HMGB1 or anti-RAGE antibodies. Compared to controls, ODE treated cells 
showed increased expression and nucleocytoplasmic translocation of HMGB1 (arrowhead, 48 h, 
a), increased expression of RAGE (48 h, a) and co-localization of HMGB1 and RAGE (white 
arrows, 48 h, a). Compared to vehicle (Ringer’s solution), co-treatment with EP (2.5 µM) resulted 
in a marked decrease in ODE-induced nucleocytoplasmic translocation of HMGB-1 and co-
localization of HMGB1 and expression of RAGE (arrows and inset, bar = 200µm, b). 

 
Figure 3.6 ODE exposure induces ROS and nitrite (secreted RNS) production and EP 
treatment reduces ODE-induced ROS production 
Media alone (control, 0 h) or ODE ( 6, 24, and 48 h) treated cells were subjected to CM-H2DCFDA 
and Griess’ assay to quantify intracellular ROS production (a) and secreted nitrite concentration 
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(b) respectively (n=6). ODE exposure of cells resulted in significant increase in intracellular ROS 
and nitrite secretion (secreted RNS) into the media as early as 6 h post-treatment. Compared to 
vehicle treatment, cells co-treated with EP (2.5 µM) showed a significant reduction in ODE-
induced ROS production at 48 h. Data analyzed with two-way ANOVA is represented (a and b). 
## or **p <0.01 and **** or ####p<0.0001.  # indicates significantly different from control whereas * 
indicates significant difference within the OD/barn exposure groups. 

 
Figure 3.7 EP treatment reduces ODE exposure induced secretion of GM-CSF and IL-1β but 
not IL-8 and IL-6 levels 
Compared to medium (controls, 0 h), ODE treated BEAS-2B cells secreted increased levels of 
GM-CSF, IL-1β, IL-8 and IL-6 (a-d) respectively. Compared to vehicle (Ringer’s solution), co-
treatment with EP (2.5 µM) significantly reduced ODE-induced GM-CSF and IL-1β levels (a and 
b). Data (n=6) analyzed using two-way ANOVA is represented. * or #p<0.05, ** or ##p<0.01, *** or 

###p<0.001, **** or ####p<0.0001. # indicates different from control whereas * indicates difference 
within the OD/barn exposure groups. 

ODE induced pro-inflammatory cytokines production 

We quantified various cytokines in treated cell-supernatants to understand the effect of 

ODE in the presence or absence of HMGB1 secretion (EP treatment). Compared to controls 

(medium, 0 h), ODE-treated cells produced significantly higher amounts of GM-CSF, IL-1β, IL-

8 and IL-6 (p < 0.05, Figure 3.7, a-d). Compared to vehicle (medium), co-treatment with EP 

significantly reduced ODE-induced increase in GM-CSF and IL-1β (Figure 3.7, a and b 

respectively) but not IL-8 and IL-6 levels.  
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EP-treatment increases ODE-induced production of TGF-β1 and IL-10  

Compared to controls (medium, 0 h), ODE-treated cells produced significantly higher 

amounts of TGF-β1 at 6 and 24 h (Figure 3.8). Compared to vehicle (medium), co-treatment with 

EP significantly increased the TGF-β1 (24 and 48 h, Figure 8a) and IL-10 (6 and 48 h, Figure 8b) 

production.  

 
Figure 3.8 EP-treatment augments ODE-induced production of TGF-β1 and IL-10 levels in 
BEAS-2B cells 
Compared to medium (control, 0 h), co-treatment of ODE exposed BEAS-2B cells with EP (2.5 
µM) significantly increased the production of TGF- β1 (24 and 48 h) and IL-10 (6, 24 and 48 h).d 
Data (n=6) analyzed with two-way ANOVA is represented. * or #p<0.05, ** or ##p<0.01, *** or 

###p<0.001, **** or ####p<0.0001. # indicates different from control whereas * indicates difference 
within the OD/barn exposure groups. 

ODE exposure and NF-κB p65 levels  

We measured the expression of NF-κB p65 levels in the whole cell lysates as a read-out of 

NF-κB activation upon ODE-exposure (both with and without EP treatment). Normalized 

densitometry values revealed no difference between control and ODE exposed cells with and 

without EP treatment at 6, 24 and 48 hours (Figure 3.9). 

Neutralizing anti-HMGB1 antibody treatment reduces ODE exposure induced secretion of 
IL-6 but not IL-8 levels 

Compared to controls, ODE exposure induced an increase in GM-CSF, IL-1β, IL-6 and 

IL-8 levels. Treatment with neutralizing anti-HMGB1 antibody significantly decreased IL-6 but 

not IL-1β or IL-8 levels (Figure 3.11, a-d).  
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Figure 3.9 ODE exposure with or without EP-treatment does not alter NF-κB p65 levels 
Medium or ODE treated (with or without co-treatment with EP) whole cell fractions were 
processed for western blot analysis of NF-κB p65 and β-actin proteins. Normalized intensity 
values (as percentage relative to controls) were compared. There was no difference between any 
of the treatment groups. Data (n=5) analyzed with one-way ANOVA is represented. 

Treatment with EP or neutralizing anti-HMGB1 antibody reduces NF-kB p65 nuclear 
translocation at earlier time points 

We quantified the expression of NF-κB p65 levels in both nuclear and cytoplasmic 

fractions to delineate the NF-κB activation upon ODE-exposure (both with and without EP or anti-

HMGB1 neutralizing antibody treatment). Normalized densitometry values revealed that, 

compared to controls, ODE exposure increased NF-κB p65 levels in nuclear fractions at  15 and 

30 minutes as well as 1, 1.5, 2 and 3 hours. Both EP and anti-HMGB1 antibody treatments 

significantly decreased the ODE-induced increases in NF-κB p65 nuclear levels at 15 minutes 

(Figure 3.10, a). Compared to controls, ODE-exposed cells showed increased levels of NF-κB p65 

in the cytoplasm at all the time points. Both EP and anti-HMGB1 antibody treatment significantly 

decreased the levels of NF-κB p65 in the cytoplasmic fractions at 15 and 30 minutes as well as 1, 

2 and 3 hours but not at 1.5 hours (Figure 3.10, b). EP treated cells at 1 and 1.5 hours still contained 

higher amounts of cytoplasmic NF-κB p65 than controls. 
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Figure 3.10 Treatment with EP or anti-HMGB1 neutralizing antibody decreases NF-κB p65 
nuclear translocation 
BEAS-2B cells were processed for separation of nuclear and cytoplasmic fractions and western 
blotting to detect NF-κBp65 protein. Compared to controls, ODE treated cells showed a temporal 
increase in NF-κB p65 expression (68 kDa) in the (a) nuclear fraction at 15 minutes. Compared to 
vehicle (medium), co-treatment with EP and anti-HMGB1 antibody (10 µM) resulted in significant 
decrease in the levels of NF-κB p65 in the cytoplasm at 15 minutes post-treatment indicating 
reduction in ODE-induced NFκB p65 activation (b and d). NF-κB p65 (68 kD) bands were 
normalized over either Lamin B1 (50 kD, nuclear fraction, a) or β-actin (37 kD, cytoplasmic 
fraction, b) and percentage intensity (n = 5/group) values of treatment groups relative to control 
were analyzed using two-way ANOVA (c and d). * or # p < 0.05, ** or ## p < 0.01, *** or ### p < 0.001, 
**** or #### p < 0.0001. # indicates different from control whereas * indicates difference within the 
OD/barn exposure groups. 

Neutralizing ant-HMGB1 antibody treatment augments ODE-induced production of TGF-
β1 and IL-10 levels in BEAS-2B cells 

Compared to controls, treatment of ODE-exposed cells with anti-HMGB1 neutralizing 

antibody augmented the production of TGF-β1 and IL-10 at 6, 24 and 48 hours (Figure 3.12, a and 

b). 

Neutralizing anti-HMGB1 antibody treatment reduces ODE-induced ROS and nitrite 
production 

Compared to controls, ODE exposure induced significant production of intracellular ROS 

and secreted nitrite (representing RNS). Treatment with neutralizing anti-HMGB1 antibody 

significantly decreased the intracellular ROS (48 hours) and secreted nitrite levels (6 and 48 hours, 

Figure 3.13, a and b respectively). 
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Figure 3.11 Neutralizing anti-HMGB1 antibody treatment reduces ODE exposure induced 
secretion of IL-6 but not IL-8 levels 
Compared to controls, ODE treatment increased the production of GM-CSF (a, 24 and 48 hours), 
IL-1β, IL-6 and IL-8. When ODE exposed cells were treated with anti-HMGB1 antibody (10 µM), 
significantly reduced ODE-induced increase in IL-6 levels only (c). Data (n=6) analyzed using 
two-way ANOVA is represented. ** or ## p < 0.01 and **** or #### p < 0.0001. # indicates different 
from control whereas * indicates difference within the OD/barn exposure groups. 

 
Figure 3.12 Neutralizing antibody treatment augments ODE-induced production of TGF-β1 
and IL-10 levels in BEAS-2B cells 
Compared to medium (control, 0 h), co-treatment of ODE exposed BEAS-2B cells with Anti-
HMGB1 antibody (10 µM) significantly increased the production of TGF-β1 (6, 24 and 48 h) and 
IL-10 (6, 24 and 48 h). Data (n=6) analyzed with two-way ANOVA is represented. * or # p < 0.05, 
** or ## p < 0.01, *** or ### p < 0.001, **** or #### p < 0.0001. # indicates different from control whereas 
* indicates difference within the OD/barn exposure groups. 
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Figure 3.13 Antibody neutralization of HMGB1 reduces ODE-induced ROS and nitrite 
production 
Cells or supernatants were subjected to CM-H2DCFDA and Griess’ assay to quantify intracellular 
ROS production (a) and nitrite concentration (b) respectively (n=6). Compared to ODE exposure 
alone, ODE exposed cells co-treated with Anti-HMGB1 antibody (10µM) showed a significant 
reduction in ODE-induced ROS production (48 hours) and secreted nitrite  (6 and  48 hours). Data 
analyzed with two-way ANOVA is represented (a and b). * or # p < 0.05, ** or ## p < 0.01, *** or ### p 
< 0.001, **** or #### p < 0.0001. # indicates different from control whereas * indicates difference 
within the OD/barn exposure groups. 

ODE exposure modulates NF-κB subunit gene expression with time 

Compared to controls, ODE-exposed cells showed in a significant increase in the 

transcripts of NF-κB subunits namely, nfκbp65, nfκbp52 and crel at 6, 24 and 48 hours but not nf-

κbp50 and relb (Figure 3.14, a-e respectively). 

 
Figure 3.14 ODE exposure modulates NF-κB subunit gene expression with time 
qRT-PCR analysis on NF-κB subunit genes was performed on control and ODE exposed cells at 
6, 24 and 48 hours (a-e). Compared controls, ODE-exposure induced a significant increase in 
nfkbp65 (a), nfkbp52 (b) and crel (d) at 6, 24 and 48 hours (# p < 0.05 and ### p < 0.001 with respect 
to controls). Data analyzed with one-way ANOVA is represented as fold change of mRNA 
expression shown relative to untreated control cells. 
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ODE exposure increases tlr2 and tlr4 expression 

Compared to controls, ODE exposed cells showed a significant increase in the transcripts 

of tlr2 and tlr4 at 6, 24 and 48 hours (Figure 3.15, a and b). 

 
Figure 3.15 ODE exposure increases tlr2 and tlr4 gene expression with time 
qRT-PCR analysis on tlr2 (a) and tlr4 (b) genes was performed on control and ODE exposed cells 
at 6, 24 and 48 hours. Compared to controls, ODE exposure resulted in a significant increase in 
fold in the expression of both tlr2 and tlr4 (### p < 0.001 and #### p < 0.0001, a and b respectively). 
Data analyzed with one-way ANOVA is represented as fold change of mRNA expression shown 
relative to untreated control cells.   

Discussion 

Persistent exposure to OD is the hallmark of occupational respiratory diseases of 

agriculture production workers as well as in other industries. Early acute symptoms of airway 

inflammation dampen over a period of continued exposure, but long-term lung remodeling features 

and loss of lung function is evident (Charavaryamath and Singh, 2006, Sethi, Schneberger, 

Charavaryamath and Singh, 2017). Unraveling the cell and molecular basis of how low-grade 

inflammation drives the chronic exposure induced changes may result in better therapies. In this 

study, we show that OD-exposure of human airway epithelial cells induces nucleocytoplasmic 

translocation of HMGB1. EP or anti-HMGB1 neutralizing antibody treatment reduces OD-

induced inflammation via targeting HMGB1-RAGE pathway.  

First, using our well characterized rat model of OD (swine barn) exposure 

(Charavaryamath, Janardhan, Townsend, Willson and Singh, 2005), showed that barn exposure 

increases expression of HMGB1 in the lung tissue compartments upon barn exposure which 
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indicates a possible role in OD-induced lung inflammation and airway reactivity. Other researchers 

have shown that increased expression of HMGB1 in the airway epithelium leads to pulmonary 

fibrosis (Hamada, et al., 2008) as well as epithelial mesenchymal transition via TGF-β (reviewed 

in (Hamada, Maeyama, Kawaguchi, Yoshimi, Fukumoto, Yamada, Yamada, Kuwano and 

Nakanishi, 2008) (Chen, et al., 2016)). Next, increased expression of HMGB1 in the lung ASM 

observed in our study assumes importance since it is known to contribute to ASM dysfunction in 

a human asthma model (Di Candia, Gomez, Venereau, Chachi, Kaur, Bianchi, Challiss, Brightling 

and Saunders, 2017). Increased expression of HMGB1 in the blood vessels of the lung is known 

to cause pulmonary artery hypertension (Sadamura-Takenaka, et al., 2014) and has a role in 

ischemia induced blood-brain barrier disruption (Zhang, et al., 2011) . Increased expression of 

HMGB1 in BALT is interesting since HMGB1 is considered to be a central cytokine for all 

lymphoid cells (Li, et al., 2013). Increased expression of HMGB1 in the BALT partly explains our 

previous observation in the same rat model that a 20-day barn exposure induces activation of 

BALT (Charavaryamath, Janardhan, Townsend, Willson and Singh, 2005). Taken together, 

increased expression of HMGB1 in the lung following 1, 5, and 20-day barn exposure indicates 

the potential pathological role of this secreted DAMP molecule. 

Using in vitro model of human airway exposure to OD, we now demonstrate 

nucleocytoplasmic translocation of HMGB1, increased expression as well as cytoplasmic co-

localization of HMGB1 with RAGE in the cytoplasm. Instead of normal nuclear location, 

accumulation of HMGB1 in the cytoplasm indicates cellular stress and cytoplasmic HMGB1 is a 

chief regulator of autophagy (Zhu, et al., 2015). Secreted HMGB1 is known to potentiate 

inflammation in the presence of MAMPs such as LPS (Qin, et al., 2009). Our results indicate that 

ODE-exposure induced HMGB1 accumulation in the cytoplasm and secretion into extracellular 
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compartment particularly in chronic exposure to OD may drive aberrant airway inflammation and 

lead to lung remodeling features (Qin, Dai, Tang, Zhang, Ren, Wang and Shen, 2009). Although, 

our efforts to quantify secreted HMGB1 were not fully successful, we did observe higher 

molecular weight bands for secreted HMGB1 in the cell culture supernatant (data not shown). 

Posttranslational modifications such as acetylation and oxidation of HMGB1 may have contributed 

to this higher molecular weight HMGB1. Currently, few laboratories have expertise and 

established methods to measure secreted HMGB1 with post-translational modification/s.   

Immunocytochemistry showed co-localization of HMGB1 and RAGE in the cytoplasm 

indicated possible physical interaction of HMGB1 with its main receptor RAGE. To our 

knowledge, this is possibly the first report of secretion of DAMP in an in vitro model of human 

airway epithelial cell exposure to OD and co-localization of HMGB1 with RAGE. It is likely that 

increased expression and secretion of HMGB1 (cytoplasmic and extracellular) may be driving a 

sustained inflammation in long-term OD-exposed individuals via HMGB1-RAGE signaling.  

Next, using EP treatment we were able to abrogate ODE-induced nucleocytoplasmic 

translocation of HMGB1. EP treatment also decreased the expression and co-localization of 

HMGB1 and RAGE in the cytoplasm. EP is known to prevent phosphorylation of HMGB1 by 

chelating calcium and thereby prevents nucleocytoplasmic translocation of HMGB1 (Shin, Kim, 

Kim, Lee, Jin, Park, Kim, Suh, Kwak, Lee, Han and Lee, 2015). Other post-translational 

modifications such as acetylation have been shown to be important for nucleocytoplasmic 

translocation of HMGB1 (Kim, et al., 2016). Our study did not examine if any of the 

posttranslational modification were involved in OD-induced translocation of HMGB1. Our central 

focus was to examine if nucleocytoplasmic translocation and secretion of HMGB1 would be 

influencing OD-induced airway inflammation.  
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We have demonstrated that ODE exposure of airway epithelium results in ROS and RNS 

production. When we arrested nucleocytoplasmic translocation of HMGB1 using EP treatment, 

we observed significantly decreased levels of ROS but not RNS. It is interesting to note that, ODE 

exposure increased the ROS levels at 24 and 48 hours whereas RNS production was significantly 

higher starting from 6 h onwards. Based on our results, it is possible that ODE-induced 

translocation of HMGB1 has a role in potentiating ROS but not RNS levels. This is again supported 

by the fact that EP mediated arrest of HMGB1 translocation did not affect ODE-induced RNS 

levels at all the time points. Though we do not provide direct mechanistic evidence, these results 

pave way for further investigation. 

To examine if HMGB1 translocation had any effect on inflammatory mediators, we 

measured the levels of GM-CSF, IL-1β and IL-6 (pro-inflammatory), TGF-β1 (pleiotropic 

cytokine) and IL-10 (anti-inflammatory) and IL-8 (neutrophil chemokine). ODE-exposure 

increased the levels of GM-CSF, IL-1β, IL-6 and IL-8. Secretion of GM-CSF by airway epithelial 

cells is important since it is known to sensitize the airway epithelium to allergic insults such as 

house dust mite or cockroach allergen (Sheih, et al., 2017). Further, GM-CSF in an inflammatory 

tissue milieu which acts as a link between recruited lymphocytes and monocytes and could be 

targeted to reduce chronic inflammation (Becher, et al., 2016). Next, our observation of increase 

in IL-1β production is consistent with published work on BEAS-2B cells exposed to poultry barn 

dust extract (Boggaram, et al., 2016). IL-1β has a variety of inflammatory effects in the lung 

including induction of airway hyper responsiveness (Dinarello, 2018, Fricke, et al., 2018). ODE-

induced IL-6 production assumes significance since the recent work has identified IL-6 as an 

important link in lung-bone inflammatory axis in a mouse model of intra-nasal ODE exposure 

(Wells, Romberger, Thiele, Wyatt, Staab, Heires, Klassen, Duryee, Mikuls, Dusad, West, Wang 
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and Poole, 2017). Next, IL-8 secretion observed in our study is in line with other published 

evidence (Acevedo, et al., 2005, Burvall, et al., 2003). IL-8 is known to attract neutrophils to the 

site of inflammation and neutrophilic oxidative stress upon exposure to OD is known to drive 

pulmonary inflammation and airway reactivity (McGovern, et al., 2016). Using a specific 

antagonist against IL-8 was beneficial in an OD-induced lung inflammation model (Schneberger, 

et al., 2015b).  

Lastly, we demonstrated that EP-treatment augments IL-10 and TGF-β production in ODE-

exposed airway epithelial cells. Production of IL-10 generally results in anti-inflammatory effects 

(reviewed in (Behrens, et al., 2018)). Airway epithelial cell derived TGF-β is important in driving 

type 2 innate lymphoid cell responses to allergens and TGF-β is known to exacerbate house dust 

mite-induced pathology and increased expression of TGF-β is seen with viral and allergen 

challenge (reviewed in (Denney, et al., 2015)). Taken together, upon ODE exposure, human airway 

epithelial cells secrete a variety of inflammatory mediators.  Since pharmacological tool blocking 

HMGB1 translocation and RAGE expression (EP) or genetic tool suppressing the expression of 

HMGB1 is able to reduce ODE-induced inflammation, HMGB1 signaling is a major driver of 

ODE-induced airway inflammation. Though our study has not investigated the specific 

downstream events in this pathway, EP or anti-HMGB1 antibody mediated targeting of HMGB1-

RAGE pathway appears promising. 

Our unique observation that EP treatment had no effect on the ODE-induced IL-8 and IL-

6 indicates several possibilities. First, HMGB1 mediated signaling pathway as well as ODE-

induced IL-8/IL-6 secretion may be independent of each other. Second, IL-8 and IL-6 production 

peaks from 6 h after ODE-exposure and it is likely that secreted HMGB1 acts at a later time point 

to potentiate the inflammation. Although we do not provide any direct evidence, there is a link 
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between decrease in cytoplasmic/secreted HMGB1 levels following EP treatment and decrease in 

ODE-induced GM-CSF and IL-1β levels. This again highlights the fact that HMGB1 is a late-

player in many inflammatory events (reviewed in (VanPatten and Al-Abed, 2018)).   

In order to examine mechanistically, if arrest of nucleocytoplasmic translocation of 

HMGB1 reduces inflammatory mediators through NF-κB, immunoblots for NF-κB p65 in control 

(0 h) and ODE exposure (6, 24 and 48 h) with media or EP treatments revealed no significant 

difference between the groups (all time points). However, when we probed the NF-κB p65 levels 

in the nuclear and cytoplasmic fractions at early time points, we found that ODE exposure 

increases both nuclear and cytoplasmic levels of NF-κB p65 as early as 15 minutes. Both EP and 

anti-HMGB1 antibody treatments significantly reduced NF-κB p65 levels in both nucleus and 

cytoplasm indicating that their anti-inflammatory action is via a reduction in the translocation of 

NF-κB p65.  

We and others have previously shown the roles of TLR2 (Poole, Wyatt, Kielian, 

Oldenburg, Gleason, Bauer, Golden, West, Sisson and Romberger, 2011) and TLR4 

(Charavaryamath, Juneau, Suri, Janardhan, Townsend and Singh, 2008) in OD exposure induced 

lung inflammation.  We now show significant increase in the expression of tlr2  and tlr4 genes 

following ODE exposure. We observed translocation of NF-κB p65 into the nucleus as early as 15 

minutes indicating that ODE-induced innate signaling via TLR2 and 4 results in NF-κB activation 

leading to cytokine secretion. However, both EP and anti-HMGB1 antibody treatments inhibited 

both nuclear translocation of NF-κB p65 and pro-inflammatory cytokine production to highlight 

the importance of targeting HMGB1. 

OD exposure of human airway epithelial cell line results in the nucleocytoplasmic 

translocation of HMGB1, cytoplasmic co-localization of HMGB1 with RAGE as well as 
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production of ROS, RNS and inflammatory cytokines. EP or anti-HMGB1 antibody treatment 

abrogates OD exposure induced translocation of HMGB1 and expression of many inflammatory 

markers. Therefore, HMGB1-RAGE signaling is an attractive target to treat OD-induced 

occupational lung diseases.  

Materials and Methods 

Rats and organic dust exposure 

Rat model of organic dust exposure has previously been described (Charavaryamath, 

Janardhan, Townsend, Willson and Singh, 2005). Rat exposure to the swine barn environment 

(organic dust exposure) was conducted with approved protocols from University of Saskatchewan 

Campus Committee on Animal Care. All the animal experiments were performed as per the 

Canadian Council on Animal Care Guidelines. Six-week-old, male, Sprague-Dawley rats 

(n=5/group, Charles River Laboratories) were exposed to either ambient air (control) or one, five 

or 20-days to swine barn environment (8 hours/day). At the end of the exposure period, rats were 

euthanized, lung tissues were collected and processed for immunohistochemistry 

(Charavaryamath, Janardhan, Townsend, Willson and Singh, 2005). The paraformaldehyde-fixed, 

paraffin-embedded tissues from these rats were used in the current study.  

Immunohistochemical analysis 

Immunohistochemistry on five-micron thick tissue sections (n=5 rats/group) was 

performed using anti-HMGB1 (1:1000, Abcam) and HRP (1:1000, ant-rabbit IgG; Abcam) and 

counterstained with methyl green (Vector Laboratories, Inc., Burlingame, CA). An investigator 

blinded to the treatment groups semi-quantified the cell specific expression of HMGB1 in 

bronchioles, endothelium of blood vessels, alveolar septa, ASM and bronchus associated lymphoid 

tissue (BALT) using predetermined scoring criteria (outlined in Table 3.2). Scored regions were 

photographed (Nikon Eclipse TE2000-U; Spot Advance imaging software, Michigan, USA).  
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Table 3.2 Semi-quantitative evaluation of HMGB1 expression and criteria for assigning 
scores 

Score Criteria 

0 No expression 

1 Minimal 

2 Mild 

3 Moderate 

4 Intense 

Organic dust extract preparation 

Settled dust samples from typical swine housing facilities (representing organic dust) were 

collected into zip lock bags and transported on ice and stored at -80°C until processed. A sterile 

organic dust extract was prepared as per a published protocol (Romberger, Bodlak, Von Essen, 

Mathisen and Wyatt, 2002).  Dust samples were weighed and for every gram of dust, 10 mL of 

Hanks’ balanced salt solution without calcium (Gibco) was added, stirred and allowed to stand at 

room temperature for an hour. The mixture was centrifuged (1365 x g, 4°C) for 20 min, supernatant 

recovered, and pellet was discarded. Supernatant was centrifuged again with same conditions, 

pellet discarded and recovered supernatant was filtered using 0.22 μm filter and stored at -80°C 

until used. The filter sterilized organic dust extract (ODE) samples were considered 100% and 

diluted to 1-5% (v/v) before use in experiments.  

Endotoxin estimation 

The levels of endotoxin in the ODE samples was quantified using the Pyrochrome® 

chromogenic endotoxin assay kit (Associates of Cape Cod, Inc., East Falmouth, MA). The ODE 

samples were diluted in a ratio of 1:10 in endotoxin free water. The samples along with 

reconstituted pyrochrome lysate, were added to a 96-well plate in a sample to lysate ratio of 1:4. 

The standard was reconstituted as per manufacturer’s recommendation and added to the plate in a 

sample to lysate ratio of 1:4. The microplate was incubated at 37°C with shaking and the 
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absorbance was read at 405 nm (every 10 minutes, three readings over a total of 30 minutes) using 

the Gen 5™ software in BioTek® ELx808™ spectrophotometer.   

Cell culture and treatments 

Immortalized human bronchial epithelial cells (BEAS-2B, ATCC CRL-9609) have 

previously been used to study innate inflammatory responses to ODE (Schneberger, Cloonan, 

DeVasure, Bailey, Romberger and Wyatt, 2015a, Wyatt, Poole, Nordgren, DeVasure, Heires, 

Bailey and Romberger, 2014). BEAS-2B cells were seeded onto type I bovine collagen (StemCell 

Technologies, Vancouver, BC, Canada) coated T-75 flasks. Cells were grown submerged in serum 

free LHC-9 medium (Gibco) containing 100 U/mL of Penicillin/Streptomycin (Gibco) and 2 

µg/mL of Amphotericin B (Sigma) in a humidified chamber with 5% CO2 at 37°C until 

approximately 80% confluence was achieved.  

Ethyl pyruvate (EP, Santa Cruz Biotechnology, CA) was reconstituted in Ringer’s solution 

(Sigma-Aldrich, St. Louis, MO, USA) and used at a final concentration of 2.5 µM in the cell 

culture medium (Figure 1). Neutralization of secreted HMGB1 was carried out using anti-HMGB1 

antibody (BioLegend, CA) at a concentration of 10 µg/mL (Zhou, Wang, Wang, Jia, Li, Wang, 

Wu and Tang, 2009). 

Our in vitro model of ODE exposure and treatments are represented (Figure 3.1 a and b). 

Cells were treated with either medium (control) or lipopolysaccharide (LPS, Escherichia coli 

O127:B8; Sigma) or peptidoglycan (PGN, Staphylococcus aureus; Sigma), or ODE (1-5% v/v) 

(treatment 1, Figure 3.1) followed by a co-treatment with either medium or EP (treatment 2, Figure 

3.1a) or anti-HMGB1 neutralizing antibody (treatment 2, Figure 3.1b). Following treatment, 1 and 

2, samples were processed at 0, 6, 24 and 48 hours for various assays. For NF-κB p65 assays, 

samples were collected at 15 and 30 minutes as well as 1, 1.5, 2 and 3 hours. Control samples did 
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not differ at various time points (6, 24 and 48 h) and hence controls samples at 0 h were included 

for all data analysis. 

LPS and PGN were used as standard microbial associated molecular patterns (MAMPs) 

(data not shown). Table 3.3 summarizes the stock and working concentrations of various MAMPs 

used in treatment 1 (Figure 3.1) prepared by dissolving in LHC-9 medium from stock 

concentrations. 

Table 3.3 Stock and working concentrations of cell treatments 

Treatments 
Stock concentration 

(in cell culture grade water) 

Working concentration 

(in LHC-9) 

LPS 5 mg/mL 10 µg/mL 

PGN 1 mg/mL 10 µg/mL 

ODE 100 % 1 - 5 % 

Cell viability assay 

Prior to conducting experiments, cell viability was assessed. Live/dead cell count was 

determined by 4% trypan blue dye (EMD Millipore, Burlington, MA) exclusion and percentage 

viability was calculated. Population of cells with more than 95% viability were used for the 

experiments. 

Immunofluorescence microscopy  

Cells were seeded (1x106 cells/well) in 12-well plates on Poly D-lysine hydro bromide 

(Sigma-Aldrich, St. Louis, MO) coated cover slips and exposed to the treatments as outlined in 

Figure 1.  Cells were fixed with 4% paraformaldehyde in PBS for 20 minutes at room temperature 

and washed. Cells were blocked for an hour using a blocking buffer containing 10% normal donkey 

serum (EMD Millipore, Burlington, MA), 0.2% triton X 100 and PBS. Cover slips with cells were 

incubated with anti-HMGB1 (1:1000 dilution, rabbit polyclonal) and anti-RAGE (1:200 dilution, 

rabbit polyclonal) antibodies in antibody diluent solution (2.5% normal donkey serum, 0.25% 

sodium azide, 0.2% triton X 100, PBS) (AbCam, Cambridge, MA) with overnight at 4°C. Next, 
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coverslips were incubated with donkey anti-rabbit biotin conjugated secondary antibody (1:400, 

diluted in antibody diluent, HMGB1) and 1:500 dilutions of FITC (RAGE) (Jackson 

Immunoresearch, West Grove, PA) for an hour at room temperature, followed by streptavidin-Cy3 

(1:300 in PBS, HMGB1). Coverslips were mounted onto slides using VECTASHIELD antifade 

mounting medium with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Vector Labs, 

Burlingame, CA) and imaged using Axiovert 200 M Zeiss inverted fluorescence microscope 

(Zeiss, Deutschland, Germany) equipped with Hamamatsu camera. Images were processed using 

HCImage live 4 software (Hamamatsu Corporation, Sewickley, PA). 

Western blot analysis 

Cells were harvested followed by separation of cytoplasmic and nuclear fractions  using 

NE-PER nuclear and cytoplasmic extraction kit supplemented with a mixture of protease and 

phosphatase inhibitors (Thermo Scientific, USA). For NF-κB p65 detection, whole cell lysates 

were used as well. Total protein levels were estimated by Bradford assay and equal amounts of 

protein (20 μg/sample), along with a molecular weight marker (Bio-Rad, Hercules, CA), were 

loaded on to 12% Tris-glycine gels (Bio-Rad, Hercules, CA) . The gels were subjected to 100V 

for 1-2 hours at 4°C. Next, proteins were transferred on to a nitrocellulose membrane at 23V at 

4°C for 16 hours. Membranes were washed once with distilled water and non-specific binding was 

blocked with fluorescent western blot blocking buffer (Rockland Immunochemicals, PA, USA) in 

PBS at room temperature for an hour. Membranes were washed twice with 1X PBS with 0.05% 

tween 20 (PBST) and incubated with primary rabbit monoclonal anti-HMGB1 antibody (1:1000 

dilution) or rabbit polyclonal anti-NF-κB p65 antibody (1:1000 dilution), mouse polyclonal anti-

β-Actin (1:6000) and rabbit polyclonal anti-Lamin B1 (1:1000) (AbCam, Cambridge, MA) 

antibodies overnight at 4°C. β-actin (whole cell lysate and cytoplasmic fractions) and Lamin-B1 

http://www.sciencedirect.com/topics/page/Glycine
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(nuclear fraction) were used as loading controls. Membranes were then washed and incubated with 

goat anti-mouse and donkey anti-rabbit IgG P680 (1:10,000 dilution) secondary antibody 

(Thermo-Scientific, USA). Membranes were scanned using the Odyssey® CLx IR imaging system 

(LI-COR Biotechnology, Lincoln, NE) and analysis was performed using ImageJ program 

(National Institute of Health).  

Measurement of reactive oxygen species 

Intracellular reactive oxygen species (ROS) production was measured using chloromethyl 

derivative of dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (ThermoFisher Scientific, 

USA). A working solution of 10 µM of DCFDA in PBS was used. BEAS-2B cells (5x104/well) 

were seeded in a 96 well cell culture plate and incubated in a 5% CO2 incubator to reach 

confluence. The cells were incubated with H2DCFDA working solution at 37°C for 30 min, 

followed by treatments as outlined in Figure 1. The fluorescence intensity of the oxidized form of 

H2DCFDA was measured at excitation/emission wavelengths of 488/535 nm (SpectraMax M2 

Gemini Molecular Device Microplate Reader). The results were expressed as percentage 

fluorescence relative to control. 

Griess assay 

Griess assay was performed as described (Gordon, Hogan, Neal, Anantharam, Kanthasamy 

and Kanthasamy, 2011). Briefly, Concentration of secreted nitric oxide was measured 

(representing reactive nitrogen species (RNS)) as nitrite levels in cell culture media using Griess 

reagent (Sigma) and sodium nitrite standard curve, prepared using a stock solution of 200 µM. The 

assay was performed in a 96 well-plate and absorbance was measured at 550 nm (SpectraMax M2 

Gemini Molecular Device Microplate Reader). The results were expressed as µM concentration of 

nitrite secreted. 
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Cytokine analysis 

GM-CSF, IL-1β, IL-8, IL-6, IL-10 and TGF-β1 levels in BEAS-2B cell culture supernatant 

were measured using ELISA kits (ThermoFisher Scientific, USA) in accordance with the 

manufacturer’s recommendations. 

qRT-PCR 

RNA was isolated using TRIzol extraction methods (Seo, Ottesen and Singh, 2014) and 

RNA concentration was measured using NanoDrop spectrophotometer. Two micrograms of RNA 

was used to synthesize cDNA using the Superscript III first strand synthesis kit (ThermoFisher 

Scientific, USA) following the manufacturer’s protocol. For qPCR reactions, 5 μL of SYBR Green 

Mastermix (ThermoFisher Scientific, USA), 1 μL of primers, 1-2 μL of water and 1–2 μL of cDNA 

was used. The primers for genes of interest (Table 3) were synthesized at Iowa State University’s 

DNA Facility. The housekeeping gene 18 S rRNA (ThermoFisher Scientific, USA) was used in 

all qPCR reactions. No-template controls and dissociation curves were run for all reactions to 

exclude cross-contamination. The qRT-PCR reactions were run in a Bio-Rad CFX Connect™ 

detection system and the data was analyzed using 2-∆∆CT method (Livak and Schmittgen, 2001).  

Table 3.4 Primer sequences used for qRT-PCR 

Gene Symbol Primer Sequence (5’→3’) 

nfκbp65 Forward CCAGACCAACAACAACCCCT 

 Reverse TCACTCGGCAGATCTTGAGC 

nfκbp50 Forward GCAGCACTACTTCTTGACCACC 

 Reverse TCTGCTCCTGAGCATTGACGTC 

nfκbp52 Forward GGCAGACCAGTGTCATTGAGCA 

 Reverse CAGCAGAAAGCTCACCACACTC 

relB Forward TGTGGTGAGGATCTGCTTCCAG 

 Reverse TCGGCAAATCCGCAGCTCTGAT 

crel Forward AGTTGCGGAGACCTTCTGACCA 

 Reverse CGTGATCCTGGCACAGTTTCTG 

tlr2 Forward CTTCACTCAGGAGCAGCAAGCA 

 Reverse ACACCAGTGCTGTCCTGTGACA 

tlr4 Forward CCCTGAGGCATTTAGGCAGCTA 

 Reverse AGGTAGAGAGGTGGCTTAGGCT 
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Statistical analysis 

Data were expressed as mean ± SEM and analyzed by one-way or two-way ANOVA 

followed by Bonferroni’s post hoc comparison tests (GraphPad Prism 7.0, La Jolla, CA, USA). A 

p-value of < 0.05 was considered statistically significant. 
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Abstract 

Exposure to airborne organic dust (OD), rich in microbial associated molecular patterns 

(MAMPs), is shown to induce lung inflammation. A common manifestation in lung inflammation 

is altered mitochondrial structure and bioenergetics that regulate mitochondrial ROS (mROS) and 

feed a vicious cycle of mitochondrial dysfunction. The role of mitochondrial dysfunction in other 

airway diseases is well known. However, whether OD exposure induces mitochondrial dysfunction 

remains elusive. Therefore, we tested a hypothesis that organic dust extract (ODE) exposure 

induces mitochondrial stress using a human monocytic cell line (THP1). We examined whether 

co-exposure to ethyl pyruvate (EP) or mitoapocynin (MA) could rescue ODE exposure induced 

mitochondrial changes. Transmission electron micrographs showed significant differences in 

cellular and organelle morphology upon ODE exposure. ODE exposure with and without EP co-

treatment increased the mtDNA leakage into the cytosol. Next, ODE exposure increased PINK1, 
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Parkin, cytoplasmic cytochrome c levels, and reduced mitochondrial mass and cell viability, 

indicating mitophagy.  MA treatment was partially protective by decreasing Parkin expression, 

mtDNA and cytochrome c release and increasing cell viability.  

Introduction 

Industrialized agriculture production systems form the backbone of farm economy in the 

USA with a large number of workforce and a significant contribution to the nation’s GDP 

(Charavaryamath and Singh 2006; Sethi et al. 2017; Nordgren and Charavaryamath 2018). Despite 

the production efficiency and cheaper price of food, these industries have occupational hazards in 

the form of exposure to many on-site contaminants. Among the contaminants, airborne organic 

dust (OD) and gases (mainly hydrogen sulfide, methane and ammonia), viable bacteria, fungal 

spores and other microbial products are known to be present (Vested et al. 2019). Bacterial 

lipopolysaccharide (LPS) and peptidoglycan (PGN) are the major microbial associated molecular 

patterns (MAMPs) present in OD (May et al. 2012). Agriculture production workers who are 

exposed to OD report several respiratory symptoms and annual decline in the lung function 

(Wunschel and Poole 2016; Sethi et al. 2017; Nordgren and Charavaryamath 2018).  

Persistent exposure to OD has been linked to the development of chronic inflammatory 

conditions, such as chronic obstructive pulmonary disease (COPD) and asthma, including lung 

tissue damage and decline in lung function (Charavaryamath and Singh 2006; Wunschel and Poole 

2016). Despite several research groups using both in vitro and in vivo models of OD exposure, 

precise cellular and molecular mechanisms responsible for the development of these chronic lung 

diseases remain largely unknown. In order to design effective therapeutic strategies against OD-

induced airway diseases, an understanding of the underlying mechanisms of airway inflammation 

is essential. Studies have shown that OD-mediated lung inflammation is typically characterized by 

airway hyperresponsiveness (AHR), tissue remodeling, and increased influx of inflammatory cells, 
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particularly neutrophils and macrophages (Charavaryamath et al. 2005; Sahlander et al. 2012; 

Sethi et al. 2017). In previous studies, we have shown that exposure of human bronchial epithelial 

cells to OD results in the production of reactive oxygen species (ROS), reactive nitrogen species 

(RNS), and a myriad of pro-inflammatory cytokines such as interleukins IL-1β, IL-6, and IL-8 

(Nath Neerukonda et al. 2018; Bhat et al. 2019). Production of pro-inflammatory mediators, 

development of abnormal mitochondrial signatures and mitochondrial dysfunction have been 

shown to contribute to the pathological mechanisms underlying airway diseases (Cloonan and 

Choi 2016). Mitochondria are emerging as a central focal point in many inflammatory airway 

diseases (Su et al. 2016; Prakash et al. 2017). Collectively, these findings suggest that instead of 

targeting multiple pattern recognition receptors (PRRs), focusing on mitochondrial dysfunction 

appears to be a more promising single common target to curtail the inflammation (Charavaryamath 

et al. 2008; Poole et al. 2010; Poole et al. 2011).  

The role of mitochondria in OXPHOS, stress responses and programmed cell death 

pathways have been well studied over the past decade, the role of mitochondria in the sustained 

lung inflammation is of great interest (Prakash et al. 2017). Studies have demonstrated the 

elevation of critical enzymes involved in the production of ROS and RNS due to mitochondrial 

impairment in various inflammatory conditions (Zhang et al. 2010; Cloonan and Choi 2012; Eisner 

et al. 2018). Dysfunctional mitochondria result in impaired cellular respiration, compromised 

cellular immune response and cell death. (Cloonan and Choi 2012; Eisner et al. 2018).  

The adverse effects of inflammation on mitochondria can be abrogated by several 

mechanisms. These include the induction of antioxidant defenses, maintenance of mitochondrial 

integrity through the selective removal of dysfunctional mitochondria (mitophagy), and the 

generation of new organelles to replace damaged or dysfunctional mitochondria through 
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mitochondrial biogenesis (Eisner et al. 2018). However, the integration of these compensatory 

responses, and the interaction between mitochondria and host cells following OD exposure, are 

not well understood. Previously, we have shown that, damage-associated molecular patterns 

(DAMPs) such as high mobility group box 1 (HMGB1) have a role to play in OD-induced airway 

epithelial inflammation (Bhat et al. 2019). Further, using a microglial model of OD-exposure, we 

confirmed the role of HMGB1 in inducing neuroinflammation where our data indicated 

involvement of mitochondria in OD-induced reactive species generation and neuroinflammation 

(Massey et al. 2019). We also showed that using ethyl pyruvate (EP, blocks translocation of 

HMGB1) or anti-HMGB1 neutralizing antibodies, OD-induced inflammation could be abrogated 

(Bhat et al. 2019). 

The protective effects of EP have been attributed to its anti-inflammatory, antioxidative 

and antiapoptotic actions as well as its ability to prevent phosphorylation and release of HMGB1 

(Shin et al. 2014). We also demonstrated that EP downregulates OD-induced reactive oxygen 

species (ROS) generation and augments IL-10 production to promote anti-inflammatory effects. 

(Bhat et al. 2019). Similar results have been shown in LPS injected and ischemic animal models 

as well (Venkataraman et al. 2002; Yu et al. 2005). Other anti-inflammatory properties of EP have 

been attributed to the inhibition of ROS-dependent signal transducer and activator of transcription 

(STAT) signaling (Kim et al. 2008; Shin et al. 2014). 

Another potent mitochondrial specific antioxidant we have used previously is 

mitoapocynin (MA) (Massey et al. 2019). Apocynin, a plant derived antioxidant, has been used as 

an efficient inhibitor of cytoplasmic NADPH-oxidase complex (NOX2) in many experimental 

models involving phagocytic and nonphagocytic cells (Stefanska and Pawliczak 2008). 

Mitoapocynin (MA) is a triphenylphosphonium (TPP) conjugated apocynin designed to enhance 



75 

cellular uptake of the compound and target the mitochondria. In contrast to other popular 

antioxidant therapies, MA has been shown to suppress production of iNOS and various pro-

inflammatory cytokines in various neuroinflammatory disease models. In addition, MA was shown 

to inhibit cytoplasmic NOX2 activity and reduce oxidative stress (Ghosh et al. 2016; Langley et 

al. 2017).  

In this study we used an immortalized human monocytic cell line (THP1) and tested a 

hypothesis that OD-exposure induces mitochondrial stress. We further examined whether 

induction of antioxidant defenses with either EP or MA treatment changes mitochondrial 

biogenesis in THP1 cells following exposure to ODE. Here we demonstrate that mitochondrial 

targeting apocynin (MA) that inhibits cytoplasmic NOX2 or pharmacological inhibition of 

HMGB1 translocation (EP), are vital to cellular recovery following exposure to OD. 

 

Figure 4.1 ODE exposure of THP1 cells and antioxidant treatment 
THP1 cells were treated with either media (control) or ODE (treatment 1) followed by either 
media, EP or MA (treatment 2). Cells were processed for various assays at 0 (control), and 24 
hours. 
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Results 

Endotoxin levels in ODE samples 

Endotoxin content of diluted ODE (1:10) samples was measured. From three samples 

collected we found that endotoxin values ranged from 0.99 ± 0.0005 to 1.433 ± 0.02 EU/mL. 

Exposure to ODE impacts the cellular and mitochondrial morphology 

TEM images showed that THP1 cells treated with media alone (controls) displayed normal 

morphology with healthy mitochondria (Figure 4.2a-d and 4.3a-d). Following ODE treatment, 

cytoplasmic vacuolization and pseudopod formation was observed suggesting differentiation of 

cells (Figure 4.2b) (Krysko et al. 2006). In addition, the mitochondria appeared larger in size and 

some of the mitochondria were elongated with reduced cristae numbers and/or appearance of 

deformed cristae (Figure 4.3b). On addition of EP, similar to ODE exposure, the mitochondria 

were swollen and showed disorganized cristae, along with the presence of calcium sequestration 

bodies in the mitochondrial matrix (Figure 4.3c). In contrast, exposure to MA seemed to restore 

the impact of ODE. Cells exposed to both ODE and MA showed almost no cytoplasmic 

vacuolization, and mitochondria showed decreased signs of damage to cristae, albeit conformed 

to an elongated morphology (Figure 4.2d and 4.3d). These results suggest that MA has a partial 

protective effect on ODE exposed macrophages. 

In order to quantify ultra-structural changes observed in the TEM images, mitochondria 

were individually traced from the micrographs. Compared to controls, exposure to ODE 

significantly reduced the mitochondrial surface area (Figure 4.3e). A similar decrease was seen in 

the presence of MA as well, whereas EP significantly increased the surface area (mitochondrial 

size) comparable to that of control group (Figure 4.3e). Compared to controls, treatment with ODE 

and with either EP or MA decreased the mitochondrial circularity. Among these, cells co-treated 

with ODE with MA showed maximum decrease in mitochondrial circularity (Figure 4.3f). Other 
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morphological parameters such as perimeter, and Feret’s diameter did not differ between any of 

the treatment groups (Figure 4.3g and 4.3h).  

 
Figure 4.2 ODE exposure induces differentiation of THP1 cells with ultrastructural changes 
to cellular morphology 
Transmission electron microscopy (TEM) of THP1 cells treated with medium or ODE (1%) 
followed by medium or EP (2.5 µM) or MA (10 µM) for 24 hours shows changes in cellular 
morphology at the ultrastructural level. Compared to controls, cells exposed to ODE differentiated 
into activated macrophages, with increased vacuolation and pseudopod formation (a-d, scale bar, 
2-5 µm). 

Targeted antioxidant therapy promotes mitochondrial fission 

The mitochondrial membrane is continuously remodeled through cycles of fission and 

fusion events. In order to accurately interpret the impact of ODE exposure on mitochondrial 

morphology, expression of markers responsible for the dynamic events was measured. On ODE 

exposure, the expression of mitofusin 2 (MFN2) was significantly increased compared to control 
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(Figure 4.4a and 4.4c). In contrast, mitofusin 1 (MFN1) and optic atrophy 1 (OPA1) protein levels 

were not different among any of the treatment groups compared to control (Figure 4.4a, 4.4b and 

4.4d). Increased expression of dynamin-related protein 1 (DRP1) was observed in cells treated 

with both ODE and ODE with MA (Figure 4.4e and 4.4f). Furthermore, to analyze changes in 

mitochondrial number, change in mitochondrial mass was measured using mitotracker green dye. 

There was a significant increase in the mitochondrial mass on exposure to ODE and ODE with EP, 

while on exposure to MA mitochondrial mass decreased comparable to controls in size (Figure 

4.4g).  

ODE exposure induces selective targeting of mitochondria for autophagy (mitophagy)  

We investigated whether ODE exposure induces mitophagy-mediated clearance of 

mitochondria. The expression of the two important mediators of mitophagy, PTEN-induced kinase 

1 (PINK1) and the E3 ubiquitin protein ligase Parkin, were investigated. Compared to controls, 

ODE exposure increased the expression of Parkin but not PINK1 (Figure 4.5a and 4.5c). Further, 

co-treatment with EP and MA reversed the ODE induced increase in Parkin (Figure 4.5a and 4.5b). 

The expression of BNIP3, a mitochondrial Bcl-2 Homology 3 (BH3)-only protein, was also 

observed. BNIP3 levels remained unchanged on exposure to ODE and ODE with EP (Figure 4.5a 

and 4.5d). While co-treatment with MA significantly decreased BNIP3 expression (Figure 4.5d).  

ODE exposure impacts mitochondrial membrane permeability 

Mitochondrial oxidative phosphorylation (OXPHOS) pathway is critical in determining 

and maintaining the immunomodulatory phenotype of activated macrophages (Kelly and O’Neill 

2015). Considering this mitochondrial OXPHOS pathway was investigated. ODE exposure 

increased the levels of cytosolic cytochrome c, compared to that in the mitochondrial fraction 

indicating the release of cytochrome c from the mitochondria (Figure 4.6a-4.6c). On the other 

hand, MA treatment significantly decreased ODE-induced release of cytochrome c into the cytosol 
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(Figure 4.6a-4.6c). Following ODE exposure there was a significant decrease in the expression of 

lung-specific isoform of cytochrome c oxidase (COX4i2) in the mitochondrial fraction and there 

was no change in COX4i2 levels following treatments with either EP or MA (Figure 4.6d and 

4.6f). For all treatment groups expression of SOD2 significantly increased compared to controls, 

while treatment with EP or MA decreased the levels when compared to cells exposed to ODE 

alone (Figure 4.6e and 4.6g). Presence of SOD2 is known to impart tolerance during high oxidative 

stress and reduce superoxide accumulation withing the mitochondria (Fukui and Zhu 2010; 

Ishihara et al. 2015). To identify whether this is true, mitochondrial superoxide levels were 

measured using MitoSOX dye. Exposure to ODE significantly decreased the mitochondrial 

superoxide, while treatment with MA increased the levels similar to control (Figure 4.6h). Using 

the Griess assay, we measured the reactive nitrite species (RNS) released into the extracellular 

environment. ODE exposure increased the levels of RNS in the cell culture media at 24 hours, 

while treatment with EP and MA significantly attenuated the RNS secretion (Figure 4.6i).  

ODE induces the secretion of mitochondrial DAMPs  

Mitochondrial secondary messengers can act as mitochondrial damage–associated 

molecular patterns (mtDAMPs) when produced excessively or secreted into other cellular 

locations (Cloonan and Choi 2012). Compared to controls, ODE, ODE with EP or MA treatments 

showed increased levels of mitochondrial transcription factor A (mtTFA) expression in both the 

mitochondrial and cytosolic fractions (Figure 4.7a-4.7c). On measuring the levels of mtDNA 

leaking into the cytosol, it was observed that exposure to ODE increased the cytosolic mtDNA 

levels, which was abrogated on treatment with EP or MA (Figure 4.7d). In addition, there was an 

increase in calcium (Ca2+) influx into the mitochondria in all treatment groups, with no significant 

change in the presence of either MA or EP co-treatment compared to ODE (Figure 4.7e). The 

expression of mitochondrial HMGB1 was determined, as presence of HMGB1 in the 
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mitochondrial matrix is known to be critical in the regulation of mitochondrial function (Tang et 

al. 2011). Compared to control, expression of mitochondrial HMGB1 was significantly decreased 

(Figure 4.7f and 4.7g). In addition, we observed the presence of low molecular weight cleaved 

HMGB1 bands. However, upon quantification there were no significant differences between 

treatments (Data not shown). EP treatment significantly increased mitochondrial HMGB1 

expression when compared to treatment with both ODE and ODE with MA (Figure 4.7f and 4.7g).  

 
Figure 4.3 ODE exposure induces changes in mitochondrial morphological features in THP1 
cells 
Transmission electron microscopy (TEM) of THP1 cells treated with medium or ODE (1%) 
followed by medium or EP (2.5 µM) or MA (10 µM) for 24 hours show changes in the 
mitochondrial morphology. A number of mitochondria displayed changes in morphology 
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(fission/fusion) and swelling (a-d, scale bar, 2-5 µm), along with presence of calcium sequestration 
bodies within the mitochondrial matrix in cells co-treated with of EP (2.5 µM). Cells treated with 
ODE followed by MA showed noticeably healthier mitochondria with a few morphological 
changes (fission/fusion). Morphological parameters of mitochondria of THP1 was analyzed by 
ImageJ (e-f). Measurement of surface area (e), circularity (f), perimeter (g) and Feret’s diameter 
(h) of the mitochondria were determined. Data analyzed via one-way ANOVA with Tukey’s 
multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and are 
represented as Mean ± SEM with n = 126 mitochondria/treatment (* indicates significant 
difference from control). 

 
Figure 4.4 ODE exposure induces fusion of mitochondria in response to stress 
Immunoblotting of whole-cell lysates of THP1 cells treated with medium or ODE (1%) followed 
by medium or EP (2.5 µM) or MA (10 µM) for 24 hours was performed to detect mitochondrial 
fusion proteins MFN1 (a,b), MFN2 (a,c) and OPA1 (a,d) and fission protein DRP1 (e,f) and 
compared. Mitochondrial mass was measured by staining with Mito-tracker dye (g). Samples for 
all assays were derived from the same experiment and were processed in parallel. All the protein 
bands were normalized over β-actin (37 kD) and percentage intensity relative to control was 
analyzed. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p 
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< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3-
6/treatment (* indicates significant difference from control). 

 
Figure 4.5 ODE exposure induces selective targeting of mitochondria for autophagy 
(mitophagy) 
Immunoblotting of whole-cell lysates of THP1 cells, treated with medium or ODE (1%) followed 
by either medium or EP (2.5 µM) or MA (10 µM) for 24 hours, was performed to detect expression 
of mitophagy markers, Parkin (a, b) and PINK1 (a, c), and BNIP3 (a, d). For all the western blots, 
samples were derived from the same experiment and were processed in parallel. All the protein 
bands were normalized over β-actin (37 kD) and percentage intensity relative to control was 
analyzed. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 
3/treatment (* indicates significant difference from control). 

Mitoapocynin does not intervene in ODE mediated caspase-1 upregulation 

Published work shows that the release of mtDNA and mitochondrial reactive oxygen 

species (mROS) activates the NLRP3 inflammasome pathway (Gong et al. 2018). Upstream of 

NLRP3 activation, cleavage of pro-caspase 1 to caspase 1 is seen due to increased influx of calcium 

induced by leaky mitochondria (Murakami et al. 2012). Based on this, changes in the expression 

of pro-caspase 1 and caspase 1 were measured. Compared to control, exposure to ODE, ODE and 

EP or MA increased the expression of pro-caspase 1. ODE with EP treatment reduced pro-caspase 

1 levels significantly when compared to ODE (Figure 4.8a and 4.8b). Compared to controls, ODE 
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and ODE with MA exposure significantly increased the expression of cleaved caspase 1 (p10). 

Treatment with EP significantly decreased cleavage compared to ODE, which is consistent with 

the expression of pro-caspase 1. Expression of pro-caspase 3 and its cleaved product was measured 

in order to determine if ODE is inducing a caspase 3 mediated apoptosis. Although ODE minimally 

decreased the expression of pro-caspase 3 compared to control, caspase 3 expression in ODE with 

EP or MA treated cells remained unchanged (Figure 4.8d and 4.8e). In addition, there was absence 

of caspase 3 cleavage product in any of the treatment groups (Figure 4.8d).  

Previously we have shown that pro-inflammatory cytokine release is induced in bronchial 

epithelial cells exposed to ODE. We also showed that EP has the capacity to significantly decrease 

the release the pro-inflammatory cytokines, particularly IL-1β and increased IL-10 production 

(Bhat et al. 2019). Consistent with previous studies, in this study levels of TNF-α, IL-1β and IL-6 

were significantly increased in ODE exposed THP1 cells compared to controls (Figure 4.10a-

4.10c). With EP or MA co-treatment, the levels were significantly reduced when compared to cells 

treated with ODE alone but were still higher compared to controls. Concentration of IL-10 was 

increase upon exposure to ODE with EP or MA, indicative of anti-inflammatory processes coming 

into effect. This increase was not observed in THP1 cells exposed to ODE alone (Figure 4.10d).  

Mitoapocynin therapy does not inhibit ODE induced apoptosis   

To identify the impact OD-induced mitochondrial dysfunction and rescue may have on 

cellular apoptosis, expression of Bcl-2 and Bcl-XL were measured. Decreased expression of Bcl-

2 was observed among all treatment groups compared to controls with no significant impact on 

co-treatment with EP or MA (Figure 4.9a and 4.9b). Compared to controls, ODE, ODE with EP 

or MA decreased the Bcl-XL expression. However, ODE with EP or ODE with MA treatment 

significantly increased Bcl-XL levels compared to ODE treated cells (Figure 4.9d and 4.9e). This 

change in expression of Bcl-XL was corroborated by measuring cell viability by MTT colorimetric 
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assay. The percentage cell viability observed correlated with the expression pattern of Bcl-XL, 

where loss of cell viability on ODE exposure was rescued by treatment with EP or MA (Figure 

4.9c).  

 
Figure 4.6 Mitoapocynin treatment decreases ODE-induced Cytochrome C release and 
markedly increases SOD2 expression in the cytosol 
We performed the immunoblotting of mitochondrial and mitochondria-free cytosolic fractions of 
THP1 cells, treated with medium or ODE (1%) followed by either medium or EP (2.5 µM) or MA 
(10 µM) for 24 hours, to detect the presence of Cytochrome C and expression of lung-specific 
isoform of COX, COX4i2, and SOD2. Cytochrome C expression was compared between the 
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mitochondrial (a, b) and cytosolic (a, c) fractions of the cells. Measurement of expression of 
COX4i2 (d, f), and superoxide dismutase 2 (SOD2) (e, g) in the mitochondrial fractions of the 
treated cells was performed. Using the MitoSox and Griess assays, the levels of superoxide anions 
(SOX) (h) and secreted nitrites (i) were measured, respectively. Samples for all assays were 
derived from the same experiment and were processed in parallel. All the protein bands were 
normalized over β-actin (37 kD) and percentage intensity relative to control analyzed. Data was 
analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3-6/treatment (* indicates 
significant difference from control). 

 
Figure 4.7 ODE exposure markedly increases secretion of mitochondrial DAMPs into the 
cytosol 
Immunoblotting of mitochondrial and mitochondria-free cytosolic fractions of THP1 cells, treated 
with medium or ODE (1%) followed by either medium or EP (2.5 µM) or MA (10 µM) for 24 
hours, was performed to detect expression of mitochondrial transcription factor activator (mtTFA) 
(a-c). mtTFA expression was compared in the mitochondrial (b) and cytosolic (c) fractions of the 
cells to assess leaky mitochondrial membrane. Mitochondrial DNA leakage into the cytosol was 
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analyzed via qPCR (d). Intra-mitochondrial calcium levels in mitochondria isolated from the 
treated cells was measured by Rhod 2AM staining (e). Immunoblotting of mitochondrial fraction 
of THP1 cells was performed to measure HMGB1 expression in mitochondria (f, g). Samples for 
all assays were derived from the same experiment and were processed in parallel. All protein bands 
were normalized over β-actin (37 kD) and percentage intensity relative to control analyzed. Data 
was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3-6/treatment (* 
indicates significant difference from control). 

 
Figure 4.8 ODE exposure increases expression of Caspase 1 
Immunoblotting of whole cell lysates of THP1 cells, treated with either medium or ODE (1%) 
followed by either medium or EP (2.5 µM) or MA (10 µM) for 24 hours was performed to detect 
the expression of caspase 1 and 3. Expression of pro-caspase 1 (a, b), along with the cleaved 
caspase 1 p10 (a, c) in treated cells was measured and compared. Expression of pro-caspase 3 in 
treated cells was measured (d, e). For all western blots, samples were derived from the same 
experiment and were processed in parallel. All protein bands were normalized over β-actin (37 
kD) and percentage intensity relative to control was analyzed. Data was analyzed using one-way 
ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001) and represented as mean ± SEM with n = 3/treatment (* indicates significant difference 
from control). 
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Figure 4.9 Mitochondrial targeted antioxidant treatment has no effect Bcl-2 and Bcl-XL 
expression 
Immunoblotting of whole cell lysates of THP1 cells, treated with ODE (1%), EP (2.5 µM), or MA 
(10 µM) for 24 hours, was performed to observe expression of Bcl-2 (a, b) and Bcl-XL (d, e). MTT 
assay was performed to measure cell viability on treatment (c). Samples for all assays were derived 
from the same experiment and were processed in parallel. All protein bands were normalized over 
β-actin (37 kD) and percentage intensity relative to control analyzed. Data was analyzed using 
one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001) and represented as Mean ± SEM with n = 3-6/treatment (* indicates different 
from control). 

Discussion 

Chronic exposure to OD is a key contributor to the development of respiratory symptoms 

and airway obstruction in exposed workers (Cole et al. 2000; Nordgren and Charavaryamath 

2018). Continuous exposure to OD has been shown to alter innate immune responses in the airways 

(Charavaryamath and Singh 2006; Wunschel and Poole 2016; Sethi et al. 2017). These responses 

include recruitment of inflammatory cells, release of pro-inflammatory cytokines and reactive 

species (ROS/RNS) (Sahlander et al. 2012; Sethi et al. 2017; Nath Neerukonda et al. 2018; Bhat 

et al. 2019). Previous studies have provided a direct link between such innate immune signaling 
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events and mitochondrial dynamics suggesting a crucial role for mitochondria in the activation and 

control of airway disease progression (Cloonan and Choi 2012; Eisner et al. 2018). In this study, 

using THP1 cells as an in vitro model for alveolar macrophages, we demonstrate that OD exposure 

leads to significant changes in mitochondrial dynamics, integrity, and function. Next, using 

mitoapocynin (MA), a novel mitochondrial targeting NOX2 inhibitor, or ethyl pyruvate (EP), an 

inhibitor of translocation of HMGB1, we partially rescued ODE-induced mitochondrial changes 

and reduced the resultant inflammation.  

Our TEM results demonstrate that, upon ODE exposure, there is an increased presence of 

cytoplasmic vacuoles and formation of pseudopods which is a characteristic feature of activated 

macrophages (Kim et al. 2008). Treatment with MA or EP did not prevent the ODE-induced 

morphological changes. To understand the impact of ODE-induced inflammation on 

mitochondrial biogenesis, we explored the factors involved in mitochondrial morphological 

changes. Mitochondria are highly dynamic organelles which continuously change their function, 

position, and structure to meet the metabolic demands of the cells during homeostatic conditions 

as well as at times of cellular stress (Wai and Langer 2016; Eisner et al. 2018). In this study, using 

TEM image analysis, we observed significant decrease in the mitochondrial surface area and 

circularity upon ODE exposure indicating that ODE-exposure could have an impact on 

mitochondrial dynamics and function. Similar exposure induced changes have been reported in 

previous studies as well (Westrate et al. 2014; Wai and Langer 2016; Eisner et al. 2018).  

Exposure to toxic materials is known to alter mitochondrial morphology and biogenesis 

through fusion and fission (Fetterman et al. 2017). The delicate balance of these events helps in 

controlling mitochondrial structure and function (Wai and Langer 2016; Tilokani et al. 2018). Our 

results indicate that ODE exposure increased the expression of MFN2 but not MFN1 and OPA1. 
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Thus ODE exposure mediated increase in MFN2 could be promoting mitochondrial fusion. 

Further, EP treatment significantly reduced ODE induced MFN2 expression indicating that 

blocking nucleocytoplasmic translocation of HMGB1 could possibly reduce mitochondrial fusion. 

Next, our results show an increase in DRP1 as well upon exposure to ODE, which is further 

increased on co-treatment with MA. DRP1 dependent mitochondrial fragmentation is 

characterized by decreased expression of OPA1, which is observed in ODE exposed cells treated 

with MA (Mishra and Chan 2014; Tilokani et al. 2018). An increase in the rate of mitochondrial 

fragmentation is possibly a cellular response to counteract the loss of mitochondrial function and 

recover ATP synthesis capacity. Inhibition of DRP1-mediated mitochondrial fission has been 

reported to cause cellular dysfunction and replication (Qi et al. 2015). This can be corroborated by 

the decrease in cell viability with ODE exposure. The decreased mitochondrial mass observed with 

exposure to ODE and MA could be a means by which the mitochondria targeted NOX2 inhibition 

(antioxidant therapy) is overcoming the increase in dysfunctional mitochondria via mitochondrial 

biogenesis and mitophagy, thus allowing cells to quickly replace metabolically dysfunctional 

mitochondria. 

MFN2 is known to mediate the recruitment of Parkin (an ubiquitin ligase enzyme) to 

damaged or dysfunctional mitochondria (Filadi et al. 2018). Binding of Parkin to MFN2 via a 

PINK1 dependent manner can lead to mitophagy (Narendra et al. 2008; Narendra et al. 2010; Ding 

and Yin 2012). Our results showing significantly higher expression of Parkin upon ODE exposure 

support this explanation. In our study, a balance of mitochondrial fusion, along with fission leading 

to mitochondrial clearance could be the most probable scenario that could be occurring aimed at 

compensating for the cellular stress induced by ODE (Landes et al. 2010). Albeit no significant 

change in BNIP3 expression was observed upon exposure to ODE or ODE followed by EP 
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compared to control, it was found to be significantly decreased in cells treated with ODE and MA. 

BNIP3, a transmembrane protein located in the OMM, imparts some pro-cell death activity and is 

known to regulate mitophagy (Ney 2015). Addition of BNIP3 to isolated mitochondria has resulted 

in cytochrome c release, depolarization, and swelling (Kim et al. 2002). This phenomenon has 

been linked to BNIP3-mediated permeabilization of inner and outer mitochondrial membrane 

involving the disruption of OPA1 complex and remodeling of the inner mitochondrial membrane 

leading to cell death (Landes et al. 2010). Collectively, we can assume that MA-induced decrease 

in BNIP3 and OPA1 expression could be having a positive impact on the mitochondria and thus 

improving overall cellular function. Potential mechanism by which BNIP3 is promoting cell death 

is through competition for binding to Bcl-2 (or a related protein) which liberates Beclin-1 from 

Bcl-2 complexes and activates autophagy. Taken together we document a decrease in overall cell 

viability with ODE exposure which is rescued by co-treatment with MA indicating that 

cytoplasmic NOX2 inhibition is beneficial (Langley et al. 2017).   

A prominent player in cell death is cytochrome c (Cai et al. 1998; Garrido et al. 2006). 

Cytochrome c, a key protein of the mitochondrial inner membrane (IMM), is known to function 

as an electron shuttle between complex III and complex IV of the respiratory chain (Cai et al. 

1998). Its activity and its release from the IMM has been implicated in caspase activation and 

mitochondrial outer membrane permeabilization (MOMP), leading to cell death (Garrido et al. 

2006). In our findings, we observed that upon ODE exposure, there is an increase in cytosolic 

cytochrome c and a deficiency in the levels of COX4i2 (COX subunit 4 isoform 2), a terminal 

enzyme in the OXPHOS machinery. Loss of COX4i2 results in decreased COX activity and 

decreased ATP levels (Hüttemann et al. 2012). This loss is not reversed upon treatment with either 

EP or MA, albeit MA was capable of downregulating the release of cytochrome c. This is 
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indicative that although antioxidant therapy can decrease the cytosolic release of cytochrome c, 

there could be other secondary factors promoting the loss of COX4i2. NADPH oxidase is the main 

source of ROS that is closely linked to mitochondrial ROS production (Zorov et al. 2014). It is 

known that presence of ROS can promote expression of pro-inflammatory mediators (Brand et al. 

2004; Bhat et al. 2019). Treatment with MA brought the mitochondrial superoxide levels to that 

of control, whereas with ODE and EP co-treatment, it was significantly decreased. This could be 

a consequence of a leaky mitochondrial membrane enabling the release of superoxide ions into the 

cytosol thus promoting further damage to the cell. On the other hand, the increase in the SOD2 

expression observed allows us to believe that there are factors possibly promoting the attenuation 

of oxidative stress mediated cellular injury through compensation. This increase could be due to 

the presence of factors, such as interleukin 1 (IL-1), IL-4, IL-6, tumor necrosis factor α, interferon 

γ, and the bacterial endotoxin lipopolysaccharide, which are considered to be robust SOD2 

activators  (Fukui and Zhu 2010). SOD2 is also said to be regulated by RNS, where increased 

peroxynitrite levels can lead to its enzymatic inhibition (Redondo-Horcajo et al. 2010). These 

antagonistic roles that peroxynitrite and superoxide radicals have in regulating SOD2 expression 

and activity leads us to believe that mitochondrial antioxidant response is dysregulated.  

A consequence of leaky mitochondrial membrane during mitochondrial dysfunction is the 

release of mtDAMPs (Nakahira et al. 2011). Mitochondrial transcription factor A (mtTFA) is an 

integral regulator of mtDNA integrity, which, when released from mitochondria, acts as a 

mtDAMP to enhance inflammatory responses (Julian et al. 2013). Release of mtTFA along with 

mtDNA during cell damage amplifies TNFa and type 1 interferon release, which plays a critical 

role in promoting sterile inflammation and autoimmune diseases (Cantaert et al. 2010; CHAUNG 

et al. 2012; Julian et al. 2012). This is in line with our findings where we observe an increase in 
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the cytosolic release of mtTFA and mtDNA upon ODE exposure. Although EP or MA therapy did 

not have a significant impact in reducing the release of mtTFA, it did however decrease the release 

of mtDNA into the cytosol. Because HMGB1 is a homolog of mtTFA (Parisi and Clayton 1991), 

we investigated whether it translocates from the normal nuclear location into the mitochondria in 

ODE exposed cells. Under pathophysiological conditions such as necrosis or inflammation, 

nuclear HMGB1 is immediately transported to the cytoplasm and released into the extracellular 

space where it acts as a signaling molecule regulating a wide range of inflammatory responses 

(Ugrinova and Pasheva 2017b; Bhat et al. 2019). In endothelial cells, the translocation of 

endogenous HMGB1 from the nucleus to the mitochondria promotes mitochondrial reorganization 

(Stumbo et al. 2008; Hyun et al. 2016). Therefore, it is likely that the nuclear HMGB1 export 

would be involved the compensatory responses for maintenance of mitochondrial functions. 

However, in the present study we see that treatment with MA does not revert the levels of HMGB1 

within the mitochondria and match the levels observed in controls.  

Mitochondria are also key regulators of calcium (Ca2+) which control a diverse range of 

cellular processes including ROS production. Any aberrant increase in cytosolic Ca2+ and resultant 

[Ca2+]mito overload can trigger cell death (Finkel et al. 2015). This overload has also been linked 

to increased permeabilization of mitochondrial membrane (Hunter et al. 1976; Finkel et al. 2015). 

This is corroborated by our findings where we observed increased [Ca2+]mito levels on OD 

exposure. However, it could be possible that Ca2+ influx could possibly be occurring via the 

interaction of voltage-dependent anion channel (VDAC)  with Mcl-1, a Bcl-2 family protein due 

to the decrease in Bcl-XL observed (Huang et al. 2014). Ca2+ signaling also plays a critical role in 

the activation of NLRP3 inflammasome by multiple stimuli (Murakami et al. 2012). This is 

corroborated by our data showing caspase-1 activation along with the increase in Ca2+ levels on 
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ODE exposure (Yu et al. 2014). This would in turn lead to IL-1β activation and release into the 

extracellular space. The treatment with MA does not seem to have any impact on the levels of Ca2+ 

accumulation within the mitochondria.  

In conclusion, we document that co-treatment with EP and MA are partially protective as 

they rescue some of the ODE-exposure induced mitochondrial deficits. However, our findings may 

lead to new questions on how ODE exposure may be causing mitochondrial dysfunction and cell 

death. Although our current study is limited to using a single immortalized cell line as a model, 

we report preliminary data on the impact of ODE exposure on mitochondrial biogenesis and 

function. Future studies using functional (primary alveolar macrophages, precision-cut lung slices) 

and mouse models would help us to unravel further underlying mechanisms.  

Materials and Methods 

Chemicals and reagents  

We purchased RPMI 1640, L-glutamine, penicillin-streptomycin, MitoTracker green dye, 

and MitoSOX Red dye from Invitrogen (ThermoFisher Scientific) and fetal bovine serum (FBS) 

was purchased from Atlanta Biologicals (Flowery Branch, GA, catalog # S11150H and lot # 

A17002). Antibodies for mitofusins (MFN1/2), DRP1, PINK1, Parkin, OPA1, BNIP3, 

Cytochrome C, COX4i2, Bcl-2, Bcl-XL, mtTFA, Caspase 1 and Caspase 3 was purchased from 

Santa Cruz Biotechnology. The anti-HMGB1 antibody, β-Actin antibody and Rhod-2AM dye 

were obtained from Abcam. The details of the antibodies used are listed in Table 4.2 and 4.3. 

MitoApocynin-C2 (MA) was procured from Dr. Balaraman Kalyanaraman (Medical College of 

Wisconsin, Milwaukee, WI), stock solution (10 mM in DMSO) prepared by shaking vigorously 

and stored at -20°C. MA was used (10 µM) as one of the co-treatments. Ethyl pyruvate (EP, Santa 

Cruz Biotechnology, Dallas, TX), was reconstituted in Ringer’s solution (Sigma-Aldrich) and used 
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at a final concentration of 2.5 µM in the cell culture medium (Ghosh et al. 2016; Langley et al. 

2017).  

Organic dust extract preparation 

Aqueous organic dust extract (ODE) was prepared as previously described (Romberger et 

al. 2002; Bhat et al. 2019). Settled surface dust samples from swine production units were 

collected, and 1 g of the dust was placed into sterile Hank’s Balanced Salt Solution (10 mL; Gibco). 

The solution was incubated for one hour at room temperature, centrifuged for 20 min at 1365 x g, 

and the final supernatant was filter-sterilized (0.22 μm), a process that removes coarse particles. 

Stock (100%) aliquots of ODE samples were kept frozen at −20°C until used in experiments. The 

filter-sterilized organic dust extract (ODE) samples were considered 100% and diluted to 1-5% 

(v/v) before using in the experiments. We routinely measure endotoxin concentration in our ODE 

samples using Pyrochrome® chromogenic endotoxin assay kit (Associates of Cape Cod, Inc., East 

Falmouth, MA). As per previously published study, the endotoxin concentrations found in our 

ODE samples were in the range of 0.8067±0.0008 to 1.433±0.02 EU/mL (Bhat et al. 2019).  

Cell culture and treatments 

Immortalized human monocytic cells (THP1, ATCC TIB-202™) were used in this study. 

The cells were characterized prior to use in experiments by confirming expression of CD14 using 

flow cytometry (data not shown). This cell line has previously been used by our group to study 

innate inflammatory responses to ODE (Nath Neerukonda et al. 2018). THP1 cells were cultured 

in RPMI 1640 at 37°C in a humidified chamber with 5% CO2. The RPMI 1640 medium was 

supplemented with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, 10 mM HEPES, 1.5 g/L 

sodium bicarbonate, 1 mM sodium pyruvate, 100 IU/ml penicillin, and 100 μg/mL streptomycin 

and 1 µg/mL of Amphotericin B. Cells were subcultured once a week, the morphology was 

observed and approximately 4 to 5-day old cultures in suspension were used for all the 
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experiments. Treatments were added to the cells in 1% FBS-containing medium for 24 hours and 

the treatment details (groups) are outlined in Figure 4.1.  

The stock and working concentrations of the treatments are outlined in Table 4.1. Cells 

were treated with either medium (control) or ODE (1% v/v) followed by a co-treatment with either 

EP (2.5 µM) (Bhat et al. 2019) or MA (10 μM) (Massey et al. 2019) for 24 hours, with 

corresponding time matched controls. Following treatments, samples were processed at 24 hours 

for various assays. The concentration of DMSO used in our experiments was not toxic to cells 

(data now shown) and MA is well tolerated in higher doses (Anantharam et al. 2007; Cristóvão et 

al. 2009).   

Table 4.1 Stock and working concentrations of treatments 

Treatments Stock concentration 
Working concentration (in 1% 
FBS-containing medium) 

ODE 100% in HBSS 1% 
EP 5 mM in ringer’s solution 2.5 μM 

MA 1 mM in DMSO 10 μM 

Cell viability and MTT assay 

Live/dead cell numbers were enumerated by 4% trypan blue dye (EMD Millipore) 

exclusion and the percentage viability was calculated. Population of cells with more than 95% 

viability were used for the experiments. The MTT assay has been widely used in the estimation of 

LC50 and cell viability by measuring the formazan produced when mitochondrial dehydrogenase 

enzymes cleave the tetrazolium ring (Latchoumycandane et al. 2005). In this study, we used the 

MTT assay to determine the LC50 of ODE in THP1 cells. Cells were seeded (20,000 cells/well) in 

a 96-well culture plate and treated with ODE, EP, and MA for 24 hours in 1% FBS-containing 

RPMI medium. After treatment, the cells were washed twice with PBS and incubated with 0.5 

mg/mL of MTT in 1% FBS-containing RPMI medium for 3 hours at 37°C. The supernatant was 
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removed, and MTT crystals were solubilized in 100 µl of DMSO. Absorbance was measured with 

the SpectraMax M2 Gemini Microplate Reader (Molecular Devices, San Jose, CA) at 570 nm with 

the reference wavelength at 630 nm. 

Transmission Electron Microscopy (TEM) 

Following the treatments (Figure 4.1 and Table 4.1), cells were washed twice with RPMI 

and fixed with 3% glutaraldehyde (w/v) and 1% paraformaldehyde (w/v) in 0.1 M cacodylate 

buffer, pH 7.4 for 48 hours at 4°C.  Cells were pelleted and resuspended into 1% agarose. Small 

(1 mm) cubes containing cells were cut from the agarose and processed. Samples were rinsed three 

times in 0.1 M cacodylate buffer and then post-fixed in 1% osmium tetroxide in 0.1 M cacodylate 

buffer for 1 hour (room temperature). The samples were rinsed in deionized distilled water and 

enbloc stained with 2% aqueous uranyl acetate for 30 min., dehydrated in a graded ethanol series, 

cleared with ultra-pure acetone, infiltrated, and embedded using EmBed (EPON) formula epoxy 

resin (Electron Microscopy Sciences, Ft. Washington, PA).  Resin blocks were polymerized for 

48 hours at 65°C.  Thick and ultrathin sections were prepared using a Leica UC6 ultramicrotome 

(North Central Instruments, Minneapolis, MN).  Ultrathin sections were collected onto copper 

grids and images were captured using a JEOL 2100 scanning and transmission electron microscope 

(Japan Electron Optic Laboratories, Peabody, MA) with a Gatan OneView 4K camera (Gatan inc., 

Pleasanton, CA).   

Morphological analysis 

Mitochondrial shape descriptors and size measurements were obtained using ImageJ 

(National Institutes of Health) by manually tracing only clearly discernible outlines of 

mitochondria on TEM micrographs (Picard et al. 2013). Surface area (or mitochondrial size, in 

µm2); perimeter (in µm), circularity [4*(surface area/perimeter2)]; and Feret’s diameter, which 
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represents the longest distance (µm) between any two points within a given mitochondrion, were 

measured. Computed values were imported into Microsoft Excel and analyzed. 

Subcellular fractionation 

Whole cell and subcellular (cytosol and mitochondria) protein lysate extractions were 

performed at 4°C using cold reagents. Subcellular fractionation of cell pellets for isolation of 

mitochondria was done using the Mitochondria Isolation Kit for Cultured Cells (ThermoFisher 

Scientific) according to the manufacturer's instructions. The whole cells, cytosolic fraction and 

isolated mitochondria were lysed with RIPA buffer [with protease and phosphatase inhibitors] for 

30 min at 4°C and periodic sonication on ice, followed by centrifugation to collect lysate. Protein 

concentration of the fractions were determined by Bradford assay (Bio-Rad) and were stored at 

−80°C until use. 

mtDNA isolation and long-range PCR 

To determine mitochondrial DNA (mtDNA) leakage into cellular cytosol, mtDNA was 

isolated from mitochondria-free cytosolic fraction of the cells using the Genomic DNA 

Purification kit (ThermoFisher Scientific) as per the manufacturer’s instructions. The purity and 

concentration of the isolated DNA was measured using NanoVue Plus Spectrophotometer (GE 

Healthcare). Due to low concentrations, the mtDNA was first amplified using long range PCR and 

the primers used were: mtDNA plasmid, sense: 5′-TGAGGCCAAATATCATTCTGAGGGGC-3’ 

and antisense: 5′-TTTCATCATGCGGAGATGTTGGATGG-3’ (Liu et al. 2015). PCR reactions 

were performed at 94°C for 1 min followed by 30 cycles at 98°C for 10 s, 60°C for 40 s, 68°C for 

16 min and a final elongation for 10 min (Liu et al. 2015). Presence of mtDNA was confirmed by 

separating the PCR product by electrophoresis on a 0.8% agarose gel stained with ethidium 

bromide. The concentration of amplified mtDNA obtained was adjusted to ensure equal amounts 

of template mtDNA in each sample used for qPCR reaction.  
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Quantitative Real-Time PCR 

Fold change in mtDNA quantity was measured by qPCR with primers specific to 

mitochondrial NADH dehydrogenase 1 (mtND1).  10 μL reaction mixtures with 500 ng of template 

DNA and 1 μM of forward and reverse primers in SYBR Green Mastermix (Thermo Fisher 

Scientific) was prepared. The primers for genes of interest were synthesized at Iowa State 

University’s DNA Facility. The primers used were: mtND1 gene, sense: 5’-

GGCTATATACAACTACGCAAAGGC-3’ and antisense: 5’-

GGTAGATGTGGCGGGTTTTAGG-3’; 16s (housekeeping gene), sense: 5’-

CCGCAAGGGAAAGATGAAAGAC-3’ and anti-sense: 5’-TCGTTTGGTTTCGGGGTTTC-3’. 

No-template and no-primer controls and dissociation curves were run for all reactions to exclude 

cross-contamination. The qRT-PCR reactions were run in a QuantiStudio 3 system 

(ThermoFisher) and the data was analyzed using 2-∆∆CT  method (Livak and Schmittgen 2001).  

Western blot analysis 

Lysates (whole cell, cytosol and MT) containing equal amounts of protein (20 μg/sample), 

along with a molecular weight marker (Bio-Rad), were run on 10–15% sodium dodecyl 

sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (Bhat et al. 

2019). Proteins were transferred to a nitrocellulose membrane and nonspecific binding sites were 

blocked with Licor Odyssey blocking buffer. The membranes were then incubated with different 

primary antibodies, the details of which are listed in Table 4.2. Next, membranes were incubated 

with one of the following secondary antibodies: Alexa Fluor 680 goat anti-mouse, Alexa Fluor 

680 donkey anti-rabbit (1:10,000; Invitrogen) or IRDye® 800CW donkey anti-rabbit (1:10,000; 

LI-COR) (Table 2). To confirm equal protein loading, blots were probed with a β-actin antibody 

(AbCam; 1:10,000 dilution). Western blot images were captured using Odyssey® CLx IR imaging 
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system (LI-COR Biotechnology) and analysis was performed using ImageJ (National Institutes of 

Health). The results were represented as a percentage expression relative to control. 

Mitochondrial activity and MitoSOX assay 

Cells were seeded (50,000 cells/well) in a 96-well culture plate and treated for 24 hours. 

After treatment, the media was removed and 100 μL of 200 nM MitoTracker green and 5 μM 

MitoSOX red dye diluted in 1% FBS-containing RPMI medium was added into each well and 

incubated at 37°C for 15 min. Next, the cells were washed with 1% FBS-containing RPMI medium 

and fluorescence intensity was measured by spectrophotometer reading taken at 

excitation/emission wavelengths of 485/520 nm and 510/580, respectively (SpectraMax M2 

Gemini Microplate Reader, Molecular Devices, San Jose, CA). The results were represented as 

percentage mean fluorescence intensity (% MFI) relative to control. 

Mitochondrial calcium influx measurement by Rhod-2AM staining  

Mitochondrial calcium influx ([Ca2+] mito) in THP1 cells was measured using the rhod-2AM 

dye. The protein concentration of the isolated mitochondrial fraction was measured by bradford 

assay in order to maintain consistency in the number of mitochondria loaded into the wells of a 

96-well plate. Equal amounts of protein (100 µg) were loaded into each well and10 µM Rhod-

2AM (Abcam) dye diluted in 1% FBS-containing RPMI medium was added and incubated at 37°C 

for 30 minutes. The cells were washed with 1% FBS-containing RPMI medium and fluorescence 

was read at excitation/emission wavelengths of 552 nm/581 nm using a spectrophotometer reader 

(SpectraMax M2 Gemini Microplate Reader, Molecular Devices, San Jose, CA) and results 

represented as percentage calcium influx.  

Griess assay 

Griess assay was performed as described previously (Gordon et al. 2011). Nitric oxide 

secretion was measured (representing reactive nitrogen species (RNS)) in cell culture media using 
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Griess reagent (Sigma-Aldrich) along with sodium nitrite standard curve, prepared using a stock 

solution of 200 µM. The assay was performed in a 96 well-plate and absorbance was measured at 

550 nm (SpectraMax M2 Gemini Microplate Reader, Molecular Devices, San Jose, CA). The 

results were represented as µM concentration of nitrite secreted. 

Cytokine analysis 

Levels of IL-1β, IL-6, TNF-α and IL-10 levels in THP1 cell culture supernatant were 

measured using commercially available ELISA kits (ThermoFisher Scientific, USA) as per the 

manufacturer’s instructions. 96-well high binding plates (Nunc MaxiSorp, ThermoFisher 

Scientifc) were coated with the provided capture antibody (100 μL/well) and incubated at 4 °C 

overnight. All wells were blocked with the blocking buffer (200 μL/well) for an hour at room 

temperature followed by washing with PBS-T and then, incubated with recombinant standards and 

samples (cell culture supernatants) for 2 h at room temperature. Plates were then washed with 

PBST and incubated with the specific detection antibody (100 μL/well) for 1 h at room 

temperature. Following a wash, the plates were then incubated with 3,3′,5,5′-tetramethylbenzidine 

(TMB) solution (100 μL/well) for 15 min and the reaction (color development) was stopped by 

adding 50 μL/well of  stop solution (2 N H2SO4). The absorbance was read at 450 nm (SpectraMax 

M2 Gemini Microplate Reader, Molecular Devices, San Jose, CA) and the results were represented 

as pg/mL concentration of cytokine secreted. 

Statistical analysis 

Data analysis and graphical representation was performed using GraphPad Prism 8.0 

software (GraphPad Prism 8.0, La Jolla, CA, USA). Data was analyzed with one-way ANOVA 

with Tukey’s multiple comparison test and a p-value of < 0.05 was considered to be statistically 

significant.  
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Appendix A. Supplementary figure 

 
Figure 4.10 ODE increases production of proinflammatory cytokines 
Cytokine levels in the supernatant of THP1 cells treated with either medium or ODE (1%) followed 
by either medium or EP (2.5 µM) or MA (10 µM) for 24 hours was measured.  Concentration of 
secreted pro-inflammatory cytokines TNF-α (a), IL-1β (b), and IL-6 (c) were measured. 
Concentration of secreted anti-inflammatory cytokines IL-10 (d) was measured.  For all assays, 
samples were derived from the same experiment and were processed in parallel. Data was analyzed 
using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001) and represented as mean ± SEM with n = 6/treatment (* indicates 
significant difference from control). 
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Appendix B. Supplementary tables 

Table 4.2 Characteristics of primary antibodies 

Epitope Species/Clone Dilution Catalog # Supplier 
β-Actin Mouse Monoclonal 1:10,000 ab6276 AbCama 
HMGB1 Rabbit Polyclonal 1:5000 ab79823 AbCama 
MFN1 Mouse Monoclonal 1:1000 sc-166644 Santa Cruzb 
MFN2 Mouse Monoclonal 1:1000 sc-100560 Santa Cruzb 
OPA1 Mouse Monoclonal 1:1000 sc-393296 Santa Cruzb 
DRP1 Mouse Monoclonal 1:1000 sc-271583 Santa Cruzb 
Parkin Mouse Monoclonal 1:1000 sc-32282 Santa Cruzb 
PINK1 Mouse Monoclonal 1:1000 sc-517353 Santa Cruzb 
BNIP3 Mouse Monoclonal 1:1000 sc-56167 Santa Cruzb 
Cytochrome C Mouse Monoclonal 1:1000 sc-13156 Santa Cruzb 
COX4I2 Mouse Monoclonal 1:1000 sc-100522 Santa Cruzb 
SOD2 Mouse Monoclonal 1:1000 sc-133134 Santa Cruzb 
MtTFA Mouse Monoclonal 1:1000 sc-376672 Santa Cruzb 
Caspase 1 Mouse Monoclonal 1:1000 sc-56036 Santa Cruzb 
Caspase 3  Mouse Monoclonal 1:1000 sc-271028 Santa Cruzb 
Bcl-2 Mouse Monoclonal 1:1000 sc-7328 Santa Cruzb 
Bcl-XL Mouse Monoclonal 1:1000 sc-8392 Santa Cruzb 

aCambridge, United Kingdom 
bDallas, Texas, USA 

Table 4.3 Characteristics of secondary antibodies 

Expression system Conjugate Species/Clone Dilution Catalog # Supplier 

Donkey/IgG Alexa Fluor® 680 Rabbit Polyclonal 1:10,000 A10043 Invitrogenc 

Rabbit/IgG Alexa Fluor® 680 Mouse Polyclonal 1:10,000 A27031 Invitrogenc 
Donkey/IgG IRDye® 800CW Rabbit Polyclonal 1:10,000 926-32213 LI-CORd 

cThermofisher Scientific, USA 
dNebraska, USA 
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Abstract 

Exposure to organic dust (OD) in agriculture is known to cause a variety of respiratory 

symptoms including loss of lung function. OD exposure has been shown to activate multiple 

signaling pathways since it contains a variety of microbial products and particulate matter. 

Previously, we have shown how OD exposure leads to the secretion of HMGB1 and HMGB1-

RAGE signaling, and how this can be a possible therapeutic target to reduce inflammation. Cellular 

mitochondria are indispensable for homeostasis and are emerging targets to curtail inflammation. 

Recently, we have also observed that OD exposure induces mitochondrial dysfunction 

characterized by loss of structural integrity and deficits in bioenergetics. However, the role of 
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HMGB1 in OD-induced mitochondrial dysfunction in human bronchial epithelial (NHBE) cells 

remains elusive. Therefore, we aimed to study whether decreased levels of intracellular HMGB1 

or antibody-mediated neutralization of secreted HMGB1 would rescue mitochondrial dysfunction. 

Single and repeated ODE exposure showed an elongated mitochondrial network and cristolysis 

whereas HMGB1 neutralization or the lack thereof promotes mitochondrial biogenesis evidenced 

by increased mitochondrial fragmentation, increased Drp1 expression, decreased Mfn2 expression, 

and increased PGC1α expression. Repeated 5-day ODE exposure significantly downregulated 

transcripts encoding mitochondrial respiration and metabolism (ATP synthase, NADUF, and 

UQCR) as well as glucose uptake. This was reversed by the antibody-mediated neutralization of 

HMGB1. The results of this study thus support our hypothesis that in NHBE cells neutralization 

of ODE-induced HMGB1 secretion rescues OD-induced mitochondrial dysfunction. 

Introduction 

An increase in human population has led to an increased demand for protein through meat. 

Hence, animal production has transformed into a large-scale concentrated animal feeding 

operation (CAFOs). These CAFOs generate many on-site contaminants that pose a threat to 

workers, animals, and the environment. Agriculture workers who are exposed to the airborne 

contaminants are at an increased risk of developing respiratory disorders and other diseases. The 

on-site contaminants mainly include airborne organic dust (OD), gases, and other microbial 

components.  

The OD is a complex mixture of various microbial associated molecular patterns (MAMPs) 

including endotoxin, peptidoglycans, Gram-positive bacterial components, (1→3)-β-D-glucans, 

and fungi which are all important pro-inflammatory mediators (Poole and Romberger 2012; 

Nordgren and Charavaryamath 2018; Poole et al. 2019; Kelly and Poole 2019). Recurrent 

inhalation of this complex OD has been implicated in respiratory disease development and 
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severity. Exposed workers report a variety of respiratory symptoms and suffer from asthma, 

chronic bronchitis, and chronic obstructive pulmonary disease (COPD) (Charavaryamath and 

Singh 2006; May et al. 2012; Poole and Romberger 2012; Wunschel and Poole 2016; Warren et 

al. 2019). Due to the complex nature of the ODs, several research studies have targeted pattern 

recognition receptors (PRRs) and the respective downstream regulators as a strategy to reduce the 

severity of OD-induced airway diseases. Several groups have targeted various PRRs and signaling 

molecules including TLR2, TLR4, NOD2, protein kinase C, and MyD88 (Poole et al. 2007; Bailey 

et al. 2008; Poole et al. 2010; Poole et al. 2011; An et al. 2020). Our recent work has examined 

various kinome (set of protein kinases) signaling pathways in human airway epithelial and 

monocytic cell lines, where we have shown that OD exposure induces several overlapping innate 

inflammatory signaling pathways indicating a complex host response (Nath Neerukonda et al. 

2018). 

Airway epithelial cells and alveolar macrophages are central to the first line of defense 

against the danger signals in the lungs (Whitsett and Alenghat 2015). Exposure of lung epithelial 

cells to OD has been shown to trigger oxidative stress, cytokine release, cellular dysfunction, and 

eventually cell death which are key processes involved in the pathogenesis of airway inflammation 

(Charavaryamath and Singh 2006; Poole and Romberger 2012; Sethi et al. 2017; Bhat et al. 2019). 

Mitochondria are indispensable organelles and are referred to as the powerhouse of the cells.  

Emerging data have identified a pivotal role of mitochondria in several inflammatory airway 

diseases (Prakash et al. 2017). Therefore, mitochondria represent an attractive therapeutic target 

in rescuing airway epithelial cells from the negative effects of chronic exposure to OD.  

Alterations in mitochondrial morphology and function have been reported in airway 

epithelial cells in cases of COPD and asthma (Schumacker et al. 2014; Cloonan and Choi 2016; 
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Piantadosi and Suliman 2017; Prakash et al. 2017; Fetterman et al. 2017; Aghapour et al. 2019). 

This includes a decrease in oxidative phosphorylation (OXPHOS) and Krebs cycle enzymes, 

blunted mitochondrial respiration, and suppressed respiratory reserve, resulting in enhanced 

reactive oxygen species generation (ROS), which can, in turn, modulate mitochondrial 

morphology and function creating a vicious cycle of inflammation and exacerbate airway disease. 

In addition to mitochondrial dysfunction, mitochondrial damage and release of mitochondrial 

components either into the cytosol or extracellularly has been an emerging factor in the induction 

of inflammation (Cloonan and Choi 2012; Cloonan and Choi 2016; Eisner et al. 2018; Aghapour 

et al. 2019; Cloonan et al. 2020). Mitochondrial damage-associated molecular patterns 

(mtDAMPs) act as signaling molecules and activate PRRs such as TLRs and induce a myriad of 

inflammatory cascades (Rubartelli and Lotze 2007; Zhang et al. 2010; Cloonan and Choi 2012). 

In our recent study, we showed increased mitochondrial fusion and mitophagy, along with the 

leakage of mtDAMPs such as mitochondrial DNA (mtDNA) and mitochondrial transcription 

factor A (TFAM) upon exposure of THP1 cells to OD extract (ODE) (Mahadev Bhat et al., 2021). 

Recent studies have shown that the release of TFAM along with mtDNA amplifies TNFα and type 

1 interferon release, thus promoting sterile inflammation via the cGAS-STING pathway (Cantaert 

et al. 2010; CHAUNG et al. 2012; Julian et al. 2013). Collectively, all these findings suggest that 

an understanding of the mechanism by which mitochondria promote inflammation can help in 

developing effective mitochondria-targeted therapies to curtail OD exposure-induced airway 

inflammation. To develop such therapies, an understanding of the interactions between the host 

airway epithelial cells and its mitochondria during OD-induced inflammation is key.  

High mobility group box 1 (HMGB1) is known to be a key player in the induction of sterile 

inflammation. HMGB1 is an endogenous nucleoprotein that is evolutionarily conserved and 
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ubiquitously present and maintains nuclear homeostasis. This protein is secreted into the 

extracellular environment and acts as a prototypic DAMP and is important for oxidative stress 

response (Yang et al. 2015; Ugrinova and Pasheva 2017b). Extracellular HMGB1 is a delayed 

mediator of inflammation when compared to other pro-inflammatory mediators and is shown to 

stimulate the release of multiple pro-inflammatory cytokines including tumor necrosis factor 

(TNF), interleukin (IL)-1, IL-6, IL-8, and macrophage inflammatory protein (MIP)-1 (Yang et al. 

2015; Bhat et al. 2019; Massey et al. 2019). The use of neutralizing monoclonal anti-HMGB1 

antibodies in vivo has been shown to ameliorate tissue injury and reduce lethality (Zhou et al. 2009; 

Bhat et al. 2019). Recent studies have confirmed that siRNA-specific knockdown of HMGB1 in 

macrophages and dendritic cells suppressed HMGB1 release and reduced the cytokine storm (Qin 

et al. 2006; Ye et al. 2012). We have previously shown the pro-inflammatory effects of 

extracellularly secreted HMGB1 on bronchial epithelial cells on OD exposure and how its 

neutralization abrogates OD-induced inflammation (Nath Neerukonda et al. 2018; Bhat et al. 2019; 

Massey et al. 2019). Recent studies have directly correlated the alterations in mitochondrial 

function to the loss of HMGB1, wherein they showed a significant decrease in basal OXPHOS 

and glycolysis along with decreased ATP output (Qi et al. 2015). Also, a lack of HMGB1 has been 

shown to promote mitochondrial fragmentation and loss of mitochondrial membrane potential 

(Tang et al. 2011). Therefore, pertinent questions are raised as to what impact HMGB1 would have 

on mitochondrial morphology and function in bronchial epithelial cells on exposure to ODE.   

This study examined the impact of HMGB1 on mitochondrial biogenesis and function on 

ODE exposure by using primary normal human bronchial epithelial (NHBE) cells. We investigated 

this hypothesis by using a single (acute) and repeated (chronic) OD exposure model with siRNA-

mediated knockdown of HMGB1 and by neutralization of secreted HMGB1, respectively. Here 
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we demonstrated that ODE promotes the release of mtDAMPs and activation of cGAS-STING 

mediated signaling while knockdown of HMGB1 promotes mitochondrial biogenesis on single 

exposure to ODE. In the repeated exposure model, neutralization of extracellular HMGB1 is 

protective and maintains mitochondrial morphology, as well as upregulate pathways involved in 

mitochondrial respiration and biogenesis. Using an air-liquid interface (ALI) model, we show that 

neutralization of extracellular HMGB1 rescues ODE exposure-induced damages to epithelial 

integrity via its effect on tight junction proteins. 

Results 

Endotoxin levels in ODE samples 

Endotoxin content of the diluted ODE samples (1:10) is listed in Table 5.1. From the seven 

samples, we found that endotoxin values ranged from 0.8067 ± 0.0008 to 1.433 ± 0.02 EU/mL 

(Table 5.3). Sample # 7 (endotoxin level 1.263 ± 0.7 EU/mL) was used for all experiments listed 

in this study. 

Table 5.1 Endotoxin concentrations in ODE 

Sample No. Endotoxin (EU/mL) 

1 1.140 ± 0.001 

2 0.990 ± 0.0005 

3 1.337 ± 0.0006 

4 1.433 ± 0.02 

5 1.417 ± 0.002 

6 0.8067 ± 0.0008 

7 1.263 ± 0.7 

Suppression of HMGB1 expression in ODE exposed NHBE cells promotes mitochondrial 
fission 

To assess the impact of HMGB1 on mitochondria, primary normal human bronchial 

epithelial (NHBE) cells were transfected with HMGB1 targeted siRNA to induce knockdown. 

Successful transfection was first confirmed by using a fluorescently tagged DsiRNA (DsiRNA 
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TYE 563; 10 nmol) that produced positive immunofluorescence in the cytoplasm of NHBE cells 

at 24 h post-transfection (Figure 5.12a). After establishing an optimal transfection protocol, NHBE 

cells were transfected with three HMGB1 targeting siRNA sequences (R1, R2, and R3; 10 nmol 

each) and a negative control siRNA (scrambled DsiRNA; 10 nmol) and incubated for 24 h. The 

knockdown was confirmed by western blot and qPCR of samples from all the groups. Quantified 

data showed a decrease in HMGB1 levels for all three sequences and no change in the negative 

control (Figure 5.12b and 5.12c). The siRNA sequence that induced the highest percentage of 

knockdown (siRNA.R3) was selected to perform all experiments. 

NHBE cells with and without HMGB1 knockdown were exposed to either media (control) 

or ODE for 24 h (Table 5.2a). mRNA fold change of HMGB1 was measured and was found to 

increase on ODE exposure but remained low in cells with HMGB1 knockdown (Figure 5.12d). 

The impact of lack of HMGB1 on mitochondrial morphology was investigated. On ODE exposure, 

the expression of mitochondrial fusion proteins mitofusin 1 (MFN1), mitofusin 2 (MFN2), and 

optic atrophy 1 (OPA1) were measured. The expression of MFN1 and MFN2 decreased in NHBE 

cells with and without HMGB1 exposed to ODE, while OPA1 levels were significantly 

upregulated in NHBE cells treated with ODE alone (Figure 5.1a, 5.1b, and 5.1c). Mitochondrial 

fission protein, dynamin-related protein 1 (DRP1), level was significantly upregulated in the ODE 

exposed cells lacking in HMGB1 (Figure 5.1d). To further corroborate whether the mitochondrial 

morphological changes observed are associated with the number of active mitochondria, change 

in mitochondrial mass was measured by quantifying mitotracker green fluorescence. There was a 

significant decrease in the mitochondrial mass on exposure to ODE in cells with and without 

HMGB1 (Figure 5.1e). ODE exposed cells stained with mitotracker red dye were visualized to 

accurately identify the morphological changes. In NHBE cells treated with ODE alone, the 
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mitochondrial network appeared filamentous and branched with few fragmented or globular 

mitochondria (Figure 5.1f). By contrast, mitochondria appeared more fragmented or globular in 

ODE exposed NHBE cells lacking HMGB1 indicating mitochondrial fission.  

Table 5.2 Experimental designs 

(a) Acute exposure 

(b) Chronic exposure 

(c) Air-liquid interface exposure 

Normal human bronchial epithelial cells 

siControl (No knockdown) siHMGB1 (siRNA mediated HMGB1 knockdown) 

Incubate up to 24 hours 

Control 

(media alone) 
ODE (1%)  

Control 

(media alone) 

ODE 

(1%) 

Incubate for 24 hours 

Process cells 

Normal human bronchial epithelial cells 

Control (Isotype-matched IgG ) Anti-HMGB1 antibody (10 µg/mL) 

Control  

(media alone) 
ODE (1%)  

Control  

(media alone) 

ODE  

(1%) 

Incubate for 8 hours/day for 5 days 

Process cells 

Air-liquid interface (Apical surface) 

Control (Isotype-matched IgG ) Anti-HMGB1 antibody (10 µg/mL) 

Control  

(media alone) 
ODE (1%)  

Control  

(media alone) 

ODE  

(1%) 

Incubate for 1 hour/day for 5 days 

Process cells 
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Figure 5.1 . HMGB1 knockdown promotes mitochondrial fission on OD exposure 
Changes in mitochondrial morphology in NHBE cells with or without siRNA mediated HMGB1 
knockdown and treated with ODE (1%) for 24 h  was assessed. Immunoblotting was performed to 
measure the mitochondrial fusion proteins MFN1 (a), MFN2 (b) and OPA1 (c) and fission protein 
DRP1 (d) and compared. Mitochondrial mass was measured (e) and the morphology was 
visualized by staining with Mito-tracker dye (f; Scale bar = 100 μm). All the protein bands were 
normalized over β-actin (37 kD) and percentage intensity relative to control was analyzed. Data 
was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3-6/treatment (* 
indicates significant difference from control). 
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ODE exposure increases BNIP3 expression in NHBE cells  

whether the lack of HMGB1 during ODE exposure impacts mitochondria-targeted 

autophagy called mitophagy, was investigated. The expression of the two important mediators of 

mitophagy, PTEN-induced kinase 1 (PINK1) and the E3 ubiquitin protein ligase Parkin, were 

measured. NHBE cells treated with ODE for 24 h showed no change in PINK1 but significantly 

decreased Parkin expression (Figure 5.2a and 5.2b). ODE-exposed NHBE cells lacking HMGB1 

showed a significant decrease in both PINK1 and Parkin on exposure to ODE. The expression of 

BNIP3, a mitochondrial Bcl-2 Homology 3 (BH3)-only protein, known to activate mitochondrial 

permeability transition (MPT) was also measured (Ney 2015). BNIP3 levels were significantly 

increased on exposure to ODE alone, while cells treated with anti-HMGB1 siRNA showed a 

decrease in the expression of BNIP3 (Figure 5.2c).  

 
Figure 5.2 OD exposure promotes apoptosis in NHBE cells 
Immunoblotting of NHBE cells, with or without siRNA mediated HMGB1 knockdown and treated 
with ODE (1%) for 24 h, was performed to measure expression of mitophagy markers, PINK1 (a) 
and Parkin (b), and BNIP3 (c). All the protein bands were normalized over β-actin (37 kD) and 
percentage intensity relative to control was analyzed. Data was analyzed using one-way ANOVA 
with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and 
represented as mean ± SEM with n = 3/treatment (* indicates significant difference from control). 
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ODE exposure induces mtDNA release into extracellular fluid 

Using qPCR, we measured the levels of mtDNA released into the cytosol and cell culture 

supernatant (extracellular spaces). NHBE cells treated with ODE for 24 h showed a significant 

increase in mtDNA levels both in the cytosol and supernatant, while ODE exposed cells lacking 

HMGB1 had decreased levels in both cytosol and supernatant (Figure 5.3a and 5.3b). In addition, 

ODE exposed cells showed increased expression of TLR9, a receptor that mediates cellular 

response to unmethylated CpG dinucleotides found in bacterial DNA to mount an innate immune 

response (Figure 5.3c). Next, it was assessed whether the mtDNA released from the mitochondrial 

matrix is activating the cGAS-STING pathway. Although no significant change in cyclic GMP-

AMP synthase (cGAS) and interferon regulatory factor 3 (IRF3) expression, a significant increase 

in interferon gamma inducible protein 16 (IFI16) protein expression in cells treated with ODE 

alone was documented (Figure 5.3d, 5.3e, and 5.3f). In ODE exposed cells lacking HMGB1, the 

levels of these proteins were comparable to controls or significantly decreased in the case of IRF3 

(Figure 5.3f). mRNA fold change of type 1 interferons, ifna1, ifna4, and ifnb, which are 

downstream targets of IFI16 and IRF3, was measured. Cells exposed to ODE for 24 h showed a 

significant increase in the mRNA levels of ifna1, ifna4, and ifnb, while the levels remained 

comparable to controls in cells lacking HMGB1 (Figure 5.3g, 5.3h, and 5.3i).  

To investigate whether mtDNA is released during repeated exposure of ODE, NHBE cells 

were treated with media alone (control) or ODE (1%) followed by media (control) or HMGB1 

neutralization antibody (10 µg/mL) for 8 h per day for five days (Table 5.2b). Following a 5-day 

exposure there was an increase in cytosolic mtDNA content in cells treated with HMGB1 

neutralization antibody and an increase in extracellular mtDNA in cells treated with ODE alone 

(Figure 5.13a and 5.13b). There was also an increase in ifna4 and a decrease in ifna and ifnb mRNA 

levels in cells treated with HMGB1 neutralization antibody (Figure 5.13c, 5.13d, and 5.13e).  
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Figure 5.3 Acute OD exposure mediated release of mtDNA stimulates IFN production 
Mitochondrial DNA (mtDNA) leakage into the cytosol (a) and extracellularly (b) in NHBE cells, 
with or without siRNA mediated HMGB1 knockdown and treated with ODE (1%) for 24 h was 
analyzed via qPCR. Immunoblotting was performed to measure expression of TLR9 (c), cGAS 
(d), IFI16 (e) and IRF3 (f). mRNA fold change of gene targets of mtDNA release, ifna1 (g), ifna4 
(h), and ifnb (i), was measured by qPCR. All the protein bands were normalized over β-actin (37 
kD) and percentage intensity relative to control was analyzed. Data was analyzed using one-way 
ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001) and represented as mean ± SEM with n = 3/treatment (* indicates significant difference 
from control). 
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Mitochondrial biogenesis is promoted in ODE exposed NHBE cells lacking HMGB1 

Mitochondrial biogenesis in NHBE cells was assessed by measuring Peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) and Nuclear factor erythroid 

2-related factor 2 (NRF2) protein expression. NHBE cells with and without HMGB1 exposed to 

ODE for 24 h showed a significant increase in PGC1α and NRF2 expression compared to controls 

(Figure 5.4a and 5.4b). Expression of TFAM, a downstream target of PGC1α and NRF2, in both 

the mitochondria and mitochondria-free cytosol was measured. In ODE exposed NHBE cells 

lacking HMGB1, we noted a small decrease in TFAM levels in the mitochondria (~10%) and an 

increase in the cytosolic levels (~10%) (Figure 5.4c, 5.4d, and 5.4e). We observed that the 

cytosolic levels of TFAM significantly decreased in cells treated with ODE alone (Figure 5.4c and 

5.4e). mRNA fold change of downstream targets of NRF2, Glutathione S-transferase P (gstp1), 

heme oxygenase 1 (hmox1), and NAD(P)H Quinone Dehydrogenase 1 (nqo1), was measured. In 

ODE exposed NHBE cells lacking HMGB1, we documented a significant decrease in gstp1, while 

we noted an increase in mRNA levels of hmox1 and nqo1. In ODE treated cells, while no 

significant change was observed in the expression of gstp1, a significant increase was observed in 

hmox1 and nqo1,  when compared to control and cells lacking HMGB1 (Figure 5.4f, 5.4g, and 

5.4h).  

On the other hand, in the repeated long-term exposure model, we observed that ODE 

induced a significant decrease in mRNA fold change of pgc1a and nrf2, and HMGB1 

neutralization significantly increased pgc1a and nrf2 levels. However, HMGB1 neutralization did 

not increase the levels to that of controls.  (Figure 5.14a and 5.14b). mRNA fold change of tfam is 

significantly reduced as well (Figure 5.14c). mRNA levels of nqo1 was significantly reduced, 

while that of hmox1 increased in both treatments (Figure 5.14d and 5.14e).  
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Figure 5.4 Lack of HMGB1 promotes mitochondrial biogenesis in OD exposed NHBE cells 
Markers of mitochondrial biogenesis in NHBE cells with or without siRNA mediated HMGB1 
knockdown and treated with ODE (1%) for 24 h was measured. Immunoblotting of whole cell 
lysates of NHBE cells was performed to measure PGC1α (a) and NRF2 expression (b). TFAM 
expression was compared in the mitochondrial (c, d) and cytosolic (c, e) fractions of the NHBE 
cells. mRNA fold change of gene targets downstream of NRF2, gstp1 (f), hmox1 (g), and nqo1 (h), 
was measured by qPCR. All the protein bands were normalized over β-actin (37 kD) and 
percentage intensity relative to control was analyzed. Data was analyzed using one-way ANOVA 
with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and 
represented as mean ± SEM with n = 3/treatment (* indicates significant difference from control). 
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Single ODE exposure causes cytochrome c release  

To assess the impact of the increased mtDNA leakage, we measured the release of 

mitochondrial DAMPs (mtDAMPs) and reactive species generation. In addition to TFAM and 

mtDNA, another prominent mtDAMP is cytochrome c which is a key player in apoptosis (Cai et 

al. 1998; Ott et al. 2002). We measured the expression of cytochrome c in mitochondrial and 

mitochondria-free cytosolic fractions of NHBE cells. ODE exposure of NHBE cells increased the 

cytosolic cytochrome c levels but not the mitochondrial cytochrome c levels (Figure 5.5a, 5.5b, 

and 5.5c). ODE exposed cells lacking in HMGB1 showed a significant decrease in both 

mitochondrial and cytosolic cytochrome c protein levels. Using Griess assay we measured the 

levels of reactive nitrite species (RNS) secreted, where we observed an increase in RNS levels on 

exposure to ODE, with levels comparable to control in cells lacking HMGB1 (Figure 5.5d). To 

corroborate this, we measured the mRNA fold change in nos2, the gene coding for inducible nitric 

oxide synthase (iNOS) and observed an increased expression in cells treated with ODE alone while 

it decreased in cells lacking HMGB1 (Figure 5.5e). In addition, we saw an increase in intracellular 

reactive oxygen species (ROS) in ODE treated cells, which was significantly decreased in cells 

lacking HMGB1 (Figure 5.5f). On the other hand, the mitochondrial superoxide levels were 

significantly decreased in both cases compared to control (Figure 5.5g). In addition, we saw a 

decrease in mitochondrial calcium levels ([Ca2+]mito) in cells exposed to ODE alone and increased 

in cells lacking HMGB1 (Figure 5.5h and 5.5i). In the repeated ODE exposure model, ODE 

exposure alone decreased the ([Ca2+]mito) whereas neutralization of HMGB1 increased the 

([Ca2+]mito). There was no change in the levels of mitochondrial superoxide (Figure 5.15c).  
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Figure 5.5 Acute OD exposure causes cytochrome c release into the cytosol 
Immunoblotting of mitochondrial and mitochondria-free cytosolic fractions of NHBE cells with 
or without siRNA mediated HMGB1 knockdown and treated with ODE (1%) for 24 h, to detect 
the presence of Cytochrome C. Cytochrome C expression was compared between the 
mitochondrial (a, b) and cytosolic (a, c) fractions of the cells. Concentration of secreted nitrites 
was measured using griess assay (d) and mRNA levels of nos2 (e)  was measured by qPCR. Using 
CM-H2DCFDA and Mito-SOX dyes, the levels of superoxide anions (SOX) intracellularly (f) and 
within the mitochondria (g) was measured, respectively. Intra-mitochondrial calcium levels in 
mitochondria isolated from the treated cells was quantified (h) and visualized (i; Scale bar = 100 
μm) by Rhod-2AM staining. For western blot, all the protein bands were normalized over β-actin 
(37 kD) and percentage intensity relative to control analyzed. Data was analyzed using one-way 
ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001) and represented as mean ± SEM with n = 3-6/treatment (* indicates significant difference 
from control). 
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Repeated ODE exposure promotes mitochondrial fusion 

Using transmission electron microscopy (TEM), we assessed the ultrastructural changes in 

NHBE cells following exposure to ODE with or without HMGB1 neutralization for 8 h a day for 

5 days (Table 5.2b). Compared to controls, ODE-treated NHBE cells showed change in 

mitochondrial morphology. Mitochondria appeared to be more elongated with cristolysis and in 

some cases there was mitochondrial hypertrophy (Figure 5.6a). In contrast, neutralization of 

HMGB1 decreased the ODE-induced cristolysis and mitochondrial shape was similar to that of 

control. We stained the cells with mitotracker dye to assess changes in the number of active 

mitochondria. Mitotracker stained cells revealed no change in mitochondrial mass among any of 

the treatments. However, we did observe noticeable ODE-induced changes in mitochondrial 

morphology. Compared to controls, ODE exposed NHBE cells showed filamentous mitochondria 

and mitochondria appeared to be more clustered close to the nucleus (Figure 5.6b). With HMGB1 

neutralization, the mitochondria were more fragmented and globular, and were less clustered near 

nucleus when compared to ODE exposed cells. Using MTT assay we measured the cell viability, 

where HMGB1 neutralization rescued the ODE-induced decrease in cell viability (Figure 5.6c).  

HMGB1 neutralization rescues mitochondrial respiration in repeated ODE exposure 
models 

A targeted analysis of expression of genes associated with mitochondrial respiration was 

performed. A pre-designed gene array with 96 genes (including housekeeping genes) specific to 

various components involved in mitochondrial respiration was used and fold change was measured 

by qPCR (Table 5.6). The change in gene expression between ODE exposed NHBE cells, with or 

without HMGB1 neutralization for 8 h a day for 5 days, was calculated relative to control by the 

2-DDCT method and genes with fold change ≤10 or ≥10 were represented on a heat map (Livak and 

Schmittgen 2001). It was observed that neutralization of HMGB1 increased the expression of 
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genes of protein subunits involved in mitochondrial respiration such as various subunits of ATP 

synthase  (atp), cytochrome c oxidase (cox), ubiquinol-cytochrome c reductase (uqcr) and 

NADH:ubiquinone oxidoreductase (naduf) when compared to ODE treated cells (Figure 5.7a). 

Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, upregulated and 

downregulated pathways associated with mitochondria bioenergetics were analyzed (Figure 5.7b-

e). Pathways related to the metabolism, respiratory electron transport, and mitochondria biogenesis 

which were downregulated with ODE exposure were significantly upregulated on HMGB1 

neutralization (Figure 5.7c and 5.7d).  

Single ODE exposure induces hypoxia response in NHBE cells lacking HMGB1 

Oxygen sensing and adaptations in NHBE cells (with or without anti-HMGB1 siRNA 

treatment) exposed to ODE for 24 h was measured. An increase in hypoxia-inducible factor 1-

alpha (HIF1α) protein expression was observed in cells lacking HMGB1 while it was significantly 

reduced on ODE exposure alone (Figure 5.8a). mRNA fold change of ubiquitin ligase Von Hippel-

Lindau tumor suppressor (vhl) was significantly increased in both ODE exposed NHBE cells with 

or without HMGB1 (Figure 5.8b). mRNA fold change of genes involved in glucose uptake, solute 

carrier family 2 member 6 (slc2a6), and glycolysis, enolase 1 (eno1), was measured. A significant 

increase in slc2a6 in both ODE exposed cells with or without HMGB1 was observed, whereas 

eno1 was upregulated in cells lacking HMGB1 (Figure 5.8c and 5.8d). To corroborate this, we 

measured cellular glucose uptake potential and glycolytic activity in ODE exposed NHBE cells by 

culturing cells with the glucose analog 2-NBDG. Here a significant increase in the uptake of  2- 

NBDG was observed in ODE exposed cells lacking HMGB1, while exposure to ODE alone 

significantly decreased 2-NBDG uptake (Figure 5.8e).  
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Figure 5.6 Antibody mediated neutralization of HMGB1 maintains mitochondrial 
morphology and cell viability 
Transmission electron microscopy (TEM) of NHBE cells treated with medium or ODE (1%) 
followed by medium or HMGB1 neutralization antibody (10 µg/mL) for 8 h per day for 5 days 
show changes in the mitochondrial morphology. A number of mitochondria displayed fused and 
elongated mitochondrial morphology (a; scale bar, 0.5-1 µm) on treatment with ODE. Cells treated 
with ODE followed by HMGB1 neutralization showed noticeably healthier mitochondria with a 
few morphological changes. Mitochondrial mass was measured (c) and the morphology was 
visualized by staining with Mito-tracker dye (b; Scale bar = 100 μm). MTT assay was performed 
to measure cell viability on treatment (d). Data was analyzed using one-way ANOVA with Tukey’s 
multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented 
as mean ± SEM with n = 6/treatment (* indicates significant difference from control). 
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Figure 5.7 HMGB1 neutralization upregulates genes associated with mitochondrial 
respiration 
mRNA expression profiles of genes specific to mitochondrial respiration in NHBE cells treated 
with medium or ODE (1%) followed by medium or HMGB1 neutralization antibody (10 µg/mL) 
for 8 h per day for 5 days was measured using a targeted gene array. Heatmap of mRNA transcripts 
of genes that had a 10-fold change in expression were selected (a). Selected upregulated (b, d) and 
downregulated (c, e) pathways from reactome pathway analysis of significantly altered mRNA 
transcripts with FDR corrected p-value cut-off <0.05 were selected and represented by gene 
counts. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 
2/treatment (* indicates significant difference from control). 

We compared the expression of the factors involved in hypoxia and glucose uptake in 

NHBE cells in the repeated ODE exposure model. mRNA fold change of hif1a and vhl was 

significantly decreased in ODE exposed cells but remained unchanged in cells with HMGB1 

neutralization (Figure 5.9a and 5.9b). There was no significant change in the expression of slc2a6 

in any of the treatments but the expression of eno1 was significantly downregulated in ODE 

exposed cells (Figure 5.9c and 5.9d). 2-NBDG uptake was decreased in ODE exposed cells and 

was comparable to control in cells with HMGB1 neutralization antibody (Figure 5.9e).  
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Figure 5.8 Lack of HMGB1 initiates hypoxia response on acute OD exposure 
Markers of hypoxia response in NHBE cells with or without siRNA mediated HMGB1 knockdown 
and treated with ODE (1%) for 24 h was measured. Immunoblotting of whole-cell lysates of NHBE 
cells were performed to measure HIF1α (a). mRNA fold change of ubiquitin ligase, vhl (b), and 
Slc2a6 (c) and Eno1 (d), involved in glucose uptake and glycolysis, were measured by qPCR. 2-
NBDG uptake to measure cellular glucose uptake was performed (e). For western blot, all the 
protein bands were normalized over β-actin (37 kD) and percentage intensity relative to control 
analyzed. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3-
6/treatment (* indicates significant difference from control). 

HMGB1 neutralization increased tight junction integrity in ALI cultures of NHBE cells 

NHBE cells were seeded onto a semi-permeable membrane to develop an air-liquid 

interface (ALI) culture model and exposed to ODE, with or without HMGB1 neutralization for 1 

h per day for 5 days (Table 5.2c). mRNA fold change of forkhead box J1 (foxj1) and its 

downstream target cilia and flagella associated protein 157 (cfap157) was measured (Figure 5.10a 

and 5.10b). Exposure of cells to ODE alone showed a significant increase in fold change of both 

genes, while the expression was comparable to control in ODE exposed cells with HMGB1 
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neutralization. Tight junction integrity was determined by measuring the mRNA fold change of 

occludin (ocln) and claudin 1 (cld1), and by quantifying the trans-epithelial electrical resistance 

(TEER). mRNA fold change of ocln and cldn1 was significantly downregulated in ODE exposed 

cells, while on HMGB1 neutralization ocln levels were comparable to control and cld1 was 

significantly decreased (Figure 5.10c and 5.10d). TEER measurements were performed to identify 

the impact of ODE on tight junction integrity. A decrease in TEER values (electrical resistance) is 

proportional to decreased tight junction integrity. It was observed that TEER values were 

significantly decreased on exposure to ODE as early as 12 h and continued to decrease with time 

compared to control. On the other hand, although a similar decrease was observed with the 

neutralization of HMGB1 at 12 h, TEER values remain steady after day 1 post-exposure and were 

not rescued significantly (Figure 5.10e).  

 
Figure 5.9 Normoxic conditions are maintained on HMGB1 neutralization during chronic 
OD exposure 
Markers of hypoxia response in NHBE cells treated with medium or ODE (1%) followed by 
medium or HMGB1 neutralization antibody (10 µg/mL) for 8 h per day for 5 days was measured. 
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mRNA fold change of hypoxia response factor, hif1a (a) and ubiquitin ligase, vhl (b), and Slc2a6 
(c) and Eno1 (d), involved in glucose uptake and glycolysis were measured by qPCR. 2-NBDG 
uptake to measure cellular glucose uptake was performed (e). Samples for all assays were derived 
from the same experiment and were processed in parallel. Data was analyzed using one-way 
ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001) and represented as mean ± SEM with n = 3-6/treatment (* indicates significant difference 
from control). 

 
Figure 5.10 HMGB1 neutralization upregulates tight junction integrity in ALI 
NHBE cells differentiated on air-liquid interface (ALI) culture treated with medium or ODE (1%) 
followed by medium or HMGB1 neutralization antibody (10 µg/mL) for 1 h per day for 5 days. 
mRNA fold change of markers of motile cilia, foxj1 (a) and cfap157(b), and tight junction, ocln 
(c) and cldn 1 (d), was measured by qPCR. Tight junction integrity was assessed by trans-epithelial 
electrical resistance (TEER) measurement (e). Samples for all assays were derived from the same 
experiment and were processed in parallel. Data was analyzed using one-way ANOVA with 
Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and 
represented as mean ± SEM with n = 3/treatment (* indicates significant difference from control). 

Discussion 

The prevalence of airway inflammatory diseases in agricultural workers is high, where the 

development of a myriad of respiratory symptoms has been documented (Poole and Romberger 

2012). Recent studies have shown the relationship between induction of mitochondrial dysfunction 
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and several inflammatory airway diseases such as asthma and chronic obstructive pulmonary 

disease (COPD) (Schumacker et al. 2014; Prakash et al. 2017; Aghapour et al. 2019; Cloonan et 

al. 2020). High mobility group box 1 (HMGB1) protein, an essential protein which during 

inflammatory conditions has been shown to act as a DAMP in airway inflammatory conditions 

such as COPD, cigarette smoke exposure and acute lung injury (Rubartelli and Lotze 2007; Zhang 

et al. 2010; Pouwels et al. 2014; Yang et al. 2015; Ugrinova and Pasheva 2017b). Previously we 

showed how HMGB1 behaves as a pro-inflammatory mediator in ODE exposed cells and how 

antibody-mediated neutralization of secreted HMGB1 decreases the inflammatory cytokines, ROS 

and RNS, and had an overall protective effect 24 to 48 h post-treatment (Bhat et al. 2019; Massey 

et al. 2019). In the current study, we investigated the effect of secreted HMGB1 on ODE-induced 

mitochondrial dysfunction in primary normal human bronchial epithelial (NHBE) cell models of 

single and repeated five-day exposure. Overall, we demonstrated that blocking HMGB1 secretion 

induces mitochondrial fragmentation, mitochondrial biogenesis and increase in mitochondrial 

respiration. These responses were consistent across the single (acute) exposure, with siRNA 

knockdown of HMGB1, as well as in repeated (chronic) exposure to ODE, with antibody-mediated 

HMGB1 neutralization.  

In the present study, we used two in vitro models, a 24 h ODE exposure (single, acute) 

with siRNA mediated knockdown of HMGB1 (Table 5.2a) and a 5-day (8 h/day) ODE exposure 

(repeated, chronic) with antibody-mediated HMGB1 neutralization to examine exposure-induced 

mitochondrial dysfunction. Mitochondrial remodeling is mediated by the balance between 

MFN1/2 and DRP1, which promote mitochondrial fusion and fission respectively (Song et al. 

2009; Liesa et al. 2009; Palmer et al. 2011; Ranieri et al. 2013; Huang et al. 2018).  Our results 

from single exposure showed that, ODE decreases the expression of MFN1 and MFN2 in cells 
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with and without HMGB1, but OPA1 expression in cells lacking HMGB1 was significantly 

decreased. OPA1 is a dynamin-related GTPase that has been shown to mediate inner mitochondrial 

membrane (IMM) fusion, while MFN1/2 mediate the fusion of the outer mitochondrial membrane 

(OMM) (Song et al. 2009; MacVicar and Langer 2016). OPA1 in particular has been identified as 

a major player in the regulation of various mitochondrial functions, including cristae 

morphogenesis, apoptosis, and respiratory capacity (MacVicar and Langer 2016). Loss of OPA1 

has been shown to induce DRP1-dependent mitochondrial fragmentation (Lee et al. 2004). This 

was seen in our results where siRNA-mediated HMGB1 knockdown increased DRP1 expression 

in ODE exposed cells. The fusion of mitochondria is dependent on dimerization of mitofusin 

proteins, MFN1 and MFN2, thus the decreased MFN1/2 expression in ODE exposed cells lacking 

HMGB1 explains the increase in mitochondrial fragmentation as well (Chen et al. 2003; Song et 

al. 2009; Liesa et al. 2009; Palmer et al. 2011; Ranieri et al. 2013).  

Next, we used 2D fluorescence imaging and transmission electron microscopy (TEM) to 

evaluate mitochondrial morphology and ultrastructural changes in both in vitro exposure models. 

First, we observed that single exposure of cells with or without HMGB1 reduced the mitochondrial 

mass. When visualized, cells with HMGB1 when exposed to ODE showed a filamentous and 

branched network of mitochondria with few fragmented and globular mitochondria. Interestingly, 

cells that lacked HMGB1 displayed increased fragmentation and globular mitochondria upon 

exposure to ODE. These results indicate that ODE exposure induced mitochondrial changes 

become pronounced with the loss of nuclear HMGB1 underscoring the importance of nuclear 

HMGB1 in maintaining the health of the cellular mitochondria (Tang et al. 2011).  Our TEM 

images confirmed that ODE exposure induced mitochondrial elongation, cristoysis and 

hypertrophy, whereas HMGB1 neutralization reduced the ODE-induced cristolysis and 
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mitochondria appeared healthy. Further, neutralization of HMGB1 induced a globular morphology 

of mitochondria with elongated cristae running parallel to the longitudinal axis of the 

mitochondria. Overall, ODE-induced mitochondrial fusion observed in our study could be a 

cellular stress response aimed at compensating for the loss of important mitochondrial functions 

(Chen et al. 2003; Landes et al. 2010; Westrate et al. 2014; Eisner et al. 2018; Tilokani et al. 2018). 

Our recent work in microglial model of ODE exposure confirms that the ODE-induced cristolysis 

and the morphological basis of exposure induced decreases in bioenergetics (Massey et al., 2021).   

One of the consequences associated with mitochondrial fragmentation is the loss of 

mitochondrial membrane potential and mitophagy. The PINK1-Parkin signaling pathway which is 

involved in mitochondrial clearance (mitophagy) was investigated. ODE exposed NHBE cells 

showed no significant change in PINK1 expression, while Parkin was significantly decreased and 

NHBE cells lacking HMGB1 had decreased levels of both PINK1 and Parkin. These results 

indicate that the observed fragmentation of mitochondria in cells lacking HMGB1 could be due to 

active mitochondrial biogenesis (Ding and Yin 2012). We also measured the expression of BNIP3, 

a mitochondrial transmembrane protein known to have pro-death activity and a role in activating 

mitochondrial permeability transition (MPT). Here we observe an increase in BNIP3 expression 

on ODE exposure, whereas in cells lacking HMGB1, the BNIP3 levels return to baseline (control) 

levels. The increase in BNIP3 expression could be promoting permeability of the inner and outer 

mitochondrial membranes resulting in increased ROS production, release of cytochrome c and 

mitochondrial depolarization, all of which together initiates cellular apoptosis (Kim et al. 2002; 

Ney 2015). Considering the increase in OPA1 levels in ODE exposed cells, evidence suggests that 

BNIP3 interacts with OPA1 inhibiting OPA1-mediated fusion, in acute conditions, or disassembly 

of OPA1 complexes, in chronic conditions, leading to cellular death (Landes et al. 2010). This is 
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further corroborated by the increase in cytosolic cytochrome C levels in 24 h ODE exposed cells. 

On the contrary, cytochrome C levels were decreased in cells lacking HMGB1 following exposure. 

The release cytochrome C in ODE exposed cells could be promoting increased ROS generation, 

caspase activation (caspase 3 and caspase 9), and eventually leading to apoptotic cell dismantling 

(Cai et al. 1998; Ott et al. 2002; Quinsay et al. 2010).  

One of the major consequences of increase in MPT during cellular stress is the release of 

mitochondrially derived molecules referred to as mtDAMPs (García and Chávez 2007; Zhang et 

al. 2010; Quinsay et al. 2010; Nakahira et al. 2011). Fragmented mtDNA released from the 

damaged mitochondria is one of the most important mtDAMPs which regulates innate immune 

responses (Lee and Wei 2005; West et al. 2015; Ploumi et al. 2017). Release of mitochondrial 

DNA into the cytoplasm and out into the extracellular milieu activates multiple pattern recognition 

receptors and innate immune responses, including cGAS‐STING, TLR9, and inflammasome 

formation leading to, among others, robust type I interferon responses (Cloonan and Choi 2012; 

West et al. 2015; Chen et al. 2016). The results of the present study show an increase in cytosolic 

and extracellular mitochondrial DNA copy number in NHBE cells exposed to ODE for 24 h, which 

is reduced in ODE exposed cells lacking HMGB1. Concurrently we also observed an increase in 

the expression of TLR9, IFI16, IRF3, and type 1 interferon, which could be leading to cell death. 

On the other hand, during chronic ODE exposure we see an increase in cytosolic mtDNA on 

HMGB1 neutralization, but not extracellularly, and an increase in only ifna4 mRNA, which could 

be indicative that the neutralization of HMGB1 could be promoting mitochondrial biogenesis.  

Mitochondrial reactive oxygen species (mtROS) is the most universal and well-studied 

mtDAMP and is a by-product of mitochondrial respiration and ATP production (Zorov et al. 2014). 

NHBE cells exposed to ODE for 24 h show an increase in intracellular ROS while the levels of 
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mtROS remain low in all the treatment groups. The ODE-mediated increase in intracellular ROS 

is consistent with our previous findings, where it is known to initiate the inflammatory cascade 

(Bhat et al. 2019; Massey et al. 2019). The lack of increase in mtROS could be another indicator 

of mitochondrial biogenesis in play. Thus, the observed mitochondrial fragmentation in cells 

lacking HMGB1 or with antibody-mediated HMGB1 neutralization may reflect an important 

adaptive response to protect the mitochondria from an increase in ROS production and oxidative 

stress on ODE exposure. In addition to this, we also document an increase in mitochondrial 

calcium influx in ODE treated cells lacking HMGB1 or with antibody-mediated HMGB1 

neutralization. This increase could be promoting mitochondrial O2 consumption and ATP 

synthesis, as well as mitochondrial metabolism (Rizzuto et al. 2000; Parekh 2003; Brookes et al. 

2004; Hajnóczky et al. 2007; Finkel et al. 2015).  

Mitochondrial biogenesis, along with mitophagy, allow cells to quickly replace 

metabolically dysfunctional mitochondria before reaching the stage of energy failure. The results 

of our study provide converging evidence that 24 h ODE exposure of  cells with HMGB1 or cells 

without HMGB1 induce mitochondrial biogenesis. First, we observed an increase in PGC1α 

expression in  cells exposed to ODE, with or without HMGB1. The role of PGC1α in regulating 

mitochondrial biogenesis has been well established (Wu et al. 1999; Handschin and Spiegelman 

2006; Trian et al. 2007). We then measured the expression of NRF2 and observed a similar increase 

as that of PGC1α. NRF2 is known to regulate the expression of the electron transport chain 

subunits and binds to the promoter regions of genes involved in the transcription of mtDNA. NRF2 

is known to be regulated by its transcriptional coactivator PGC1α, which together induces the 

expression of TFAM thus activating mitochondrial biogenesis. In line with this, we observe an 

increase in TFAM protein expression in mitochondria-free cytosolic fractions of 24 h ODE 
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exposed cells lacking HMGB1. However, we observed that a repeated 5-day ODE exposure 

resulted in significantly lower levels of the gene expression of PGC1α, NRF2, and TFAM when 

compared to the controls with and without HMGB1 neutralization.  

The extent of mitochondrial dysfunction is determined by the level of negative impact on 

mitochondrial respiration and metabolism. In our study, we found that NHBE cells repeatedly 

exposed to ODE display a distinctive mitochondrial gene profile, where we observe a 

downregulation of genes associated with mitochondrial metabolism, citric acid (TCA) cycle, 

OXPHOS, and mitochondrial biogenesis. This is consistent with the increased levels of ROS, 

induction of MPT and mtDNA release on ODE exposure. With the neutralization of HMGB1, we 

document an increase in the fold change of genes coding protein subunits associated with 

mitochondrial electron transport chain (ETC), such as ATP, COX, NADUF and UQCR. In line 

with this, we show evidence of ODE-mediated decrease in cellular glucose uptake and glycolytic 

ability in both acute and chronic exposure models, while lack of or neutralization of HMGB1 

increased the cellular glucose uptake and glycolytic ability. This metabolic profile in NHBE cells 

may have a direct impact on the maintenance of overall lung homeostasis and function on exposure 

to ODE in vivo (Wu et al. 1999; Koopman et al. 2005; Dranka et al. 2011; Agrawal and Mabalirajan 

2015).  

Reduced oxygen availability elicited by hypoxia and mitochondrial dysfunction leads to 

increased production of ROS by the electron transport chain (Baik and Jain 2020). Considering 

the increased intercellular ROS and downregulation of ETC, we observed the hypoxia response on 

ODE exposure. Interestingly, we observed a decrease in HIF1α expression in 24 h ODE exposed 

NHBE cells while it increases in cells lacking HMGB1, indicative of hypoxia. Cellular studies 

suggest that HIF1α activation could rescue the effects of ETC deficiency in mitochondrial diseases 
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(Jain et al. 2016). Hypoxia may be triggering a HIF-dependent transcriptional program activating 

key pathways promoting glycolysis, ATP production and decreased ROS generation. This would 

also be reducing the levels of O2 being taken up by the cell which would, in turn, decrease the 

availability of substrate for free radical production and aberrant cellular signaling. We observed 

that, HMGB1 neutralization resulted in the normoxic conditions in the repeated ODE exposure 

model. Hence, we can theorize that short-term hypoxic conditions may be beneficial in reversing 

mitochondrial dysfunction. 

In addition, using an ALI model of ODE exposure, we investigated the impact of HMGB1 

on tight junction integrity. Previously we have shown the impact of 24 h ODE exposure on tight 

junction expression in vivo, but the role of HMGB1 remains to be investigated (Shrestha et al. 

2021). In this study, we observe a significant decrease in transepithelial electrical resistance 

(TEER) with repeated ODE exposure as early as 12 hours post-exposure. Although HMGB1 

neutralization does not reverse the effect of ODE on tight junction integrity, the TEER values 

plateau and remain unchanged 1 day post exposure. The neutralization of HMGB1 does not 

significantly rescue ODE-induced decrease in TEER. However, it is evident that, there is evidence 

of certain amount of protection of epithelial integrity. This was corroborated by the measurement 

of claudin-1 and occludin, indicating that ODE exposure directly affects the tight junction 

integrity. Although this is valid preliminary evidence on the impact of ODE on tight junction 

integrity, thorough in vivo work needs to be performed to confirm this finding.  

In summary, the results of the present study indicate that targeting HMGB1 in ODE 

induced inflammatory process promotes mitochondrial biogenesis and metabolism by promoting 

hypoxic conditions and decreasing ROS production. It is likely that blocking HMGB1 release 

following ODE exposure leads to a coordinated adaptive response in NHBE cells involving 
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mitochondrial fragmentation, increased mitochondrial biogenesis, and mitochondrial metabolism. 

As a result, the maximum O2 consumption and ROS production per mitochondrion are reduced, 

while the demand for ATP synthesis is still met. Future studies using HMGB1 airway epithelial 

cell-specific conditional knock-out mice or systemic neutralization of HMGB1 may unravel 

further mechanistic basis of targeting HMGB1 in rescuing ODE-induced mitochondrial deficits.  

Materials and Methods 

Chemicals and reagents  

We purchased normal human bronchial epithelial cell (NHBE) – growth medium 

(Pneumacult-Ex media; BEGM) and differentiation media (Pneumacult-ALI media) from 

StemCell Technologies. MTT, CM-H2DCFDA, 2-NBDG, MitoTracker green, and MitoSox Red 

dyes were purchased from Invitrogen (ThermoFisher Scientific) and Rhod-2AM dye was obtained 

from Abcam. Griess’ reagent was purchased from Sigma-Aldrich. Antibodies used and their 

details have been listed in Tables 5.7 and 5.8. Primers used and their sequences are listed in Table 

5.5 and were made in Iowa State University. TaqMan® Gene Expression Assay was purchased 

from Invitrogen (ThermoFisher Scientific). HMGB1 siRNA kit was purchased from Integrated 

DNA Technologies (IDT) and Anti-HMGB1 neutralizing antibody (Batch # Q2g7-47C, stock 

concentration 1.8 mg/mL) was a generous gift from Dr. Kevin Tracey’s laboratory (Feinstein 

Institutes for Medical Research, Northwell Health, NY).  

Organic dust extract preparation 

Organic dust (OD) was collected and an aqueous extract was prepared as previously 

described (Romberger et al. 2002; Bhat et al. 2019). Settled surface dust samples from swine 

housing facilities were collected and 1 g was placed into sterile Hank’s Balanced Salt Solution 

(10 mL; Gibco). The solution was incubated for one hour at room temperature, centrifuged for 

20 min at 1365 x g to remove the larger coarse particles and microbes. The final supernatant was 
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filter-sterilized (0.22 μm), a process that also removes coarse particles. Stock (100%) ODE 

aliquots frozen at -20°C until use in experiments. The filter-sterilized organic dust extract (ODE) 

samples were considered 100% and diluted to 1-5% (v/v) before use in experiments.  

Endotoxin estimation  

The levels of endotoxin in the ODE samples were quantified using the Pyrochrome® 

chromogenic endotoxin assay kit (Associates of Cape Cod, Inc., East Falmouth, MA). The ODE 

samples were diluted in a ratio of 1:10 in endotoxin-free water. The samples along with 

reconstituted pyrochrome lysate were added to an endotoxin 96-well plate in a sample to lysate 

ratio of 1:4. The standard was reconstituted as per the manufacturer’s recommendation and added 

to the plate in a sample to lysate ratio of 1:4. The microplate was incubated at 37°C with shaking 

and the absorbance was read at 405 nm (every 10 minutes, three readings over a total of 30 

minutes) using the Gen 5™ software in BioTek® ELx808™ spectrophotometer.  

Cell culture and treatments 

The de-identified human primary airway epithelial cells were obtained from the Mayo 

Clinic, Rochester, MN. These cells were collected at the Mayo Clinic under an approved 

Institutional Review Board (IRB) protocol and tissues from those patients undergoing thoracic 

surgeries for focal, non-infectious causes were collected. A trained pathologist identified the 

normal lung areas and airway epithelial cells were isolated from the third to sixth generation human 

bronchi. Iowa State University’s Institutional Review Board considered these de-identified cells 

as exempt from approval. De-identified Normal human bronchial epithelial (NHBE) cells were 

also received through Dr. Kristina L. Bailey (University of Nebraska Medical Center, Omaha, 

NE). The NHBE cells were isolated from the human donors through the Live on Nebraska, an 

organ and tissue donation program. All the donors were deceased and an informed consent from 

the relatives was obtained by the Live on Nebraska. These de-identified NHBE cells were exempt 
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from the Iowa State University’s Institutional Review Board (IRB) approval. All the work was 

performed under an approved protocol from the Iowa State University’s Institutional Biosafety 

Committee (IBC) approved protocol (IBC 19-004). 

NHBE cells were seeded onto type-I bovine collagen (30 μg/mL; StemCell Technologies) 

coated T-75 flasks. Cells were grown submerged in BEGM (Pneumacult-EX) supplemented with 

50X growth supplement (StemCell Technologies), 100 IU/mL penicillin, 100 μg/mL streptomycin 

(Gibco) and 1 µg/mL of Amphotericin B (Sigma-Aldrich). The cells were incubated in a 

humidified chamber with 5% CO2 at 37˚C until approximately around 60-70% confluence was 

achieved. All groups with treatment details are outlined in Table 5.2.  

The stock and working concentrations of the treatments are outlined in Table 5.3. Our in 

vitro model of ODE exposure and treatments are represented in Table 5.2a and 5.2b. Cells were 

treated with either medium (control) or ODE (1% v/v) after HMGB1-specific siRNA mediated 

knock-down or co-treatment with anti-HMGB1 antibody for 24 hours (acute exposure) or 8 hours 

a day for 5 days (chronic exposure), respectively, with corresponding time-matched controls. 

Following treatments, samples were processed for various assays.  

Table 5.3 Stock and working concentrations of treatments 

Treatment Stock concentration 
Working concentration  

(in BEGM/DPBS) 

ODE 100% in HBSS 1% 

Anti-HMGB1 neutralization Antibody 1.8 mg/mL 10 µg/mL 

Air-Liquid Interface culture and treatment  

After subculture of NHBE cells were seeded onto 10.5 mm trans-well inserts (polyester 

membrane inserts with 0.4 μm sized pores; Corning) coated with type-I bovine collagen (30 

μg/mL; StemCell Technologies) in 12-well plates. Cells were seeded at a density of ~5 x 103/mm2 

in Pneumacult-EX expansion media (StemCell Technologies) onto the apical side of the insert, 
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with the media in the basal chamber as well. The cells were maintained in the submerged culture 

conditions for 2-3 days incubated in a humidified chamber with 5% CO2 at 37˚C until a confluent 

monolayer was developed. Fresh medium (0.5 mL in the apical chamber and 1.0 mL in the basal 

chamber) was added every 48 hours to replace spent media. Following attaining confluence 

(~80%), the expansion media in the apical and basal side was carefully removed and an ALI was 

developed by addition of the Pneumacult-ALI differentiation media (StemCell Technologies) in 

the basal chamber alone and incubated in a humidified chamber with 5% CO2 at 37˚C. Post airlift 

the cells were maintained for not more than 20 days. Fresh medium (1.0 mL in the basal chamber) 

was replenished every 48 hours and the apical surface of the monolayer was washed with DPBS 

twice every 48 hours to prevent mucus build-up. 

Post differentiation, the apical surface of the cells was treated with either medium (control) 

or ODE (1% v/v) followed by a co-treatment with either Anti-HMGB1 neutralization antibody (10 

μg/mL) or isotype-matched IgG controls (corresponding time-matched control) for 1 hour per day 

for 5 days. Following the treatments, samples were processed after 5 days for various assays. The 

exposure and treatments are outlined in Table 5.2c. 

siRNA mediated knockdown of HMGB1 

Three (R1, R2 and R3) custom designed double-stranded anti-HMGB1 siRNAs (DsiRNA), 

scrambled RNA (negative control, NC), HPRT1 DsiRNA (positive control) and a fluorescent 

transfection control (TYE563) were purchased (Integrated DNA Technologies Inc.) to maximize 

the probability of achieving successful HMGB1 knockdown. Lipofectamine 2000 (ThermoFisher) 

was used to transfect DsiRNA into the NHBE cells. Sequences of siRNAs and NC siRNA are 

listed in Table 5.4. 

To perform transfection with various siRNAs, NHBE cells were cultured BEGM without 

antibiotics. For each transfection, 1 nM of (DsiRNA) for HMGB1, scrambled RNA (negative 
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control), HPRT1 DsiRNA (positive control) and a fluorescent transfection control (TYE563) were 

diluted in Opti-MEM media and gently mixed with Lipofectamine 2000 according to the 

manufacturer’s instructions and protocols previously published (Chang et al. 2012). Following 

incubation for 20 min at room temperature, the transfection mixture was added to the cells and the 

cells were further incubated at 37°C for 24 hours. Knockdown was confirmed by qRT-PCR and 

western blot analysis of the target gene and protein, respectively (Figure 5.12). Transfection was 

confirmed by performing immunocytochemistry (ICC) for TYE563 (fluorescent transfection 

control) and imaged using Nikon Eclipse TE2000-U inverted fluorescence microscope (Nikon, 

Tokyo, Japan). Images were processed using HCImage live 4 software (Hamamatsu Corporation, 

Sewickley, PA). 

Cell viability assay and MTT assay 

Before conducting experiments, cell viability was assessed. Live/dead cell count was 

determined by 4% trypan blue dye (EMD Millipore) exclusion and percentage viability was 

calculated. The population of cells with more than 95% viability was used for the experiments. 

The MTT assay has been widely used in the estimation of LC50 and cell viability by 

measuring the formazan produced when mitochondrial dehydrogenase enzymes cleave the 

tetrazolium ring (Latchoumycandane et al. 2005). We used the MTT assay to determine the LC50 

of the treatment groups in NHBE cells listed in Table 5.2a and 5.2b. Cells were seeded (20,000 

cells/well) in a 96-well culture plate and treated for 24 hours and 8 hours/day for 5 days. After the 

treatment, the cells were washed with PBS and incubated with 200 µl of 0.25% (w/v) MTT in 

BEGM for 3 hours at 37°C. The supernatant was removed, and MTT crystals were solubilized in 

200 µl of dimethyl sulfoxide. Mitochondrial activity was measured by quantifying fluorescence 

using SpectraMax spectrophotometer (Molecular Devices Corporation) at 570 nm with the 

reference wavelength at 630 nm. 
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Transmission Electron Microscopy 

For transmission electron microscopy (TEM), cells were seeded (1x106 cells/well) in 12-

well plates with Poly D-lysine hydrobromide (Sigma-Aldrich, St. Louis, MO) coated coverslips 

and chronically exposed to the treatments as outlined in Table 5.2b.  Post-treatment NHBE cells 

were washed twice with DPBS and fixed with 3% glutaraldehyde (w/v) and 1% paraformaldehyde 

(w/v) in 0.1M cacodylate buffer, pH 7.4 for 48 hours at 4°C.  Coverslips were rinsed 3 times in 

0.1M cacodylate buffer and then post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer 

for 1 hour (room temp.)  The samples were rinsed in deionized distilled water and en bloc stained 

with 2% aqueous uranyl acetate for 30 min., dehydrated in a graded ethanol series, cleared with 

ultra-pure acetone, infiltrated and embedded using EmBed (EPON) formula epoxy resin (Electron 

Microscopy Sciences, Ft. Washington, PA) by inverting onto BEEM® capsules.  Resin blocks were 

polymerized for 48 hours at 65°C.  Coverslips were separated from the resin by using liquid 

nitrogen, trapping the cell monolayer in the resin. Thick and ultrathin sections were made using a 

Leica UC6 ultramicrotome (North Central Instruments, Minneapolis, MN).  Ultrathin sections 

were collected onto copper grids and images were captured using a JEOL 2100 scanning and 

transmission electron microscope (Japan Electron Optic Laboratories, Peabody, MA) with a Gatan 

OneView 4K camera (Gatan inc., Pleasanton, CA).   

Immunofluorescence microscopy  

Cells were seeded (1x106 cells/well) in 12-well plates with Poly D-lysine hydrobromide 

(Sigma-Aldrich, St. Louis, MO) coated coverslips and exposed to the treatments as outlined in 

Table 5.2a and 5.2b.  At the respective time points, the media was removed, and cells were washed 

with 1x PBS. Cells were fixed with 4% paraformaldehyde in PBS for 20 minutes at room 

temperature and washed with PBS. Cells were blocked for an hour using a blocking solution 

containing 10% normal donkey serum (EMD Millipore, Burlington, MA), 0.2% triton X 100 and 
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PBS. Coverslips with cells were incubated with anti-HMGB1 (1:1000 dilution, rabbit polyclonal) 

antibody in antibody diluent solution (2.5% normal donkey serum, 0.25% sodium azide, 0.2% 

triton X 100, PBS) (AbCam, Cambridge, MA) with overnight incubation at 4o C. Next, coverslips 

were incubated with donkey anti-rabbit biotin-conjugated secondary antibody (1:400, diluted in 

antibody diluent, HMGB1) (Jackson Immunoresearch, West Grove, PA) for an hour at room 

temperature. Next, 1:300 dilution of streptavidin Cy3 in PBS (HMGB1) was added. Coverslips 

were mounted onto slides using VECTASHIELD antifade mounting medium with 4',6-Diamidino-

2-Phenylindole, Dihydrochloride (DAPI, Vector Labs, Burlingame, CA) and imaged using Nikon 

Eclipse TE2000-U inverted fluorescence microscope (Nikon, Tokyo, Japan). Images were 

processed using HCImage live 4 software (Hamamatsu Corporation, Sewickley, PA). 

Subcellular fractionation 

Whole-cell and subcellular protein lysate extractions (cytosol and MT) were performed at 

4°C using cold reagents. For whole-cell protein lysates, cell pellets were subjected to lysis using 

RIPA buffer with HALT protease and phosphatase inhibitor (ThermoFisher Scientific). 

Subcellular fractionation of cell pellets for isolation of mitochondria was done using the 

Mitochondria Isolation Kit for Cultured Cells (ThermoFisher Scientific) according to the 

manufacturer's instructions. The cytosolic fraction and isolated mitochondria were lysed with 

RIPA buffer [with protease and phosphatase inhibitors] for 30 min at 4°C and periodic sonication 

on ice, followed by centrifugation to collect lysate. Protein concentrations of fraction were 

determined by Bradford assay (Bio-Rad) and were stored at −80°C until use. 

mtDNA isolation and long-range PCR 

To determine mitochondrial DNA (mtDNA) leakage into cellular cytosol, mtDNA was 

isolated from mitochondria-free cytosolic fraction of the cells using the Genomic DNA 

Purification kit (ThermoFisher Scientific) as per the manufacturer’s instructions. The purity and 
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concentration of the isolated DNA was measured using NanoVue Plus spectrophotometer (GE 

Healthcare, UK). Due to low concentrations, the mtDNA was first amplified using long-range PCR 

and the primers used are listed in Table 5.5. PCR reactions were performed at 94°C for 1 min 

followed by 30 cycles at 98°C for 10 s, 60°C for 40 s, 68°C for 16 min and a final elongation for 

10 min (Liu et al. 2015). The presence of mtDNA was confirmed by separating the PCR product 

by electrophoresis on a 0.8% agarose gel stained with ethidium bromide. The concentration of 

amplified mtDNA obtained was adjusted to ensure equal amounts of template mtDNA in each 

sample used for qPCR reaction.  

Real Time – qPCR 

Total RNA was isolated using TRIzol extraction methods (Seo et al. 2014) and RNA 

concentration was measured using NanoVue Plus spectrophotometer (GE Healthcare, UK). 1 μg 

of RNA was used to synthesize cDNA using the High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher Scientific) following the manufacturer’s instructions. qRT-PCR was performed 

using 500 ng of cDNA in a 10 μL reaction volume for each target in triplicates. The housekeeping 

gene 16s rRNA (for mtDNA fold change) and 18S rRNA (ThermoFisher Scientific) was used. No-

template controls and dissociation curves were run for all reactions to exclude cross-

contamination. The primers for genes of interest listed in Table 5.5 were synthesized at Iowa State 

University’s DNA Facility. The qRT-PCR reactions were run in a QuantiStudio-3™ 

(Thermofisher Scientific) detection system and the data was analyzed using 2-ΔΔCT method (Livak 

and Schmittgen).  

Targeted gene array  

qRT-PCR using TaqMan® Gene Expression Assays (Life Technologies, Carlsbad, CA) 

was performed for the 96 targets specific for human mitochondrial energy metabolism listed in 

Table 5.6. 500 ng of cDNA in a 10 μL reaction volume was prepared for each target in duplicates. 
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The reaction conditions were as follows: 50°C for 2 minutes, 95°C for 2 minutes, followed by 40 

cycles at 95°C for 1 second, and 60°C for 20 seconds. Data analysis was performed using the 

relative quantification app on ThermoFisher cloud and analyzed using 2-ΔΔCT method (Livak and 

Schmittgen 2001). The genes with a fold change of ≥10 and ≤10 were selected and represented on 

a heat map. Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, upregulated 

and downregulated pathways with significantly altered mRNA transcripts with FDR corrected p-

value cut-off <0.05 were selected and represented by gene counts.  

Western blot analysis 

Lysates (whole cell, cytosol and MT) containing equal amounts of protein (20 μg/sample), 

along with a molecular weight marker (Bio-Rad), were run on 10–15% sodium dodecyl 

sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (Bhat et al. 

2019). Proteins were transferred to a nitrocellulose membrane and nonspecific binding sites were 

blocked with Licor Odyssey blocking buffer. The membranes were then incubated with different 

primary antibodies and dilutions listed in Table 5.7. Next, membranes were incubated with one of 

the following secondary antibodies: Alexa Fluor 680 goat anti-mouse, Alexa Fluor 680 donkey 

anti-rabbit, or IRDye 800CW donkey anti-rabbit (1:10,000; LI-COR). To confirm equal protein 

loading, blots were probed with relevant housekeeping proteins listed in Table 5.7. Western blot 

images were captured using Odyssey® CLx IR imaging system (LI-COR Biotechnology) and 

analysis was performed using ImageJ program (National Institutes of Health).  

Intracellular reactive oxygen species 

Intracellular reactive oxygen species (ROS) production was measured using chloromethyl 

derivative of dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (ThermoFisher Scientific, 

USA). A working solution of 10 µM of DCFDA in DPBS was used. NHBE cells (50,000 

cells/well) were seeded in a 96 well plate and incubated in a 5% CO2 incubator to reach confluence. 
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The cells were incubated with CM-H2DCFDA working solution at 37°C for 30 min, following 

treatments as outlined in Table 5.2a. The cells were then washed and fluorescence intensity of the 

oxidized form of H2DCFDA was measured at excitation/emission wavelengths of 488/535 nm 

using SpectraMax spectrophotometer (Molecular Devices Corporation). The results were 

expressed as mean fluorescence intensity relative to control. 

Mitochondrial activity and mitochondrial superoxide  

NHBE cells were seeded (50,000 cells/well) in a 96-well culture plate and treated as 

outlined in Table 5.2a and 5.2b. After treatment, the media was removed and 100 μl of 200 nM 

MitoTracker green and 5 μM MitoSOX red dye diluted in BEGM was added into each well and 

incubated at 37°C for 15 min. Following incubation, the cells were washed with DPBS and 

fluorescence intensity was measured by spectrophotometer reading taken at excitation/emission 

wavelengths of 485/520 nm and 510/580 nm, respectively,  SpectraMax spectrophotometer 

(Molecular Devices Corporation). The results were expressed as percentage fluorescence relative 

to control. 

NHBE cells were also seeded (1x106 cells/well) in 12-well plates with Poly D-lysine 

hydrobromide (Sigma-Aldrich, St. Louis, MO) coated coverslips and exposed to the treatments as 

outlined in Table 5.2a and 5.25.1b.  At the respective time points, the media was removed, and 

cells were washed with DPBS. These were stained with MitoTracker Red CMXRos (200 nM) and 

incubated at 37°C for 15 min. The cells were washed with DPBS and fixed with 4% 

paraformaldehyde in PBS for 20 minutes at room temperature and washed with PBS again. 

Coverslips were mounted onto slides using VECTASHIELD antifade mounting medium with 4',6-

Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Vector Labs, Burlingame, CA) and imaged 

using Nikon Eclipse TE2000-U inverted fluorescence microscope (Nikon, Tokyo, Japan). Images 

were processed using HCImage live 4 software (Hamamatsu Corporation, Sewickley, PA). 
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Mitochondrial glucose uptake 

Cellular glucose uptake by NHBE cells was measured using fluorescent d-glucose analog 

2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) (Zou et al. 2005). 

Cells were seeded (50,000 cells/well) in a 96-well culture plate and treated as outlined in Table 

5.2a and 5.2b. After treatment, the media was removed and 100 μL of 50 μg/mL 2-FITC labeled 

NBDG in BEGM was added into each well and incubated at 37°C for 20 min. Following 

incubation, the cells were washed with DPBS and fluorescence intensity was measured by 

spectrophotometer reading taken at an at excitation/emission wavelengths of 465/540 nm using 

SpectraMax spectrophotometer (Molecular Devices Corporation). The results were expressed as 

percentage fluorescence relative to control. 

Mitochondrial calcium influx  

Mitochondrial calcium influx ([Ca2+] mito) in NHBE cells was measured using the Rhod-

2AM dye. After treatment, the mitochondria were isolated using the Mitochondria Isolation Kit 

for Cultured Cells (ThermoFisher Scientific) was measured by Bradford assay to maintain 

consistency in the number of mitochondria loaded into the wells of a 96-well plate. A protein 

concentration of 100 µg was loaded into each well and Rhod-2AM (Abcam, 10 µM) dye was added 

and incubated at 37°C for 30 minutes to stain the mitochondria. The plate was later read at an 

excitation/emission wavelengths of 552/581 nm using SpectraMax spectrophotometer (Molecular 

Devices Corporation).  

NHBE cells were also seeded (1x106 cells/well) in 12-well plates with Poly D-lysine 

hydrobromide (Sigma-Aldrich, St. Louis, MO) coated coverslips and exposed to the treatments as 

outlined in Table 5.2a and 5.2b.  At the respective time points, the media was removed, and cells 

were washed with DPBS. These were stained with Rhod-2AM (Abcam, 10 µM) and incubated at 

37°C for 30 min. The cells were washed with DPBS and fixed with 4% paraformaldehyde in PBS 
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for 20 minutes at room temperature and washed with PBS again. Coverslips were mounted onto 

slides using VECTASHIELD antifade mounting medium with 4',6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI, Vector Labs, Burlingame, CA) and imaged using EVOS M5000 imaging 

system (ThermoFisher Scientific). 

Griess assay 

Griess assay was performed as described (Gordon et al. 2011). Concentration of secreted 

nitric oxide was measured (representing reactive nitrogen species (RNS)) as nitrite levels in cell 

culture media using Griess reagent (Sigma-Aldrich) and sodium nitrite standard curve, prepared 

using a stock solution of 200 µM. The assay was performed in a 96 well-plate and absorbance was 

measured at 550 nm using SpectraMax spectrophotometer (Molecular Devices Corporation). The 

results were expressed as µM concentration of nitrite secreted. 

Trans-epithelial electrical resistance (TEER) 

TEER is the potential difference across the epithelium, which is a measure of the tightness 

of the cell-cell contacts within the epithelium. This is measured using a pair of electrodes 

(Srinivasan et al. 2015). NHBE cells were plated on 10.5mm trans-well inserts in a 12 well plate 

and allowed to grow. Cell confluence was monitored by TEER measurements with the Epithelial 

Voltohmmeter 2 (EVOM2, WPI, Sarasota, FL). The value obtained is an indication of the integrity 

of the epithelial cell monolayers. Once TEER value reached a steady state, treatments outlined in 

Table 5.2c were added to the apical surface of the cells and TEER measurements were performed 

every 12 hours for 5 days. The mean of four measurements per insert was calculated. The electrical 

resistance of inserts without cells was subtracted from all samples, and the resistance values 

obtained was multiplied with the surface area of the inserts for measuring the TEER values 

(Ω.cm2). 
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Statistical analysis 

Data analysis was performed using GraphPad Prism 8.0 software (La Jolla, CA, USA). 

Raw data were analyzed with either Student’s t-test or using one-way ANOVA, and Tukey’s 

posttest was performed to compare all treatment groups. A p-value of < 0.05 was considered 

statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. * indicates different 

from control. Samples for all assays were derived from the same experiment and were processed 

in parallel. 
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Appendix A. Supplementary figures 

 
Figure 5.11 ODE exposure induces nuclear blebbing in NHBE cells  
NHBE cells treated with medium (control) or ODE (1%) for 6, 24 and 48 h  were stained with anti-
HMGB1 antibody (Cy3) and nuclei counterstain (DAPI). Compared to controls, ODE treated cells 
showed nucleocytoplasmic translocation of HMGB1and nuclear blebbing 24 hours post-treatment. 
(a; arrows heads and box; Scale bar = 100 μm). Immunoblotting of nuclear and cytoplasmic 
fractions of treated cells was performed to measure expression of HMGB1. Compared to controls, 
cells showed an increase in HMGB1 expression in the nuclear fraction at 6 and 48 h (b). HMGB1 
expression significantly increased in the cytoplasm at 24 h post-treatment (c). Samples for all 
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assays were derived from the same experiment and were processed in parallel. All protein bands 
were normalized over β-actin (37 kD) and percentage intensity relative to control was analyzed. 
Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3/treatment (* 
indicates significant difference from control). 

 
Figure 5.12 Confirmation of siRNA mediated knockdown on HMGB1 
NHBE cells were treated with DsiRNAs for TYE 563 (transfection control, Cy3) or HMGB1 (R1, 
R2, R3) and a scrambled siRNA (negative control). 24 h  post-transfection, the cells showed 
successful transfection of TYE 563 into the cells (a, arrows; Scale bar = 100 μm). HMGB1 
knockdown was confirmed by immunoblotting (b) and qPCR (c). Significant decrease in HMGB1 
protein and mRNA expression was seen on transfection with siRNA.R1 (10 nmol), siRNA.R2 (10 
nmol) and siRNA.R3 (10 nmol). Changes in HMGB1 protein expression in NHBE cells with or 
without siRNA mediated HMGB1 knockdown and treated with ODE (1%) for 24 h was assessed 
(d). Samples for all assays were derived from the same experiment and were processed in parallel. 
All the protein bands were normalized over β-actin (37 kD) and percentage intensity relative to 
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control was analyzed. Data was analyzed using one-way ANOVA with Tukey’s multiple 
comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean 
± SEM with n = 3/treatment (* indicates significant difference from control). 

 
Figure 5.13 HMGB1 neutralization decreases extracellular secretion of mtDNA 
Mitochondrial DNA (mtDNA) leakage into the cytosol (a) and extracellularly (b) in NHBE cells 
treated with medium or ODE (1%) followed by medium or HMGB1 neutralization antibody (10 
µg/mL) for 8 h per day for 5 days was analyzed via qPCR. mRNA fold change of gene targets of 
mtDNA release, ifna1 (c), ifna4 (d), and ifnb (e), were measured by qPCR. For all the assays, 
samples were derived from the same experiment and were processed in parallel. Data was analyzed 
using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001) and represented as mean ± SEM with n = 3/treatment (* indicates 
significant difference from control).  
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Figure 5.14 HMGB1 neutralization promotes mitochondrial biogenesis 
Markers of mitochondrial biogenesis in NHBE cells treated with medium or ODE (1%) followed 
by medium or HMGB1 neutralization antibody (10 µg/mL) for 8 h per day for 5 days was 
measured. mRNA expression of pgc1a (a), nrf2 (b) and tfam (c) were measured by qPCR. mRNA 
fold change of gene targets downstream of NRF2, hmox1 (d), and nqo1 (e), were measured by 
qPCR. For all the assays, samples were derived from the same experiment and were processed in 
parallel. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 
3/treatment (* indicates significant difference from control). 
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Figure 5.15 HMGB1 neutralization increases mitochondrial calcium influx 
Intra-mitochondrial calcium levels in mitochondria isolated from NHBE cells treated with medium 
or ODE (1%) followed by medium or HMGB1 neutralization antibody (10 µg/mL) for 8 h per day 
for 5 days was visualized (a; Scale bar = 100 μm) and quantified by Rhod-2AM staining (b). Using 
Mito-SOX staining, the levels of superoxide anions (SOX) within the mitochondria was quantified 
(c). Samples for all assays were derived from the same experiment and were processed in parallel. 
Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 6/treatment (* 
indicates significant difference from control).  
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Appendix B. Supplementary tables 

Table 5.4 Control and HMGB1 DsiRNA sequences 

Gene Duplex name Sequence (5’→3’) 

HMGB1 

Ri.HMGB1.13.1 

(R1) 

Sense CUGAUAAAAGGUUUUGUCAAACATT 

Antisense CCGACUAUUUUCCAAAACAGUUUGUAA 

Ri.HMGB1.13.2 

(R2) 

Sense GCAAAAUGUCAUCAUAUGCAUUUTT 

Antisense UCCGUUUUACAGUAGUAUACGUAAAAA 

Ri.HMGB1.13.3 

(R3) 

Sense CCAUUGGUGAUGUUGCGAAGAAACT 

Antisense CAGGUAACCACUACAACGCUUCUUUGA 

Negative 

Control 
DsiRNA (NC) 

Sense CGUUAAUCGCGUAUAAUACGCGUAT 

Antisense AUACGCGUAUUAUACGCGAUUAACGAC 

Table 5.5 Primer sequences 

Gene symbol Primer Sequence (5’→3’) 

mtdna 
Forward TGAGGCCAAATATCATTCTGAGGGGC 
Reverse TTTCATCATGCGGAGATGTTGGATGG 

mtnd1 
Forward GGCTATATACAACTACGCAAAGGC 
Reverse GGTAGATGTGGCGGGTTTTAGG 

16s 
Forward CCGCAAGGGAAAGATGAAAGAC 
Reverse TCGTTTGGTTTCGGGGTTTC 

hmgb1 
Forward GCGAAGAAACTGGGAGAGATGTG 
Reverse GCATCAGGCTTTCCTTTAGCTCG 

nos2 
Forward GCTCTACACCTCCAATGTGACC 
Reverse CTGCCGAGATTTGAGCCTCATG 

ifna 
Forward AGAAGGCTCCAGCCATCTCTGT 
Reverse TGCTGGTAGAGTTCGGTGCAGA 

ifna4 
Forward GTTCCAGAAGGCTCAAGCCATC 
Reverse TAGGAGGCTCTGTTCCCAAGCA 

ifnb 
Forward CTTGGATTCCTACAAAGAAGCAGC 

Reverse TCCTCCTTCTGGAACTGCTGCA 
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Table 5.5 (continued) 

Gene symbol Primer Sequence (5’→3’) 

tfam 
Forward GTGGTTTTCATCTGTCTTGGCAAG 
Reverse TTCCCTCCAACGCTGGGCAATT 

pgc1a 
Forward CCAAAGGATGCGCTCTCGTTCA 
Reverse CGGTGTCTGTAGTGGCTTGACT 

nrf2 
Forward CACATCCAGTCAGAAACCAGTGG 
Reverse GGAATGTCTGCGCCAAAAGCTG 

gstp1 
Forward TGGAAGGAGGAGGTGGTTACCA 
Reverse GGTAAAGGGTGAGGTCTCCATC 

hmox1 
Forward CCAGGCAGAGAATGCTGAGTTC 

Reverse AAGACTGGGCTCTCCTTGTTGC 

nqo1 
Forward CCTGCCATTCTGAAAGGCTGGT 

Reverse GTGGTGATGGAAAGCACTGCCT 

hif1a 
Forward TATGAGCCAGAAGAACTTTTAGGC 

Reverse CACCTCTTTTGGCAAGCATCCTG 

vhl 
Forward GACACACGATGGGCTTCTGGTT 

Reverse ACAACCTGGAGGCATCGCTCTT 

slc2a6 
Forward TCACCAAGTCCTTCCTGCCAGT 
Reverse CACAGCAGCCTGTGAACACCAG 

eno1 
Forward AGTCAACCAGATTGGCTCCGTG 
Reverse CACAACCAGGTCAGCGATGAAG  

foxj1 
Forward ACTCGTATGCCACGCTCATCTG 
Reverse GAGACAGGTTGTGGCGGATTGA 

cfap157 
Forward CAGCAGGAACTGGCTAATGAGC 
Reverse ACGTCACTGTCCTCTTCATCGC 

cld2 
Forward GTGACAGCAGTTGGCTTCTCCA 
Reverse GGAGATTGCACTGGATGTCACC 

ocld 
Forward ATGGCAAAGTGAATGACAAGCGG 

Reverse CTGTAACGAGGCTGCCTGAAGT 
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Table 5.6 Array gene list 

Assay ID Gene Symbol(s) Gene Name(s) 
Hs99999901_s1 18s rRNA - 
Hs01060284_m1 ATP12A ATPase H+/K+ transporting non-gastric alpha2 subunit 
Hs00167575_m1 ATP4A ATPase H+/K+ transporting alpha subunit 
Hs01026288_m1 ATP4B ATPase H+/K+ transporting beta subunit 

Hs00900735_m1 ATP5A1 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha 
subunit 1, cardiac muscle 

Hs00969569_m1 ATP5B ATP synthase, H+ transporting, mitochondrial F1 complex, beta 
polypeptide 

Hs01101219_g1 ATP5C1 ATP synthase, H+ transporting, mitochondrial F1 complex, gamma 
polypeptide 1 

Hs01076982_g1 ATP5F1 ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
B1 

Hs00829069_s1 ATP5G1 ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
C1 (subunit 9) 

Hs01086654_g1 ATP5G2 ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
C2 (subunit 9) 

Hs00266085_m1 ATP5G3 ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
C3 (subunit 9) 

Hs01046892_gH ATP5H ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
D 

Hs00273015_m1 ATP5I ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
E 

Hs01081389_g1 ATP5J ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
F6 

Hs04194830_s1 ATP5J2 ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
F2 

Hs00538946_g1 ATP5L ATP synthase, H+ transporting, mitochondrial Fo complex subunit 
G 

Hs00426889_m1 ATP5O ATP synthase, H+ transporting, mitochondrial F1 complex, O 
subunit 

Hs00429389_m1 ATP6V0A2 ATPase H+ transporting V0 subunit a2 
Hs01084784_m1 ATP6V0D2 ATPase H+ transporting V0 subunit d2 
Hs00375969_m1 ATP6V1C2 ATPase H+ transporting V1 subunit C2 
Hs00369807_m1 ATP6V1E2 ATPase H+ transporting V1 subunit E2 
Hs00373169_m1 ATP6V1G3 ATPase H+ transporting V1 subunit G3 

Hs01018008_g1 BCS1L BCS1 homolog, ubiquinol-cytochrome c reductase complex 
chaperone 

Hs00971639_m1 COX4I1 cytochrome c oxidase subunit 4I1 
Hs00261747_m1 COX4I2 cytochrome c oxidase subunit 4I2 
Hs00362067_m1 COX5A cytochrome c oxidase subunit 5A 
Hs00426948_m1 COX5B cytochrome c oxidase subunit 5B 
Hs01924685_g1 COX6A1 cytochrome c oxidase subunit 6A1 
Hs00193226_g1 COX6A2 cytochrome c oxidase subunit 6A2 
Hs00266375_m1 COX6B1 cytochrome c oxidase subunit 6B1 
Hs00376070_m1 COX6B2 cytochrome c oxidase subunit 6B2 
Hs00269977_m1 COX6C cytochrome c oxidase subunit 6C 
Hs01652418_m1 COX7A2 cytochrome c oxidase subunit 7A2 
Hs00190880_m1 COX7A2L cytochrome c oxidase subunit 7A2 like 
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Table 5.6 (continued) 

Assay ID Gene Symbol(s) Gene Name(s) 
Hs00371307_m1 COX7B cytochrome c oxidase subunit 7B 
Hs00187909_m1 COX8A cytochrome c oxidase subunit 8A 
Hs00418377_m1 COX8C cytochrome c oxidase subunit 8C 
Hs00357717_m1 CYC1 cytochrome c1 

Hs00383379_m1 LHPP phospholysine phosphohistidine inorganic pyrophosphate 
phosphatase 

Hs00244980_m1 NDUFA1 NADH:ubiquinone oxidoreductase subunit A1 
Hs00190004_m1 NDUFA10 NADH:ubiquinone oxidoreductase subunit A10 
Hs00418300_m1 NDUFA11 NADH:ubiquinone oxidoreductase subunit A11 
Hs04187282_g1 NDUFA2 NADH:ubiquinone oxidoreductase subunit A2 
Hs01547166_g1 NDUFA3 NADH:ubiquinone oxidoreductase subunit A3 
Hs00800172_s1 NDUFA4 NDUFA4, mitochondrial complex associated 
Hs01634019_g1 NDUFA5 NADH:ubiquinone oxidoreductase subunit A5 
Hs00899690_m1 NDUFA6 NADH:ubiquinone oxidoreductase subunit A6 
Hs01561430_m1 NDUFA7 NADH:ubiquinone oxidoreductase subunit A7 
Hs00204417_m1 NDUFA8 NADH:ubiquinone oxidoreductase subunit A8 
Hs00192290_m1 NDUFAB1 NADH:ubiquinone oxidoreductase subunit AB1 
Hs00605903_m1 NDUFB10 NADH:ubiquinone oxidoreductase subunit B10 
Hs00190006_m1 NDUFB2 NADH:ubiquinone oxidoreductase subunit B2 
Hs00427185_m1 NDUFB3 NADH:ubiquinone oxidoreductase subunit B3 
Hs00853558_g1 NDUFB4 NADH:ubiquinone oxidoreductase subunit B4 
Hs00159582_m1 NDUFB5 NADH:ubiquinone oxidoreductase subunit B5 
Hs00159583_m1 NDUFB6 NADH:ubiquinone oxidoreductase subunit B6 
Hs00188142_m1 NDUFB7 NADH:ubiquinone oxidoreductase subunit B7 
Hs00922355_g1 NDUFB8 NADH:ubiquinone oxidoreductase subunit B8 
Hs00601381_mH NDUFB9 NADH:ubiquinone oxidoreductase subunit B9 
Hs00159587_m1 NDUFC1 NADH:ubiquinone oxidoreductase subunit C1 
Hs01072843_m1 NDUFC2 NADH:ubiquinone oxidoreductase subunit C2 
Hs00192297_m1 NDUFS1 NADH:ubiquinone oxidoreductase core subunit S1 
Hs00190020_m1 NDUFS2 NADH:ubiquinone oxidoreductase core subunit S2 
Hs01549083_m1 NDUFS3 NADH:ubiquinone oxidoreductase core subunit S3 
Hs00942568_m1 NDUFS4 NADH:ubiquinone oxidoreductase subunit S4 
Hs02578754_g1 NDUFS5 NADH:ubiquinone oxidoreductase subunit S5 
Hs00190035_m1 NDUFS6 NADH:ubiquinone oxidoreductase subunit S6 
Hs00257018_m1 NDUFS7 NADH:ubiquinone oxidoreductase core subunit S7 
Hs00159597_m1 NDUFS8 NADH:ubiquinone oxidoreductase core subunit S8 
Hs00957930_m1 NDUFV1 NADH:ubiquinone oxidoreductase core subunit V1 
Hs00221478_m1 NDUFV2 NADH:ubiquinone oxidoreductase core subunit V2 
Hs00221479_m1 NDUFV3 NADH:ubiquinone oxidoreductase subunit V3 
Hs00192329_m1 OXA1L OXA1L, mitochondrial inner membrane protein 
Hs00535680_g1 PPA1 pyrophosphatase (inorganic) 1 
Hs00602575_m1 PPA2 pyrophosphatase (inorganic) 2 
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Table 5.6 (continued) 

Assay ID Gene Symbol(s) Gene Name(s) 
Hs00417200_m1 SDHA succinate dehydrogenase complex flavoprotein subunit A 
Hs01042482_m1 SDHB succinate dehydrogenase complex iron sulfur subunit B 
Hs01698067_s1 SDHC succinate dehydrogenase complex subunit C 
Hs01098144_g1 SDHD succinate dehydrogenase complex subunit D 
Hs00199138_m1 UQCR11 ubiquinol-cytochrome c reductase, complex III subunit XI 
Hs00163415_m1 UQCRC1 ubiquinol-cytochrome c reductase core protein I 
Hs00996395_m1 UQCRC2 ubiquinol-cytochrome c reductase core protein II 
Hs04194251_g1 UQCRFS1 ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 
Hs03045181_g1 UQCRH ubiquinol-cytochrome c reductase hinge protein 
Hs00416927_g1 UQCRQ ubiquinol-cytochrome c reductase complex III subunit VII 
Hs99999905_m1 GAPDH glyceraldehyde-3-phosphate dehydrogenase 
Hs99999909_m1 HPRT1 hypoxanthine phosphoribosyltransferase 1 
Hs99999908_m1 GUSB glucuronidase beta 
Hs99999903_m1 ACTB actin beta 
Hs99999907_m1 B2M beta-2-microglobulin 
Hs00609297_m1 HMBS hydroxymethylbilane synthase 
Hs00183533_m1 IPO8 importin 8 
Hs99999906_m1 PGK1 phosphoglycerate kinase 1 
Hs99999902_m1 RPLP0 ribosomal protein lateral stalk subunit P0 
Hs99999910_m1 TBP TATA-box binding protein 
Hs99999911_m1 TFRC transferrin receptor 
Hs99999901_s1 18S Eukaryotic 18S rRNA 
Hs00824723_m1 UBC ubiquitin C 

 

 

 

 

 

 

 

 



172 

Table 5.7 Characteristics of primary antibodies 

Epitope Species/Clone Dilution Catalog # Supplier 
β-Actin Mouse Monoclonal 1:10,000 ab6276 AbCama 
LaminB1 Rabbit Polyclonal 1:1000 ab16048 AbCama 
GAPDH Rabbit Polyclonal 1:2500 ab9485 AbCama 
HMGB1 Rabbit Polyclonal 1:5000 ab79823 AbCama 
MFN1 Mouse Monoclonal 1:1000 sc-166644 Santa Cruzb 
MFN2 Mouse Monoclonal 1:1000 sc-100560 Santa Cruzb 
OPA1 Mouse Monoclonal 1:1000 sc-393296 Santa Cruzb 
DRP1 Mouse Monoclonal 1:1000 sc-271583 Santa Cruzb 
Parkin Mouse Monoclonal 1:1000 sc-32282 Santa Cruzb 
PINK1 Mouse Monoclonal 1:1000 sc-517353 Santa Cruzb 
BNIP3 Mouse Monoclonal 1:1000 sc-56167 Santa Cruzb 
Cytochrome C Mouse Monoclonal 1:1000 sc-13156 Santa Cruzb 
PGC1α Mouse Monoclonal 1:1000 sc-518025 Santa Cruzb 
NRF2 Mouse Monoclonal 1:1000 sc-365949 Santa Cruzb 
TFAM Mouse Monoclonal 1:1000 sc-376672 Santa Cruzb 
HIF1α Mouse Monoclonal 1:1000 sc-13515 Santa Cruzb 
TLR9 Mouse Monoclonal 1:1000 sc-47723 Santa Cruzb 
cGAS Mouse Monoclonal 1:1000 sc-515777 Santa Cruzb 
IFI16 Mouse Monoclonal 1:1000 sc-8023 Santa Cruzb 
IRF3 Mouse Monoclonal 1:1000 sc-33641 Santa Cruzb 

aCambridge, United Kingdom 
bDallas, Texas, USA 

Table 5.8 Characteristics of secondary antibodies 
Expression 
system Conjugate Species/Clone Dilution Catalog # Supplier 

Donkey/IgG Alexa Fluor® 680 Rabbit Polyclonal 1:10,000 A10043 Invitrogenc 

Rabbit/IgG Alexa Fluor® 680 Mouse Polyclonal 1:10,000 A27031 Invitrogenc 
Donkey/IgG IRDye® 800CW Rabbit Polyclonal 1:10,000 926-32213 LI-CORd 

cThermofisher Scientific, USA 
dNebraska, USA 
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KNOCKOUT IN ORGANIC DUST INDUCED LUNG INFLAMMATION IN VIVO 

Sanjana Mahadev Bhat 1,2, Nyzil Massey 1, Nawau Yar 3, Locke A. Karriker 4, Chong Wang 4, 
Chandrashekhar Charavaryamath 1* 

1 Department of Biomedical Sciences, 2008 Vet Med Building, Iowa State University, Ames, IA, 
USA. 2 Immunobiology Interdepartmental Graduate Program, Iowa State University, Ames, IA, 

USA. 3 Biological Science Program, University of California, Santa Barbra, CA. 4 Department of 
Veterinary Diagnostic and Production Animal Medicine, Iowa State University, Ames, IA, USA. 

*To whom correspondence should be addressed: Chandrashekhar Charavaryamath, BVSc, MVSc, 
PhD., Assistant Professor, Department of Biomedical Sciences, Iowa State University, Ames, IA 
50011. Telephone: (515) 294-7710; Fax: (515) 294-2315; Email: chandru@iastate.edu 

Keywords: OD, HMGB1, club cell, airway inflammation, mitochondrial dysfunction 

Modified from a manuscript in preparation. 

Author Contributions 

S.M. Bhat participated in the design of experiments, performed the experiments, analyzed 

the data, and wrote the manuscript. N. Massey performed organic dust extraction and histology 

scoring. N. Yar assisted with the assays including western blot and leukocyte differential count. L. 

Karriker collected the organic dust samples and edited the manuscript. C. Wang helped with the 

statistical analysis of the data, interpretation, and graphical representation. C. Charavaryamath 

conceptualized the study, participated in the design of the experiments, performed dust extraction, 

participated in the interpretation of data, and edited the manuscript. All authors have read and 

approved the final manuscript. 

Abbreviations 

OD: Organic Dust; ODE: Organic Dust Extract; LPS: Lipopolysaccharide; CAFOs: 

Concentrated Animal Feed Operations; HMGB1: High Mobility Group Box 1; RAGE: Receptor 

For Advanced Glycation End Products; MAMPs: Microbial Associated Molecular Patterns; 

DAMPs: Damage Associated Molecular Patters; PRRs: Pathogen Recognition Receptors; COPD: 

mailto:chandru@iastate.edu


174 

Chronic Obstructive Pulmonary Disease; CCSP: Club Cell Secretory Protein; AHR: Airway 

Hyperresponsiveness; EMT: Epithelial Mesenchymal Transition; ROS: Reactive Oxygen Species; 

iNOS: Inducible Nitric Oxide Synthase; TLR: Toll-like receptor; NOD2: Nucleotide-binding 

Oligomerization Domain-containing 2; IL: Interleukin; IFN: Interferons; TNF: Tumor Necrosis 

Factor; TFAM: mitochondrial Transcription Factor A; PGC1α: Peroxisome Proliferator-Activated 

Receptor Gamma Coactivator 1-alpha; NRF2: Nuclear Factor Erythroid 2-related factor 2; HIF1α: 

Hypoxia-Inducible Factor 1-alpha; ENO1: enolase 1; SLC2A6: Solute Carrier Family 2 Member 

6; FOXJ1: Forkhead box protein J1; mtND1: mitochondrial NADH dehydrogenase 1; BALF: 

Bronchoalveolar Lavage Fluid; FITC: Fluorescein isothiocyanate; PKC: Protein Kinase C 

Abstract 

Agriculture animal production workers experience significant respiratory disease 

symptoms due to exposure to organic dust (OD). The role of secreted HMGB1 as a damage 

associated molecular pattern is well documented. However, the intracellular function of HMGB1 

during airway inflammation has been poorly understood. We have previously shown that 

agricultural organic dust extract (ODE), with abundant microbial component diversity, promotes 

the secretion of HMGB1 during airway inflammation. The focus of this study was to determine 

the impact of conditional HMGB1 deficiency in ODE exposed airways, as opposed to elucidating 

the effects of secreted HMGB1 in airway inflammation. Following ODE exposure, mice with club 

cell-specific HMGB1 deletion showed an increase in airway inflammation. The lack of HMGB1 

in the airways also increased the goblet cell numbers and tissue permeability, with significant 

histopathological changes. On the other hand, HMGB1 deficiency resulted in decreased production 

and release of certain DAMPs, particularly those released during mitochondrial dysfunction. 

Together, our results indicate that the increased inflammation in the airways of HMGB1 deficient 

mice could be due to club-cell specific role of HMGB1 in lung homeostasis. 
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Introduction 

Occupational organic dust (OD) exposure in concentrated animal feed operations (CAFOs) 

has long been shown to be detrimental to the health of workers and is central to the development 

of chronic inflammatory airway diseases, including asthma, chronic bronchitis, and chronic 

obstructive pulmonary disease (COPD) reported in workers (Charavaryamath and Singh 2006; 

Poole and Romberger 2012). The composition of OD is complex and includes a variety of 

microbial associated molecular patterns (MAMPs). Hence exposure to OD could result in the 

activation of wide range of immune cells through pattern recognition receptors (PRRs), such as 

toll like receptors (TLRs) and nucleotide oligomerization domains (NODs) (Charavaryamath et al. 

2008; Bailey et al. 2008; Poole et al. 2010; Schneberger et al. 2016).  Interaction of MAMPs with 

PRRs leads to increased neutrophil influx, inflammatory cytokine release, airway hyper-

responsiveness, and loss of lung function over time (Dosman et al. 2006a; Senthilselvan et al. 

2007).  

Several studies conducted using mouse models of intranasal administration of organic dust 

extract (ODE) have demonstrated inflammatory responses with acute and repetitive exposure 

(Poole et al. 2008; Poole et al. 2009; Shrestha et al. 2021). The results from animal studies have 

recapitulated many inflammatory features observed with human exposure to organic dust and 

gases in animal production units (Dosman et al. 2006a; Senthilselvan et al. 2007). The studies 

demonstrated an increased neutrophil, macrophage, and lymphocyte influx, airway hyper-

responsiveness (AHR), and release of pro-inflammatory cytokines, including tumor necrosis factor 

(TNF)-α, interleukin (IL)-6, and neutrophil chemoattractant (CXCL1 and CXCL2), which 

resemble the human exposure response (Charavaryamath et al. 2005; Poole et al. 2009; Robbe et 

al. 2014b; Robbe et al. 2014a). In previous studies, it has been shown that ODE activates various 
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innate immune signaling pathways, such as protein kinase c (PKC) family, and MyD88 

(Romberger et al. 2002; Nath Neerukonda et al. 2018; An et al. 2020).  

Among the inflammatory mediators, damage associated molecular patters (DAMPs) are 

emerging as important players in orchestrating a sustained inflammatory response (Rubartelli and 

Lotze 2007; Li et al. 2013; Pouwels et al. 2014). Among the DAMPs, nuclear alarmin high mobility 

group box 1 (HMGB1) protein is gaining attention and we have demonstrated how HMGB1 could 

be targeted to reduce ODE mediated airway inflammation (Bhat et al. 2019; Jiang et al. 2020). 

HMGB1 is a highly conserved nuclear protein with a key role in the maintenance of chromatin 

structure and promotes target-specific transcriptional protein binding during homeostasis. HMGB1 

has been shown to act as an extracellular signaling molecule which on binding to its receptors, 

receptor for advanced glycation end products (RAGE) and TLR 2 and 4, triggers pleiotropic 

effects, such as cell proliferation, differentiation, cell death, inflammation, and immunity 

(Andersson and Tracey 2011; Yang et al. 2015; Ugrinova and Pasheva 2017a; Ding et al. 2017).  

While the role of HMGB1 in the cytoplasm and extra-cellular milieu in accentuating inflammation 

is evident, another set of recent data have shown its role in wound healing underscoring the 

importance of dual roles played by HMGB1 and other alarmins (Ojo et al. 2015; Bertheloot and 

Latz 2017).  

A global knockout of HMGB1 was observed to be fatal indicating the indispensable nature 

of this nuclear protein (Yanai et al. 2013). Interestingly, researchers explored the cell-specific role 

of HMGB1 in the digestive tract and found that HMGB1 has a role in intestinal epithelial cells in 

regulating tissue injury in inflammatory bowel disease (IBD) and other complex inflammatory 

disorders (Yamasaki et al. 2009; Vitali et al. 2011; Magna and Pisetsky 2014; Chen et al. 2020). 

Targeted deletion of HMGB1 in the intestinal epithelium led to the mitigation of the extent and 
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severity of inflammation-associated cellular injury by controlling the switch between the pro-

autophagic and pro-apoptotic functions (Zhu et al. 2015). To our knowledge, we have not come 

across any targeted deletion of HMGB1 in the lung epithelial cells. A few studies have investigated 

the role of HMGB1 in cigarette smoke-induced lung inflammation and COPD where elevated 

levels of HMGB1 were found in the bronchoalveolar lavage (BAL) fluid of patients (Ferhani et al. 

2010; Hou et al. 2011; Kanazawa et al. 2012; Ding et al. 2017). However, whether the release of 

HMGB1 is a direct consequence of smoking or related to the underlying inflammatory process is 

yet to be investigated. Furthermore, HMGB1 antagonism using anti-HMGB1 antibody or ethyl 

pyruvate ameliorated the lung damage in a murine pneumonia model and LPS-induced acute lung 

injury (Wang et al. 2020). This reflects the fact that the majority of HMGB1 research has focused 

on its extracellular functions rather than its intracellular/cytosolic functions during inflammation, 

despite it being found in the cell cytosol under these conditions. 

The indication that HMGB1 levels were altered in various lung injury models led us to 

study the intracellular role of this protein using a murine model of intra-nasal exposure to ODE. 

The lung club cells abundant in the lung bronchioles, play a significant role in the repair and 

regeneration of the lung and are involved in the disease process (Jones‐Freeman and Starkey 2020).  

Further, HMGB1 from CC10+ (Club Cell Secretory Protein, CCSP) club cells drive type 2 immune 

response in mouse models of respiratory syncytial virus infection (Chen et al. 2018). Therefore, to 

elucidate the intracellular (normal nuclear) role of HMGB1 in an ODE-induced lung inflammation 

model, we chose to delete HMGB1 in a club cell-specific manner. To investigate this, we 

developed and used a club cell-specific HMGB1 knockout murine model and hypothesized that 

HMGB1 signaling may play a crucial role in the regulation of airway inflammation in response to 

ODE. Our findings demonstrate that, with ODE exposure of club cell-specific HMGB1 KO mice, 



178 

there is increased histopathological features of airway inflammation along with increased mucus 

production and tissue permeability. We further identified that the lack of HMGB1 in club cells 

was protective through reduced cellular influx and reactive species generation. These dichotomous 

results suggest that intracellular HMGB1 has dual functions in ODE-induced airway inflammation.  

 

Figure 6.1 Experimental protocol 
Club cell specific HMGB1 knockout (HMGB1-/-) mice were adminitered tamoxifen (TAM; 75 
mg/kg) intraperitoneally (i.p.) for 5 consecutive days. After a 5 days wait period, the mice were 
intranasally (i.n.) challenged with saline or 12.5% of organic dust extract (ODE) or 1 µg/mL of 
lipopolysaccharide (LPS). Age matched C56BL/6 (wild type, WT) mice were intranasally (i.n.) 
challenged with saline or 12.5% of organic dust extract (ODE) or 1 µg/mL of lipopolysaccharide 
(LPS). 

Results 

Generation of lung club-cell specific HMGB1 KO mice 

Mice globally deficient in HMGB1 have been shown to die within 24 hours of birth, 

(Calogero et al. 1999) and hence we generated a lung club cell-specific HMGB1 knockout model 

to test the role of HMGB1 in physiologic disease models. We crossed the cre and floxed mice to 

create mice lacking HMGB1 in club cells (Scgb1a1-cre HMGBfl/fl) of the lungs. In CreERTM/LoxP 

studies, recombination of the floxed reporter allele is dependent on the dose of tamoxifen (TAM) 
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and occurs only in cells that express Cre (Figure 6.10a) (Hayashi and McMahon 2002). Adult (5–

6 week old) Scgb1a1-cre, HMGBfl/fl mice were injected with 75 mg/kg dose of TAM for 5 

consecutive days, intraperitoneally (i.p.) (represented as HMGB1-/-). One pup from each litter was 

given sham injections and used as controls to assess for leaky inducible cre recombinase 

(represented as HMGB1fl/fl). The animals were quarantined for 5-7 days to allow the cre 

recombinase to take effect, after which the lungs were harvested (Figure 6.1). We confirmed 

HMGB1 knockout in club cells by confocal microscopy where the club cells were identified by 

immunofluorescence staining for Scgb1a1 (Secretoglobin 1a1, also known as CC10 or CCSP), 

location, and morphology, and the tissues were counter stained with anti-HMGB1 antibody (Figure 

6.2a). As expected, recombination occurred in club cells (CCSP) throughout the bronchioles and 

lacked nuclear HMGB1, with no significant changes in the overall gross or microscopic anatomy 

of the lungs when compared to wild-type (WT) animals (Figure 6.2a and Figure 6.10c). Overall, 

all the animals (HMGB1-/- and HMGB1fl/fl) appeared healthy and showed no abnormalities. The 

knockout was further confirmed by qPCR, were fold change of HMGB1, and the target exons 

(exon 2 and exon 3) were measured (Figure 6.10a and 6.10b). We observed a significant decrease 

in the fold change of all targets in HMGB1-/- mice when compared to WT and HMGB1fl/fl mice.  

Club-cell specific HMGB1 knockdown does not alter lung HMGB1 levels following 
exposure to ODE  

HMGB1 levels in the lungs, serum and bronchoalveolar lavage fluid (BALF) were 

measured in HMGB1-/- mice treated with saline, LPS (1 µg/mL; positive control) and ODE (12.5%) 

intranasally for 5 consecutive days (Figure 6.1, and Table 6.1). Exposure to LPS and ODE 

significantly increased HMGB1 protein expression and mRNA fold change in the lungs of WT 

mice, while in HMGB1-/- mice the levels were significantly low in control, as well as on LPS and 

ODE exposure, further confirming HMGB1 knockout (Figure 6.2b, 6.2c and 6.2d). 
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Immunoblotting using cell-free BALF and blood serum samples was performed to quantify the 

levels of HMGB1 released into the airways and blood, respectively, wherein decreased levels of 

HMGB1 in HMGB1-/- mice was observed compared to WT mice (Figure 6.2e and 6.2f). Coomassie 

brilliant blue (CBB) staining was performed on the SDS gels of BALF and serum samples and 

were used as representation of protein loading controls (Figure 6.2g and 6.2h).  

ODE mediated cellular influx into airways was decreased in HMGB1-/- mice 

There was a significant increase in total cell influx following intranasal exposure to ODE 

for 5 days compared to control in both WT and HMGB1-/- mice (Figure 6.3a). Neutrophil influx, a 

characteristic feature of ODE-induced airway inflammation was increased in both ODE-exposed 

WT and HMGB1-/- mice (Figure 6.3c). In addition, alveolar macrophages were also elevated in 

both ODE exposed WT and HMGB1-/- mice compared to control (Figure 6.3b). Total airway 

cellular influx, neutrophils numbers and macrophages numbers were significantly decreased in 

ODE exposed HMGB1-/- mice when compared to ODE exposed WT mice. HMGB1-/- mice exposed 

to saline showed a significant increase in total cellular influx compared to WT mice exposed to 

saline. mRNA fold change of tlr2 and tlr4 increased significantly in HMGB1-/- mice upon exposure 

to both saline and ODE when compared to WT mice (Figure 6.3d and 6.3e). In addition, an increase 

in the mRNA fold change of selected proinflammatory cytokines, il1b and tnfa, was observed in 

ODE exposed WT and HMGB1-/- mice compared to WT exposed to saline (Figure 6.3f and 6.3g). 

Expression of il10 was significantly decreased in ODE exposed HMGB1-/- mice when compared 

to the ones exposed to saline (Figure 6.3h). On the other hand, expression of tgfb in ODE exposed 

HMGB1-/- mice was significantly higher than saline exposed WT and HMGB1-/- mice, with no 

significant change in ODE exposed WT mice (Figure 6.3i).  
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Figure 6.2 Intranasal ODE exposure increases HMGB1 expression in the airways 
Confocal microscopic images of bronchioles from the lungs of untreated wild-type (control, 
C57BL/6), HMGB1fl/fl, scgb1a1-Cre without TAM (HMGB1fl/fl) and HMGB1fl/fl, scgb1a1-Cre with TAM 
(HMGB1-/-) mice stained for HMGB1 (red), and club cells (CCSP; green) (originial magnification, 
x400). Arrow heads indicate club cells (a). Immunoblot (b & c) and mRNA fold change (d) of 
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HMGB1 expression in the lungs from control and HMGB1-/- mice after 5 days of saline, LPS (1 
µg/mL) or ODE (12.5%) exposure. Immunoblot of HMGB1 expression in the bronchalveolar 
lavage (BALF) (e) and serum (f) from control and HMGB1-/- mice after 5 days of saline, LPS (1 
µg/mL) or ODE (12.5%) exposure. Coomassie blue staining for loading control in the BALF (g) 
and serum (h) from control and HMGB1-/- mice after 5 days of saline, LPS or ODE exposure. All 
the protein bands were normalized over β-actin (37 kD) and percentage intensity relative to control 
was analyzed. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 
4-6 mice/group (*indicates significant difference from control). 

The lung wet-to-dry weight ratio was measured 24 hours after the final intranasal 

administration of saline or ODE (Figure 6.3j). Compared to saline exposed WT and HMGB1-/- 

mice, there was a significant increase in the ratio in ODE exposed mice indicative of increased 

ODE-mediated edema, with no effect of conditional HMGB1 knockout. To investigate whether 

the lack of HMGB1 has any impact on the expression of one of its major target receptors, RAGE, 

immunoblotting was performed to measure the expression (Figure 6.3k). Following ODE 

exposure, RAGE expression significantly increased in HMGB1-/- mice compared to WT. 

Goblet cell metaplasia is observed in airways of HMGB1-/- mice 

Lung tissue sections were stained with periodic acid Schiff (PAS) to detect goblet cells 

(Figure 6.6a). The number of goblet (PAS+) cells were manually counted and normalized to the 

length of the basement membrane (Figure 6.6b). We observe a significant increase in the number 

of goblet cells in ODE exposed WT and HMGB1-/- animals compared to saline exposed WT 

animals. We also documented an increase in the number of goblet cells in HMGB1-/- mice exposed 

to saline. To corroborate this, mRNA fold change of muc5ac was measured by qRT-PCR (Figure 

6.6c). In WT mice, ODE exposure significantly increased the fold change in the expression of 

muc5ac gene. In  HMGB1-/- mice, saline and ODE exposure significantly increased the fold change 

in the expression of muc5ac gene when compared to saline exposed WT mice. Further, muc5ac 

gene expression was significantly increased in the ODE exposed HMGB1-/- mice when compared 

to ODE exposed WT and saline exposed HMGB1-/- mice. In addition, expression of forkhead box 
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protein J1 (FoxJ1), the transcription factor involved in ciliogenesis and a marker for motile cilia, 

was measured in the lungs post-exposure (Figure 6.6d). A decrease in FoxJ1 expression was 

observed in HMGB1-/- mice exposed to saline and ODE as well as in WT mice exposed to ODE.  

Lack of HMGB1 exacerbates loss of tight junction integrity in HMGB1-/- mice 

24 h after the final exposure, airway tissue permeability was measured by intranasal 

instillation of FITC-Dextran (10 mg/ kg of body weight) for 1 hour. Compared to saline exposed 

WT mice, ODE exposed WT mice showed an increase in the fluorescence intensity (FI) in the 

blood serum. Saline-exposed HMGB1-/- mice had significantly higher FI values when compared 

to saline-exposed WT mice. On the other hand, the FI values were significantly decreased in 

HMGB1-/- mice exposed to ODE when compared to ODE exposed WT mice, respectively (Figure 

6.7a). To corroborate this, the expression of tight and adherens junction markers was measured. 

Fold change of claudins, cldn1 and cldn5 significantly increased in ODE exposed WT mice when 

compared to WT saline group, with no significant increase in cldn18. There was an increase in 

fold change of cldn1, cldn5, and cldn18 in HMGB1-/- mice exposed to both saline and ODE 

compared to saline exposed WT mice (Figure 6.7b, 6.7c, and 6.7d). An increase in the expression 

of cadherins, ecad, and ncad mRNA in HMGB1-/- mice exposed to both saline and ODE was 

observed compared to saline exposed WT mice. Expression of ecad increased significantly in ODE 

exposed HMGB1-/- mice when compared to saline exposed animals (Figure 6.7e). However, 

expression of ncad decreased significantly in ODE exposed HMGB1-/- mice when compared to 

saline exposed animals (Figure 6.7f). On the other hand, protein expression of zonula occludens-

1 (ZO-1) and occludin was significantly decreased in HMGB1-/- mice exposed to both saline and 

ODE compared to saline exposed WT mice (Figure 6.7g and 6.7h). ZO-1 protein levels were also 

decreased in WT mice exposed to ODE (Figure 6.7.h).  
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Figure 6.3 Loss of HMGB1 decreases cellular influx into the airways in ODE mediated 
airway inflammation 
Bronchoalveolar lavage fluid (BALF) cells obtained from lungs of control and HMGB1-/- mice 
after 5 days of saline or ODE (12.5%) exposure, stained with Shandon Kwik Diff staining solution. 
Total leukocyte count (a) and differential cell count of alveolar macrophages (b) and neutrophils 
(c) in BALF. mRNA fold change of tlr2 (d), tlr4 (e), il1b (f), tnfa (g), il10 (h), and tgfb (i) 
expression in the lungs from control and HMGB1-/- mice after 5 days of saline or ODE exposure. 
Lung wet to dry weight ratios in control and HMGB1-/- mice after 5 days of saline or ODE exposure 
(j). Immunoblot of RAGE protein expression in the lungs from control and HMGB1-/- mice after 5 
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days of saline or ODE (12.5%) exposure (k). All the protein bands were normalized over β-actin 
(37 kD) and percentage intensity relative to control was analyzed. Data was analyzed using one-
way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001) and represented as mean ± SEM with n = 4-8 mice/group (*indicates significant 
difference from control). 

 
Figure 6.4 Lack of HMGB1 exacerbates ODE mediated perivascular inflammation 
Formalin fixed lung tissue sections from control and HMGB1-/- mice after 5 days of exposure to 
saline or ODE (12.5%) were stained with heamtoxylin and eosin (H&E). Representative images 
of H&E stained bronchioles (a) and blood vessels (c) were obtained. Insets: images were shown 
with higher magnification images (original magnification, x200). Semiquantitative histopathology 
scoring of bronchial hyperplasia (b), perivascular edema (d), and perivascuar inflammation is 
presented (e). Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 
3-5 fields/ mice and 8 mice/group (*indicates significant difference from control). 
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Figure 6.5 ODE exposure induces alveolar septal thickening and emphysema 
Formalin fixed lung tissues obtained from control and HMGB1-/- mice after 5 days of saline or 
ODE (12.5%) exposure were stained with hematoxylin and eosin (H&E). Images of H&E stained 
alveoli were obtained. Insets: images were shown with higher magnification images (original 
magnification, x200) (a). Semiquantitative histology scoring of alveolar septal thickening (b), 
alveolar edema (c), cellular infiltration (d) and emphysema (e). Data was analyzed using one-way 
ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001) and represented as mean ± SEM with n = 3-5 fields/ mice and 8 mice/group (*indicates 
significant difference from control). 
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Figure 6.6 HMGB1 deficient mice have increased airway periodic acid schiff (PAS) staining 
Formalin fixed lung tissues obtained from control and HMGB1-/- mice after 5 days of saline or 
ODE (12.5%) exposure were stained with periodic acid schiff (PAS) for detection of goblet cells. 
Insets: images were shown with higher magnification images. Arrows indicate PAS-positive cells. 
(a). Quantification of the number of PAS-positive cells goblet cells per mm of basement membrane 
(BM) (b). mRNA fold change of muc5ac expression in the lungs from control and HMGB1-/- mice 
after 5 days of saline or ODE (12.5%) exposure (c). Immunoblot of FoxJ1 protein expression in 
the lungs from control and HMGB1-/- mice after 5 days of saline or ODE (12.5%) exposure (d). 
All the protein bands were normalized over β-actin (37 kD) and percentage intensity relative to 
control was analyzed. Data was analyzed using one-way ANOVA with Tukey’s multiple 
comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean 
± SEM with n = 2-4 fields/ mice and 8 mice/group (*indicates significant difference from control). 
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Figure 6.7 ODE exposure decreases airway epithelium junction integrity 
Lung permeability assay using 10 mg/kg b.w. of FITC-Dextran via intranasal (i.n.) administration 
in control and HMGB1-/- mice after 5 days of saline or ODE (12.5%) exposure (a). mRNA fold 
change of cldn1 (b), cldn5 (c), cldn18 (d), ecad (e), and ncad (f) expression in the lungs from 
control and HMGB1-/- mice after 5 days of saline or ODE exposure. Immunoblot of ZO-1 (g) and 
Occludin (h) protein expression in the lungs from control and HMGB1-/- mice after 5 days of saline 
or ODE (12.5%) exposure (k). All the protein bands were normalized over β-actin (37 kD) and 
percentage intensity relative to control was analyzed. Data was analyzed using one-way ANOVA 
with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and 
represented as mean ± SEM with n = 4-6 mice/group (*indicates significant difference from 
control). 
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mtDNA levels release into airways is decreased in HMGB1-/- mice 

Our previous studies have shown induction of mitochondrial dysfunction and release of 

mitochondrial DNA (mtDNA) into the extracellular spaces following ODE-induced cellular stress. 

In order to quantify the amount of secreted mtDNA in the airways and blood stream,  cell-free 

BALF and serum samples were processed (Figure 6.8a and 6.8b). Levels of mtDNA were 

significantly increased in ODE exposed WT and HMGB1-/- mice compared to saline exposed WT 

mice in both BALF and serum. When compared to WT mice exposed to ODE, the levels of mtDNA 

in BALF was significantly decreased in HMGB1-/- mice exposed to ODE. However, this decrease 

was not statistically significant in the serum samples. In addition, the expression of other DAMPs 

associated with mitochondrial damage and dysfunction was measured in the lungs post-exposure. 

Fold change of nos2 gene, encoding for inducible nitric oxide synthase (iNOS), significantly 

increased with ODE exposure in both WT and HMGB1-/- mice compared to saline exposed WT 

mice (Figure 6.8c). Between the ODE exposed mice, the expression of nos2 was significantly 

decreased in HMGB1-/- mice compared to WT mice. The expression of GP91Phox protein, a 

subunit of NADPH oxidase, was measured to assess superoxide production (Figure 6.8d). The 

expression of GP91Phox was increased in ODE exposed WT mice, while the levels were 

significantly decreased in ODE exposed HMGB1-/- mice comparable to saline exposed WT mice. 

In addition, saline exposed HMGB1-/- mice showed significantly reduced expression of GP91Phox 

compared to all groups. The expression of mitochondria specific proteins cytochrome c and TFAM 

were measured as well. There was a significant increase in cytochrome c in HMGB1-/- animals 

exposed to saline compared to WT, while the levels in ODE exposed mice remained comparable 

to saline exposed WT mice (Figure 6.8e). Expression of TFAM on the other hand were 

significantly decreased in HMGB1-/- mice exposed to saline or ODE (Figure 6.8f). On the other 

hand, TFAM levels were significantly increased in ODE-exposed WT mice.  
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Figure 6.8 ODE exposure induces mitochondrial DNA release into BALF 
Measurement of mitochondrial DNA (mtDNA) released into the airway spaces, collected in BALF 
(a), and blood serum (b) of control and HMGB1-/- mice after 5 days of saline or ODE (12.5%) 
exposure. mRNA fold change of nos2 expression in the lungs from control and HMGB1-/- mice 
after 5 days of saline or ODE exposure (c). Immunoblot of GP91Phox (d), Cytochrome C (e), and 
TFAM (f) protein expression in the lungs from control and HMGB1-/- mice after 5 days of saline 
or ODE (12.5%) exposure. All the protein bands were normalized over β-actin (37 kD) and 
percentage intensity relative to control was analyzed. Data was analyzed using one-way ANOVA 
with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and 
represented as mean ± SEM with n = 4-6 mice/group (*indicates significant difference from 
control). 

Glucose uptake and hypoxia is increased in HMGB1-/- mice 

Expression of markers associated with mitochondrial biogenesis were measured in the 

lungs of mice. Fold change of key marker that initiates mitochondrial biogenesis, peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (pcg1a), was found to increase in ODE 
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exposed WT and HMGB1-/- mice compared to WT mice exposed to saline (Figure 6.9a). The 

downstream target of PGC1α, nuclear factor erythroid 2-related factor 2 (NRF2) protein 

expression was measured. NRF2 protein expression was significantly decreased in ODE exposed 

WT and HMGB1-/- mice compared to saline exposed WT mice (Figure 6.9b). Additionally, NRF2 

levels were also significantly decreased in saline exposed HMGB1-/- mice compared to WT. 

Protein expression of sirtuin 1 (SIRT1), the upstream regulator of PGC1a, was measured to assess 

the probability of mitochondrial biogenesis occurring in the lungs (Figure 6.9c). SIRT1 expression 

was significantly decreased in ODE exposed WT and HMGB1-/- mice compared to WT saline 

group. A similar decrease was observed in saline exposed HMGB1-/- mice but was significantly 

higher when compared to ODE exposed HMGB1-/- mice. Oxygen sensing and adaptations, a 

consequence of mitochondrial dysfunction, were evaluated in the lungs of the mice. HMGB1-/- 

mice exposed to ODE showed a significant increase in mRNA fold change of (hif1a), while the 

levels were minimally higher in ODE exposed WT mice and saline exposed HMGB1-/- mice when 

compared to WT saline group (Figure 6.9d). Fold change expression of genes involved in glucose 

uptake and glycolysis, solute carrier family 2 member 6 (slc2a6) and enolase 1 (eno1), was 

measured in the lungs. ODE exposed WT and HMGB1-/- mice showed a significant increase in 

eno1 expression compared to saline groups (Figure 6.9e). On the other hand, HMGB1-/- mice 

exposed to saline and ODE had increased slc2a6 expression, with no significant increase in ODE 

exposed WT mice (Figure 6.9f). Between the HMGB1-/- mice, slc2a6 expression decreased in ODE 

exposed mice compared to saline exposed mice.  
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Figure 6.9 Lack of HMGB1 promotes increased glucose uptake in ODE exposed airways 
mRNA fold change of pgc1a expression in the lungs from control and HMGB1-/- mice after 5 days 
of saline or ODE (12.5%) exposure (c). Immunoblot of NRF2 (d), and SIRT1 (f) protein expression 
in the lungs from control and HMGB1-/- mice after 5 days of saline or ODE (12.5%) exposure. 
mRNA fold change of hif1a (d), eno1 (e), and slc2a6 (f) expression in the lungs from control and 
HMGB1-/- mice after 5 days of saline or ODE (12.5%) exposure. All the protein bands were 
normalized over β-actin (37 kD) and percentage intensity relative to control was analyzed. Data 
was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 4-6 mice/group (* 
indicates significant difference from control).  

Discussion 

Overall, we mechanistically describe the role of HMGB1 in regulating OD-induced lung 

inflammation in a cell-specific manner. Repeated exposure to OD is known to change innate 

immune responses in the airways, thus resulting in chronic respiratory disease and airway 

obstruction (Sundblad et al. 2009). Targeting host defense response to MAMPs present in OD 

and/or common downstream proteins is one strategy to reduce lung inflammatory diseases. 
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Previous studies have reported that intranasal challenge with ODE activates TLR2, TLR4, and 

TLR9 and signals via MyD88 in mouse lungs (Charavaryamath et al. 2008; Bailey et al. 2008; 

Schneberger et al. 2016; An et al. 2020). To address the role of DAMPs, we chose to focus on a 

prototype DAMP molecule known as HMGB1. Previously using in vitro models, we have 

demonstrated that ethyl pyruvate mediated blockage of secreted HMGB1 and siRNA mediated 

knockdown of HMGB1 downregulates ODE-induced reactive oxygen species (ROS) generation 

and augments IL-10 production to promote anti-inflammatory effects (Bhat et al. 2019; Massey et 

al. 2019). Other studies have also shown a reduction in cytokine storm and amelioration of CLP-

induced sepsis lethality on siRNA-mediated knockdown of HMGB1 in murine macrophages and 

dendritic cells (Ye et al. 2012). Studies have correlated the presence of high levels of HMGB1 in 

blood and lungs to respiratory dysfunction and COPD development (Ferhani et al. 2010; Kanazawa 

et al. 2012). Also, COPD mediated airway inflammation usually involves increased inflammatory 

mediators such as CXCL-8, an HMGB1 ligand and an essential mediator of neutrophil recruitment 

(Pouwels et al. 2014; Barnes 2017). To identify the impact of HMGB1 on ODE-mediated airway 

inflammation in vivo, we employed a club cell-specific HMGB1 knockout murine model. Here we 

show that in contrast to previous work, HMGB1 acts as a double-edged sword wherein lack of 

intracellular HMGB1 in club cells amplifies the ODE-exposure induced airway pathology despite 

the decrease in cellular influx and release of DAMPs in HMGB1-/- mice.  

Murine models of intranasal exposure to ODE recapitulate many features of airway 

inflammatory disease observed in exposed agricultural workers (Charavaryamath et al. 2005; 

Poole et al. 2009). Despite over two decades of research in understanding the OD-induced airway 

inflammatory disease pathophysiology, the precise role of intracellular HMGB1 in OD-exposure-

induced lung inflammation remains mostly unknown. Since global knockdown of HMGB1 gene 
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is fatal, we generated mice conditionally deficient in HMGB1 in the club cells. The use of these 

mice as the in vivo model of ODE-induced lung inflammation allowed us to examine both the 

importance of nuclear HMGB1 and club cells in host response to ODE exposure. A hallmark of 

OD exposure is the increased influx of neutrophils and macrophages (Sundblad et al. 2009). 

Consistent with previous studies, we document an increase in total leukocyte influx into the 

airways, in addition to an increase in the fold change of tlr2, tlr4, il1b and tnfa genes on exposure 

to ODE in WT animals (Poole et al. 2009; Sundblad et al. 2009; Poole and Romberger 2012). In 

ODE exposed HMGB1-/- mice, although we observe a significant decrease in cellular influx into 

the airways, an increase in pro-inflammatory mediators listed is observed, with a few of them 

showing a considerable increase even without ODE exposure. Collectively the overall response 

due to a mixture of inflammatory markers and cellular influx could be determining the extent of 

lung pathology potentiated following ODE exposure in both types of mice.   

Histopathological analysis of the lungs from WT and HMGB1-/- mice showed significant 

changes in the tissues both with and without ODE exposure. ODE exposed HMGB1-/- mice showed 

perivascular inflammation, alveolar septal thickening, alveolar edema and emphysema. HMGB1-/- 

mice showed increased emphysema and septal thickening with saline exposure alone. As observed 

in earlier studies, airway mucin (Muc5ac) expression and goblet cell numbers were increased in 

ODE exposed WT mice, but interestingly HMGB1-/- mice showed an increase in both goblet cell 

numbers and muc5ac gene expression with or without exposure to ODE (Dickinson et al. 2018). 

Lung club cells can self-renew and give rise to ciliated cells following lung injury (Hiemstra and 

Bourdin 2014; Barnes 2015). On ODE exposure, a decrease in the expression of FoxJ1 is observed 

in WT mice but HMGB1-/- mice had decreased expression of FoxJ1 with and without ODE 

exposure as well. It is possible that the lack of HMGB1 in club cells is promoting goblet cell 
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metaplasia and loss of cilia in the airways thus impacting the mucociliary clearance. However, 

further studies using lineage tracing may be necessary to mechanistically validate our current 

observation. 

Increased epithelial permeability is a hallmark of mucosal inflammation. Epithelial 

junctional complexes can be disrupted directly by inhaled substances that penetrate the mucus 

layer or indirectly by cytokines and other inflammatory mediators (Grainge and Davies 2013). Our 

observation of ODE exposure induced increase in the airway epithelial permeability is in line with 

the aforementioned studies. On the other hand, in HMGB1-/- mice the permeability was decreased 

compared to WT mice exposed to ODE but remained significantly higher compared to WT mice 

exposed to saline. Interestingly, mRNA fold change of tight junction markers ( claudin 1, claudin 

5 and claudin 18) are increased across all the strains of animals compared to control. In addition 

to claudins, epithelial barrier function is also maintained by the occludin proteins, which are 

anchored to the cytoskeleton by ZO-1 thus forming a complex (Georas and Rezaee 2014). 

Occludin and ZO-1 proteins form the intact intercellular barrier at tight junctions, and differences 

in their expression account for differences in the barrier function and paracellular permeability 

among epithelia (Ye et al. 2003; Ohtake et al. 2003; Raleigh et al. 2011). Our study showed a 

decrease in the expression of both occludin and ZO-1 proteins on exposure to ODE and the 

decrease is exacerbated by the lack of HMGB1 in the club cells. This change in the pattern of 

expression of key markers of epithelial barrier integrity paralleled by the changes in tissue 

permeability suggests a decreased synthesis occurring at the translational level due to ODE-

induced cellular stress and/ or lack of intracellular HMGB1. Lack of HMGB1 also significantly 

altered the fold change of ecad and ncad genes, where we document a significant increase in the 

ecad expression on exposure to ODE. E-cad and N-cad are key regulators of epithelial 
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mesenchymal transition (EMT) which is characterized by the loss of E-cad and enhanced 

expression of N-cad (Nieto 2011). Emerging data suggest that EMT likely contributes to airway 

remodeling and has been shown to occur on exposure to house dust mite (HDM) and in asthma in 

concert with the production of TGF-β1 (Hackett et al. 2009; Heijink et al. 2010). 

HMGB1 is essential as a nucleosome protein and is critical for mitochondrial quality 

control (Tang et al. 2011). Our current findings expand on our earlier report of how the loss of 

intracellular HMGB1 leads to increased protection against mitochondrial dysfunction in human 

bronchial epithelial cells (unpublished data). Consistent with previous studies, there is an increase 

in mitochondrial DNA (mtDNA) release with ODE exposure (unpublished data). This increase is 

seen in both cell-free BAL fluid and serum samples. However, ODE induced a significant increase 

in mtDNA levels in the BAL fluid of HMGB1-/- mice but not in the serum, suggesting an impact 

of club cell-specific loss of HMGB1 in HMGB1-/- mice. Our results are in agreement with the 

previous work showing the release of mtDNA from dysfunctional mitochondria in response to 

stress and/or infection (Nakahira et al. 2011).  

TFAM is an endogenous DAMP, required for the maintenance of mtDNA and is known to 

enhance the release of TNFα (Hallberg and Larsson 2011; Julian et al. 2013). We documented an 

increase in the expression of TFAM in WT mice exposed to ODE. Among the HMGB1-/- mice, 

baseline (saline exposed) expression of TFAM was significantly lower than WT. Following ODE 

exposure, TFAM levels in HMGB1-/- mice were increased when compared to HMGB1-/- mice 

exposed to saline. However, the expression of TFAM in ODE exposed HMGB1-/- mice was 

significantly lower than ODE exposed WT mice. These results underscore the importance of loss 

of HMGB1 in club cells of the airways. Interestingly, a significant increase in cytochrome c levels 

was observed in saline exposed HMGB1-/- mice, which decreased on exposure to ODE.  
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Club cells are known to contain a large number of mitochondria due to their high level of 

metabolic activity (Hiemstra and Bourdin 2014). In saline exposed HMGB1-/- mice, the increase in 

cytochrome c could be a mechanism to compensate for the cellular stress induced by the lack of 

HMGB1. Another key component associated with inflammation and mitochondrial dysfunction is 

the generation of reactive species (Cloonan et al. 2020). Consistent with previous studies, nos2 

expression was significantly upregulated in WT mice exposed to ODE. In ODE exposed HMGB1-

/- mice, levels of nos2 remained significantly higher than controls. However, the expression of nos2  

reduced when compared to WT mice. A similar pattern of expression was observed with 

GP91Phox, a subunit of NADPH oxidases which is involved in the generation of superoxide anions 

(O2-) (Banerjee and Henderson 2012). GP91Phox expression is significantly decreased in saline 

exposed HMGB1-/- mice and increased in ODE exposed WT mice. Although we document an 

increase in ODE exposed HMGB1-/- mice compared to that of saline, the levels remain comparable 

to WT control. Studies have shown that with a targeted deletion of the GP91Phox subunit, 

superoxide overproduction is markedly reduced indicating an essential role in the production of 

superoxide (Liu et al. 2006a; Banerjee and Henderson 2012). The increase in the expression of 

GP91Phox observed in ODE exposed WT mice could be resulting in uncontrolled production of 

ROS, implicated in tissue destruction and various disease states. Collectively, these data suggest a 

role for HMGB1 in exacerbating mitochondrial dysfunction induced following inflammation in 

response to ODE. 

Mitochondrial biogenesis is thought to arise during conditions of high energy demand or 

cellular stress (Wu et al. 1999; Ploumi et al. 2017). Loss of mitochondrial biogenesis in the airways 

has previously been observed in COPD (Aghapour et al. 2019). In previous studies with normal 

human bronchial cells, ODE exposure induced mitochondrial biogenesis in cells lacking HMGB1 
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(unpublished data). In the present study, we measured an increase in pgc1a fold change in both 

WT and HMGB1-/- mice exposed to ODE. The expression of NRF2 was also measured which, 

regulated by PGC1α, promotes the expression of TFAM and induces mitochondrial biogenesis 

(Austin and St-Pierre 2012). The decreased expression of both NRF2 and TFAM in HMGB1-/- 

mice is evidence of a possible lack of mitochondrial biogenesis. NRF2 also has a key regulatory 

role in handling the cellular resistance to oxidants (Ma 2013). The decreased expression of NRF2 

observed could be substantially increasing the susceptibility of mice to a broad range of disease 

conditions associated with oxidative pathology. To further corroborate the lack of biogenesis 

occurring, we measured the expression of SIRT1 which is involved in the deacetylation of PGC1α 

(Austin and St-Pierre 2012; Mendes et al. 2017) in turn promoting mitochondrial biogenesis and 

quality control. The decreased SIRT1 expression is indicative of the lack of biogenesis occurring 

in the airways. However, further studies focusing particularly on club cells lacking HMGB1 will 

provide us a better understanding on mitochondrial dysfunction and its correlation with HMGB1.  

In a previous study, lack of HMGB1 in normal human bronchial epithelial cells developed 

a hypoxia response on exposure to ODE (unpublished data). Consistent with this, HMGB1-/- mice 

on exposure to ODE also show an increase in fold change of HIF1α, indicative of hypoxia. As 

shown in earlier studies, intermittent hypoxia in the absence of HMGB1 could be imparting a 

therapeutic effect on the mitochondria and thus having a positive regulatory effect (unpublished 

data). One of the physiological adaptations to hypoxia in an organism is increased glycogen 

metabolism (Jain et al. 2016; Baik and Jain 2020). To identify the impact on glucose uptake and 

glycolysis in these mice, expression of slc2a6 and eno1, genes involved in glucose uptake and 

glycolysis, was measured. On ODE exposure, both WT and HMGB1-/- mice showed a significant 

increase in eno1 fold change, however, only HMGB1-/- mice with and without ODE exposure 
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showed an increase in slc2a6. This indicates that in HMGB1-/- mice the glycolytic ability is 

enhanced and is consistent with our previous findings in normal human bronchial epithelial cells 

(unpublished data).  

Collectively, HMGB1 is an important effector molecule that plays a significant role in 

many pathologies with an underlying inflammatory cascade. Extracellular HMGB1 is 

proinflammatory, whereas intracellular HMGB1 is known to be anti-inflammatory (Lotze and 

Tracey 2005; Yang et al. 2015). However, the observed disease phenotype was likely regulated in 

the epithelial cell, independent of inflammatory cells. In the present study, we found that HMGB1 

deficient mouse airways developed heightened histopathology. Taken together, HMGB1 appears 

to be a critical regulator of various inflammatory mechanisms in airway epithelial cells exposed to 

complex, agriculture organic dust. This current study demonstrated the use of a novel murine 

model to determine the importance of HMGB1 in the airways, without any significant baseline 

impact on the histology or mortality of the animals. Future studies will focus on the determination 

of the signaling mechanisms of HMGB1 to link its relevance to the histopathological changes 

observed and exploit it for potential preventative and therapeutic strategies.  

Materials and Methods 

Ethics statement 

All animal work and procedures performed were approved by the Institutional Animal Care 

and Use Committee (IACUC) and Institutional Biosafety Committee (IBC) of the Iowa State 

University. Animals were bred under the protocol IACUC 19-016, IACUC 20-107 and IBC 19-

141. Research experiments with the animals were performed under the protocol IACUC 19-226 

and IBC 19-178.  NIH guidelines were followed for the care and handling of mice in this study. 
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Table 6.1 Reagents stock and working concentrations 

Treatment Stock concentration Working concentration  

Organic Dust Extract (ODE) 100% in HBSS 12.5% in PBS 

Lipopolysaccharide (LPS) 1.8 mg/mL 1 µg/mL in PBS 

Tamoxifen (TAM) 20 mg/mL 75 mg/kg 

Sodium Pentobarbital 390 mg/mL 100 mg/kg 

FITC-Dextran 50 mg/mL 10 mg/kg 

Organic dust extract preparation 

Organic dust samples (OD) were collected and an aqueous extract was prepared as 

previously described (Romberger et al. 2002; Bhat et al. 2019). Settled dust from the surfaces of 

swine housing facilities were collected and 1 g of the dust was mixed with sterile Hank’s Balanced 

Salt Solution (10 mL; Gibco). The solution was incubated for one hour with stirring at room 

temperature and centrifuged twice for 20 min at 1365 x g. The supernatant obtained was filter 

sterilized (0.22 μm filter), to remove larger coarse article and microbes. The filtered ODE solution 

was aliquoted and stored at -20°C until use in the experiments. The concentration of filter-sterilized 

organic dust extract (ODE) samples was considered 100% and a dilution of 12.5% (v/v) before use 

in experiments. The 12.5% concentration used has been previously shown to elicit lung 

inflammation in mice (Poole et al. 2009). 

Endotoxin estimation 

The levels of endotoxin in the ODE samples were quantified using the Pierce Chromogenic 

Endotoxin Quant Kit (Thermofisher Scientific). The ODE samples were diluted in a ratio of 1:50 

in endotoxin-free water. The diluted samples (50 µL) along with reconstituted amebocyte lysate 

reagent, were added into an endotoxin-free 96-well plate in a sample to lysate ratio of 1:1, in 

triplicates. The standard was reconstituted as per the manufacturer’s recommendation and added 

to the plate in a sample to lysate ratio of 1:1. The microplate was incubated at 37°C for 12 to 35 
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minutes based on the range of standards used. Following incubation, 100 µL of chromogenic 

substrate was added and the plate was incubated at 37°C for 6 minutes. 50 µL of stop solution 

(25% acetic acid) was added and absorbance was read at 405 nm using spectrophotometer reader 

(SpectraMax M2 Gemini Microplate Reader, Molecular Devices, San Jose, CA). The average of 

blank wells was deducted from the standards and sample absorbance values. A linear standard 

graph was plotted with R>98% and sample concentrations were extrapolated from the equation of 

the slope using the OD values. All calculations were done in excel. 

Table 6.2 Endotoxin concentrations in ODE samples used in our experiments 

Sample No. Endotoxin (EU/mL) 

8 6.315 ± 0.2 

9 5.20 ± 0.1 

10 10.67 ± 0.3 

11 8.052 ± 0.1 

Animal models 

Hmgb1fl/fl  mice of C57BL/6 genetic background were originally generated by Dr. Eugene 

B. Chang’s laboratory (University of Chicago, IL) (Zhu et al. 2015). Dr. Chang’s groups has 

previously generated intestinal epithelial cell-specific HMGB1 KO mice (Zhu et al. 2015).  

We procured several breeding pairs of Hmgb1fl/fl mice from Dr. Chang’s group. Scgb1a1-

creERTM mice of C57BL/6 genetic background, expressing club cell-specific tamoxifen-inducible 

cre recombinase, were obtained from The Jackson Laboratory (Ann Arbor, MI) and crossed with 

Hmgb1fl/fl mice to generated Hmgb1fl/fl Scgb1a1-cre mice (Rawlins et al. 2009). The first generation 

(F1) of litters were utilized for all experiments. For all experiments, 6–8-week-old animals of both 

sexes were used in equal proportions. Age and sex-matched C57BL/6 (wild type) mice, obtained 

from The Jackson Laboratory, were used as controls. The animals were distributed into groups 

where all groups had roughly equal numbers of the sexes and equal average weights.  
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Tamoxifen Administration and animal treatments 

A 20 mg/mL tamoxifen (TAM; Sigma Aldrich) solution was prepared in corn oil (Sigma 

Aldrich). Hmgb1fl/fl Scgb1a1-cre adults (~5-6 weeks old) were injected intraperitoneally with 75 mg/kg 

body weight TAM every day up to five times (represented as Hmgb1-/-). Following the final 

injection, the mice were quarantined for 24 h before returning them to the normal animal room. A 

5 day wait period was followed between the final injection and treatment. One animal per litter 

were given sham injections with vehicle (corn oil) which were used as negative control 

(represented as Hmgb1flfl). Throughout the course of the injections and post-injection, the animals 

were closely monitored for any adverse reactions.  

A total of 24 Hmgb1fl/fl Scgb1a1-cre and 24 C57BL/6 mice (7-10 weeks old) were divided into 

three groups per mice strain (outlined in Figure 6.1 and Table 6.4). Mice were lightly anesthetized 

by isoflurane (2-3%) inhalation, following which saline, LPS (1 µg/mL) or ODE (12.5%) were 

instilled intranasally (50 µL/mice). The treatments were performed every 24 h for 5 consecutive 

days. Approximately 24 h following the final treatment the mice were euthanized by 

intraperitoneal administration of sodium pentobarbital (100 mg/kg b.w.) as per the American 

Veterinary Medical Association (AVMA) Guidelines for Euthanasia of Animals. The use of 

sodium pentobarbital was done under the approval and license of the department of drug 

enforcement agency (DEA) and Iowa Board of Pharmacy. 

FITC-Dextran permeability assay 

Changes in epithelial permeability after administration of treatments were measured by 

FITC-Dextran leakage from the airways into the blood. 24 h after the final treatment 

administration, 50 mL of FITC-Dextran (10 mg/kg b.w., 24 µL per nostril; Sigma) dissolved in 

sterile PBS was administered via i.n. route into the airways. After instillation, the mouse was set 

vertically for 2 min until it breathed steadily. The mice were sacrificed one hour later, and blood 
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was collected by cardiac puncture. Finally, the blood was treated with 10 mL of EDTA (60 mg/ml) 

and centrifuged at 7000 rpm for 10 min. Approximately 500 µl of plasma was harvested from each 

mouse. The fluorescence intensity (FI value) of the plasma (~200 µL) was determined at an 

excitation/emission wavelength of 485/528 nm using a spectrophotometer plate reader 

(SpectraMax M2 Gemini Molecular Device Microplate Reader) (Chen et al. 2014). 

Lung wet-to-dry weight ratio 

After the final treatment administration and mice were euthanized. The diaphragmatic lobe 

of the right lung was excised separately and rapidly weighed to obtain the “wet” weight. Samples 

were oven-dried (65°C) for 48 h to determine the stable dry lung weight. The ratio of the wet-to-

dry (W/D) lung weight was calculated to assess lung tissue edema (Chen et al. 2014).    

Bronchoalveolar lavage and cytospins 

Post animal euthanasia, the trachea was exposed and cannulated with a 23-gauge needle 

just below the larynx. Bronchoalveolar lavage fluid (BALF) was collected from the lungs by 

instilling 1 mL cold PBS with 0.1 mM EDTA and recovered by aspiration a total of three times. 

The BALF from each mouse was pooled and was centrifuged at 800 x g to collect cells (Sun et al. 

2017). The supernatant from the first milliliter of cell-free BALF was recovered and frozen at -

80°C for other assays. Cells from the BALF were resuspended, and total cell numbers were 

determined by using a hemacytometer. First, cytospins were prepared by the Iowa State University 

clinical pathology laboratory (College of Veterinary Medicine) and stained with Shandon Kwik 

Diff Staining (Thermofisher Scientific) to enumerate differential leukocyte count. A total of 500 

cells were counted and individual leukocyte populations were identified. Using the total leukocyte 

count, the absolute count of each cell population was calculated.  
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Tissue collection  

After whole lung lavage, lungs were harvested from each treatment group. The right lung 

was tied off at the primary bronchus, removed, flash-frozen in liquid nitrogen, and stored in -80°C. 

The left lung was slowly inflated with ~200-300 µL of 4% paraformaldehyde (PFA; Sigma, St. 

Louis, MO). To obtain uniform lung inflation during fixation, the lungs were fixed at a 25 cm 

height water pressure. The lungs were stored in 4% PFA for 24 h, followed by 70% ethanol. The 

fixed lungs were embedded in paraffin and sectioned into 5-micron slices by the Iowa State 

University histopathology laboratory (College of Veterinary Medicine).  

Histology, mucus staining and histopathology analysis 

Hematoxylin and eosin (H&E) staining was performed according to standard protocol 

(Fischer et al. 2008). Each slide was entirely reviewed at scanning magnifications (×2, ×10, and 

×20 objectives; Nikon Eclipse TE2000-U microscope; SPOT Advanced imaging software, 

Michigan, USA). The histopathological scores were determined by an experienced researcher 

blinded to the treatment conditions. The scoring system utilized a standardized set of photos 

representing the spectrum of inflammatory changes for each parameter in the bronchioles, blood 

vessels, and alveolar septa. (outlined in Table 6.3).  

For mucus staining, Richard-Allan Scientific Chromaview – Advanced Testing Periodic 

Acid-Schiff (PAS) kit (Thermofisher Scientific) was used as per the manufacturer’s instructions. 

PAS-positive cells lining the surface epithelium were counted in between 6 and 9 airways. The 

numbers were normalized to the length of the basement membrane, which was determined using 

ImageJ (NIH Image) (Shi et al. 2002). Images were obtained using Nikon Eclipse TE2000-U 

microscope and SPOT Advanced imaging software (Michigan, USA). 
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Table 6.3 Histology scoring criteria 

Immunofluorescence staining and imaging 

Immunohistochemistry was performed according to a standard protocol. Lung sections 

were subjected to antigen retrieval by immersion in pre-heated citrate buffer (10 mM citric acid, 

0.05% Tween 20, and pH 6) to 90°C for 20 min prior to staining. Sections were then washed in 

PBS a few times to remove antigen retrieval reagents, blocked with PBS containing 10% donkey 

serum and 0.02% Triton-X100 for 1 h at room temperature. Afterward, primary antibodies diluted 

in PBS containing 2.5% donkey serum, 0.25% sodium azide, and 0.1% Triton X-100 were added 

to the sections for 16-18 h incubation at 4°C. Sections were rinsed with PBS and incubated with 

either dye-conjugated or biotinylated secondary antibody at room temperature for 1 h. After 

washing with PBS, incubated with biotinylated secondary antibodies, sections were treated with 

dye-streptavidin for 45 min and then thoroughly rinsed in PBS. Sections were then treated with a 

nuclear-stain, 4′,6-diamidino-2- phenylindole (DAPI) and cover-slipped. Negative control was the 

section without primary antibody staining. The list of antibodies used in the study are shown in 

Table 6.6 and 6.7. Confocal microscopic images were captured using a Leica TCS SP5 X Laser-

Scanning Confocal instrument (Exton, PA) and analyzed using ImageJ software (National 

Institutes of Health). 

mtDNA isolation and detection 

To determine mitochondrial DNA (mtDNA) levels in blood plasma and BALF, mtDNA 

was isolated using the Genomic DNA Purification kit (ThermoFisher Scientific) as per the 

Score 

Bronchial 
hyperplasia / 

club cells 
per 100 µm 

Perivascular    
edema Septa Alveolar 

edema Emphysema 
Cellular infiltration 

(alveolar / 
perivascular) 

0 <5 Up to 50 µm <10 µm 1-100 µm 50-200 µm 1-10 total neutrophil 
1 5-15/100 50-100 µm 10-15 µm 101-200 µm 300-400 µm 10-20 total neutrophil 
2 15-25/100 100-150 µm 15-20 µm 201-300 µm 400-500 µm 30-50 
3 >25 >150 µm >20 µm >301 µm >500 >50 
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manufacturer’s instructions. The purity and concentration of the isolated DNA was measured using 

NanoVue Plus Spectrophotometer (GE Healthcare). Due to low concentrations, the mtDNA was 

first amplified using long-range PCR and the primers used are listed in Table 6.5. PCR reactions 

were performed at 95°C for 1 min followed by 35 cycles at 94°C for 30 s, 56°C for 30 s, 72°C for 

1 min and a final elongation for 5 min. The concentration of amplified mtDNA obtained was 

adjusted to ensure equal amounts of template mtDNA from each sample was used for qPCR 

reaction.  

qRT-PCR was performed using 500 ng of template DNA in a 10 μL reaction volume using 

SYBR master mix and 1 µM of primers specific for mitochondrial ND1 and housekeeping gene 

16S rRNA. The primers for mitochondrial ND1, listed in Table 6.5, were synthesized at Iowa State 

University’s DNA Facility. The qRT-PCR reactions were run in a QuantiStudio-3™ 

(Thermofisher Scientific) detection system and the data was analyzed using 2- ΔΔCT  method (Livak 

and Schmittgen 2001).  

qRT-PCR 

Total RNA was isolated from the lung homogenate using TRIzol extraction methods (Seo 

et al. 2014) and RNA concentration was measured using NanoVue Plus spectrophotometer (GE 

Healthcare, UK). 1 μg of RNA was used to synthesize cDNA using the High-Capacity cDNA 

Reverse Transcription Kit (ThermoFisher Scientific) following the manufacturer’s protocol.  

RT-qPCR was performed using 500 ng of template DNA in a 10 μL reaction volume using 

SYBR master mix and 1 µM of primers for the target of interest. The housekeeping gene 18S 

rRNA (ThermoFisher Scientific) was used in all qPCR reactions. No-template controls and 

dissociation curves were run for all reactions to exclude cross-contamination. The primers for 

genes of interest listed in Table 6.5 were synthesized at Iowa State University’s DNA Facility. The 
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qRT-PCR reactions were run in a QuantiStudio-3™ (Thermofisher Scientific) detection system 

and the data was analyzed using 2- ΔΔCT  method (Livak and Schmittgen 2001).  

Immunoblot analysis 

The lungs were lysed using RIPA buffer with 1X HALT protease inhibitor and EDTA 

(Thermofisher Scientific).  concentration was measured using the Bradford protein assay kit 

(BioRad). Equal amounts of protein (20 μg/sample), along with a molecular weight marker (Bio-

Rad), were run on 10–12% sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-

PAGE) as previously described (Bhat et al. 2019). Proteins were transferred onto a nitrocellulose 

membrane and nonspecific binding sites were blocked with Intercept® blocking buffer (LI-COR, 

Lincoln, NE). The membranes were then incubated with different primary antibodies and dilutions 

listed in Table 6.6. Next, membranes were incubated with one of the following secondary 

antibodies: Alexa Fluor 680 goat anti-mouse, Alexa Fluor 680 donkey anti-rabbit, or IRDye 

800CW donkey anti-rabbit (1:10,000; LI-COR). To confirm equal protein loading, blots were 

probed with relevant housekeeping proteins listed in Table 6.6. Western blot images were captured 

using Odyssey® CLx IR imaging system (LI-COR Biotechnology) and analysis was performed 

using ImageJ software (National Institutes of Health).  

Statistics 

Data analysis was performed using GraphPad Prism 8.0 software (La Jolla, CA, USA). 

Raw data were analyzed with either Student’s t-test or using one-way ANOVA, and Tukey’s 

posttest was performed to compare all treatment groups. A p-value of < 0.05 was considered 

statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. * indicates different 

from control. For all the assays, samples were derived from the same experiment and were 

processed in parallel in order to minimize variation. 
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Appendix A. Supplementary figure 

 
Figure 6.10 Generation and characterization of HMGB1fl/fl, scgb1a1-Cre mice 
HMGB1fl/fl mice were generated by flanking exons 2 and 3 of the gene with LoxP sites. Breeding 
HMGB1fl/fl mice to mice expressing an inducible CRE-recombinase under the secretoglobin, 
family 1A, member 1 (uteroglobin) (Scgb1a1) gene promotor resulted in deletion of the HMGB1 
start codon and a frame shift resulting in early termination of translation in lung club cells (a). 
mRNA fold change of hmgb1 and target hmgb1 exon sequence expression in untreated wild-type 
(control, C57BL/6), HMGB1fl/fl, scgb1a1-Cre without TAM (HMGB1fl/fl) and HMGB1fl/fl, scgb1a1-Cre with 
TAM (HMGB1-/-) mice (b). Histological comparison of lungs from untreated wild-type (control, 
C57BL/6), HMGB1fl/fl, scgb1a1-Cre without TAM (HMGB1fl/fl) and HMGB1fl/fl, scgb1a1-Cre with TAM 
(HMGB1-/-) mice (original magnification, x20) (c). Weight of age and sex-matched wild-type 
(control, C57BL/6), HMGB1fl/fl, scgb1a1-Cre without TAM (HMGB1fl/fl) and HMGB1fl/fl, scgb1a1-Cre with 
TAM (HMGB1-/-) mice (d). For all the assays, samples were derived from the same experiment 
and were processed in parallel. Data was analyzed using one-way ANOVA with Tukey’s multiple 
comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean 
± SEM with n = 4-8 mice/group (*indicates significant difference from control). 
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Appendix B. Supplementary tables 

Table 6.4 Treatment and groups 

Treatment Administration Exposure duration 
Animal 

number (Male: 
Female) 

Species 

Saline  
i. n. 

Once every 24 hours for 5 
consecutive days 

8 (6:2) 
C57BL/6 LPS (1µg/mL) 8 (5:3) 

ODE (12.5%) 8 (4:4) 
Saline  

i. n. 
8 (4:4) 

HMGB1-/- LPS (1µg/mL) 8 (5:3) 
ODE (12.5%) 8 (4:4) 
KO controls - - 2 (1:1) HMGB1fl/fl 

Table 6.5 Primer sequences 

Gene symbol Primer Sequence (5’→3’) 

mtdna-s1 
Forward CCACCGCGGTCATACGATTA 
Reverse GAGGTCACCCCAACCGAAAT 

mtdna-s2 
Forward TGGGGTGACCTCGGAGAATA 

Reverse TTGGTTAGTTTGCCGCGTTG 

mtnd1 
Forward CTAGCAGAAACAAACCGGG 
Reverse CCGGCTGCGTATTCTACGTT 

16s 
Forward CCGCAAGGGAAAGATGAAAGAC 
Reverse TCGTTTGGTTTCGGGGTTTC 

hmgb1 
Forward CCAAGAAGTGCTCAGAGAGGTG 

Reverse GTCCTTGAACTTCTTTTTGGTCTC 

hmgb1-exon 2 
Forward CCCGGATGCTTCTGTCAACTT 

Reverse TAGCAGACATGGTCTCCACCT 

hmgb1-exon 3 
Forward GGTGGAGACCATGTCTGCTAA 
Reverse CATAACGAGCCTTGTCAGCCT 

tlr2 
Forward ACAGCAAGGTCTTCCTGGTTCC 
Reverse GCTCCCTTACAGGCTGAGTTCT 

tlr4 
Forward AGCTTCTCCAATTTTTCAGAACTTC 
Reverse TGAGAGGTGGTGTAAGCCATGC 

il1b 
Forward TGGACCTTCCAGGATGAGGACA 
Reverse GTTCATCTCGGAGCCTGTAGTG 
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Table 6.5 (continued) 

Gene symbol Primer Sequence (5’→3’) 

tnfa 
Forward GGTGCCTATGTCTCAGCCTCTT 
Reverse GCCATAGAACTGATGAGAGGGAG 

il10 
Forward CGGGAAGACAATAACTGCACCC 
Reverse CGGTTAGCAGTATGTTGTCCAGC 

tgfb 
Forward TGATACGCCTGAGTGGCTGTCT 
Reverse CACAAGAGCAGTGAGCGCTGAA 

muc5ac 
Forward CCACTTTCTCCTTCTCCACACC 
Reverse GGTTGTCGATGCAGCCTTGCTT 

cldn1 
Forward GGACTGTGGATGTCCTGCGTTT 
Reverse GCCAATTACCATCAAGGCTCGG 

cldn5 
Forward TGACTGCCTTCCTGGACCACAA 
Reverse CATACACCTTGCACTGCATGTGC 

cldn18 
Forward TGGTAGCATGGATGACTCTGCC 
Reverse GCTGTGGACATCCAGAAGTTGG 

ecad 
Forward GGTCATCAGTGTGCTCACCTCT 

Reverse GCTGTTGTGCTCAAGCCTTCAC 

ncad 
Forward CCTCCAGAGTTTACTGCCATGAC 

Reverse CCACCACTGATTCTGTATGCCG 

nos2 
Forward GAGACAGGGAAGTCTGAAGCAC 
Reverse CCAGCAGTAGTTGCTCCTCTTC 

pgcia 
Forward GAATCAAGCCACTACAGACACCG 
Reverse CATCCCTCTTGAGCCTTTCGTG 

hif1a 
Forward CCTGCACTGAATCAAGAGGTTGC 

Reverse CCATCAGAAGGACTTGCTGGCT 

eno1 
Forward TACCGCCACATTGCTGACTTGG 

Reverse GCTTGTTGCCAGCATGAGAACC 

scl2a6 
Forward GGCTCCTATCTGTGCTGATTGC 

Reverse CCTTGGCACAAACTGGACGTAG 
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Table 6.6 Characteristics of primary antibodies 
Epitope Species/Clone Dilution Catalog # Supplier 
β-Actin Mouse Monoclonal 1:10,000 ab6276 AbCama 
HMGB1 Rabbit Polyclonal 1:1000 ab79823 AbCama 
CCSP Rabbit Polyclonal 1:500 WRAB-3950 Seven Hills Bioreagentsb 
RAGE Rabbit Polyclonal 1:1000 ab3611 AbCama 
Foxj1 Mouse Monoclonal 1:1000 sc-53139 Santa Cruzc 
Occludin Mouse Monoclonal 1:1000 sc-271842 Santa Cruzc 
ZO-1 Mouse Monoclonal 1:1000 sc-33725 Santa Cruzc 
GP91Phox Rabbit Polyclonal 1:1000 ab80508 AbCama 
Cytochrome C Mouse Monoclonal 1:1000 sc-13156 Santa Cruzc 
TFAM Mouse Monoclonal 1:1000 sc-376672 Santa Cruzc 
NRF2 Mouse Monoclonal 1:1000 sc-365949 Santa Cruzc 
SIRT1 Mouse Monoclonal 1:1000 sc-74504 Santa Cruzc 

aCambridge, United Kingdom 
bOhio, USA 
cDallas, Texas, USA 

Table 6.7 Characteristics of secondary antibodies 
Expression 
system Conjugate Species/Clone Dilution Catalog # Supplier 

Donkey/IgG Alexa Fluor® 
680 Rabbit Polyclonal 1:10,000 A10043 Invitrogend 

Rabbit/IgG Alexa Fluor® 
680 Mouse Polyclonal 1:10,000 A27031 Invitrogend 

Donkey/IgG IRDye® 
800CW Rabbit Polyclonal 1:10,000 926-32213 LI-CORe 

Donkey/IgG Cy3 Rabbit Polyclonal 1:400 711-165-152 
(106486) 

Jackson 
Immunoresearchf 

Donkey/IgG FITC Rabbit Polyclonal 1:250 711-095-152 
(106796) 

Jackson 
Immunoresearche 

dThermofisher Scientific, USA 
eNebraska, USA 
fPennsylvania, USA 
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Abstract 

Exposure to organic dust (OD) in animal production environment is an occupational hazard 

that causes respiratory dysfunction in barn workers. Despite recent advances in understanding the 

innate inflammatory responses to organic dust exposure, a detailed understanding of how damage-

associated molecular patterns (DAMPs) secreted from host cells exacerbate exposure-induced 

inflammation remains elusive. High mobility group box 1 (HMGB1) is a nuclear protein, and when 

secreted outside the cell, it acts as a proinflammatory DAMP. Our previous work has shown that 

OD-exposure of human airway epithelial cells induces nucleocytoplasmic translocation and 

secretion of HMGB1. However, the precise role of HMGB1 in OD-induced lung inflammation 

remains elusive. Therefore, we tested a hypothesis that neutralization of secreted HMGB1 will 

reduce ODE-exposure-induced lung inflammation. We administered saline or OD to mice through 

the intranasal route with or without anti-HMGB1 antibodies via intraperitoneal route daily for five 

days. Following euthanasia, blood, lavage fluid, and lung tissues were collected to quantify lung 

inflammation. The data was analyzed using student’s t-test and one-way ANOVA and a p ≤0.05 

was considered significant. Here, we report that OD-exposure induces secretion of  HMGB1 into 

the lungs of exposed mice. Intraperitoneal administration of anti-HMGB1 antibodies significantly 

decreased the tissue histopathology and pro-inflammatory mediators. These data demonstrate that 

specific inhibition of endogenous HMGB1 therapeutically reduces the OD exposure-induced 

airway inflammation. 
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Introduction 

Occupation exposure to concentrated animal feeding operations (CAFOs) environment is 

associated with negative respiratory and other health effects (Sethi et al. 2017; Nordgren and 

Charavaryamath 2018). Exposed workers report a variety of respiratory symptoms including 

bronchitis, rhinitis, chronic cough and phlegm, occupational asthma, and organic dust toxic 

syndrome (Kirkhorn and Garry 2000; May et al. 2012). The incidences of respiratory and other 

health effects have been linked to occupational exposure to the complex environment in CAFOs 

where workers in these facilities are constantly exposed to a wide variety of contaminants such as 

organic dust, microbial components, and gases (ammonia, methane, hydrogen sulfide) (May et al. 

2012; Nordgren and Charavaryamath 2018). Mechanistically, exposure to contaminants is known 

to induce secretion of proinflammatory mediators and induce lung inflammation. The organic dust 

(OD) found in the contaminants, is of mainly animal origin and is rich in a variety of microbial 

associated molecular patterns (MAMPs). Exposure to these MAMPs is known to induce activation 

of pattern recognition receptors (PRRs) such as toll like receptors (TLRs) leading to a host of 

downstream innate inflammatory responses in the airways and leading to loss of lung function 

(Charavaryamath et al. 2005; Poole and Romberger 2012; Hribar and Schultz). Studies using 

murine models intranasally exposed organic dust extract (ODE) have demonstrated increased 

influx of lymphocytes, airway hyper-responsiveness (AHR), and release of proinflammatory 

cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6, and neutrophil 

chemoattractants (CXCL1 and CXCL2) (Poole et al. 2008; Poole et al. 2009; Poole and Romberger 

2012). Exposure to ODE has also been shown to activate downstream signaling molecules and 

transcription factors such as protein kinase c (PKC) family, MyD88 and NFκB (Romberger et al. 

2002; Poole et al. 2009; Dickinson et al. 2018). In addition to PRR mediated-inflammatory 

response, damage associated molecular patterns (DAMPs) are beginning to emerge as factors that 
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exacerbate the inflammation (Pandolfi et al. 2016). However, the role of DAMPs in OD exposure-

induced lung inflammation remains elusive.  

High mobility group box 1 (HMGB1), is an essential nucleosome protein and an 

intracellular transcription factor. HMGB1 is a prototype DAMP molecule and has previously been 

identified as a late mediator of systemic inflammation (Andersson and Tracey 2011). Nuclear 

HMGB1 is secreted actively and passively from activated immune cells and necrotic cells, 

respectively (Lotze and Tracey 2005; Ugrinova and Pasheva 2017a). The release of HMGB1 

begins approximately 8-12 hours after the release of early acting proinflammatory cytokines such 

as TNFα and IL-1β on exposure to various noxious materials (Wang et al. 1999). This delayed 

inflammatory reaction is mediated by the binding of HMGB1 to its receptors, receptor for 

advanced glycation end products (RAGE), TLR2, and TLR4. Now, a growing list of other 

receptors that could bind to HMGB1 has been identified (Yang et al. 2020). The secreted HMGB1 

has cytokine like activity that stimulates the release of multiple proinflammatory cytokines, 

neutrophil, and smooth muscle cell chemotaxis, as well as increases epithelial cell permeability 

(Abraham et al. 2000; Degryse et al. 2001; Sappington et al. 2002). Elevated levels of HMGB1 

have been found in the bronchoalveolar lavage (BAL) fluid, serum, and sputum of patients with 

chronic obstructive pulmonary disease (COPD) (Kanazawa et al. 2012). A murine model of 

chronic exposure to cigarette smoke (CS) had shown elevated levels of HMGB1 protein in the 

lungs indicating a role for HMGB1 in the pathogenesis of CS-induced lung inflammation (Bezerra 

et al. 2011). Systemic administration of HMGB1 is shown to be lethal and on the other hand, the 

use of anti-HMGB1 antibodies protects against the lethality induced by HMGB1 release (Wang et 

al. 1999; Abraham et al. 2000). Previously we have demonstrated that ODE exposure of bronchial 

epithelial cells leads to the release of nuclear HMGB1. The use of anti-HMGB1 neutralizing 



224 

antibody not only decreased the levels of secreted HMGB1 but significantly reduced the 

production of proinflammatory cytokine and NFκB activation. In addition, ethyl pyruvate (EP)-

mediated blockage of nucleocytoplasmic translocation of HMGB1 downregulated the production 

of proinflammatory mediators (Bhat et al. 2019). Similarly, EP mediated blockade of HMGB1 

release has also been shown to rescue animals from the lethal sequelae of systemic inflammation, 

even when the first dose is given 24 h after the induction of endotoxemia and colitis (Ulloa et al. 

2002; Kim et al. 2008; Davé et al. 2009). These results indicate that nuclear HMGB1 when released 

into the cytoplasm and extra-cellular milieu could augment inflammatory process and strategies 

that target HMGB1 could abrogate inflammation.  

The identification of a cytokine role for HMGB1 and its downstream action in airway 

inflammation renew the potential for specific cytokine inhibitors in the treatment of OD-mediated 

respiratory disorders in a significantly wider treatment window than the strategies currently 

available. Therefore, to identify the role of extracellular HMGB1 in the airways on repeated OD 

exposure, we administered anti-HMGB1 antibodies systemically and tested a hypothesis that 

neutralization of secreted HMGB1 will reduce ODE-exposure induced lung inflammation. Our 

findings demonstrate that neutralization of secreted HMGB1 significantly decreased the 

histopathological features of OD mediated airway inflammation along with decreased mucus 

production and tissue permeability. Furthermore, neutralization of HMGB1 also reduced cellular 

influx and reactive species generation, suggesting that HMGB1 specific antagonists may be 

effective in the clinical management of airway inflammation. 

Results 

Airway HMGB1 levels are decreased with systemic neutralization of secreted HMGB1 

HMGB1 levels in the lungs, serum and bronchoalveolar lavage fluid (BALF) were 

measured in C57BL/6 mice treated with saline, or ODE (12.5%) intranasally followed by vehicle 
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or anti-HMGB1 neutralizing antibodies (10 µg/mice) administered intraperitoneally and for 5 

consecutive days (Figure 7.1, and Table 7.2). Exposure to ODE significantly increased HMGB1 

protein expression in the lungs, while in mice administered with anti-HMGB1 neutralizing 

antibodies, the levels were low in control, as well as on ODE exposure (Figure 7.2a). Coomassie 

brilliant blue (CBB) staining was performed on the SDS gels of BALF and serum samples and 

were used as a representation of protein loading controls (Figure 7.2d and 7.2e). HMGB1 

neutralization decreased the levels of ODE-exposure induced HMGB1 levels in both BALF and 

serum with the decrease being higher in serum samples (Figure 7.2b and 7.2c). 

 

Figure 7.1 Experimental protocol 
Age-matched C57BL/6 (wild type, WT) mice were intranasally (i.n.) challenged with saline or 
12.5% of organic dust extract (ODE) for 5 days (day 1 through day 5). In parallel, the mice were 
administered with vehicle or anti-HMGB1 neutralization antibody (10 μg/mice) intraperitoneally 
(i.p.) for 5 days (day 1 through day 5). 

To investigate whether the systemic neutralization of secreted HMGB1 has any impact on 

the expression of RAGE in the lungs, we performed immunoblotting to quantify the expression of 

RAGE (Figure 7.2f). Following ODE exposure, RAGE expression significantly increased in ODE 

exposed mice treated with vehicle. However, ODE exposed mice with anti-HMGB1 antibody 

treatment showed significantly decreased levels of RAGE and levels were similar to controls. 
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Following ODE exposure without HMGB1 neutralization, mRNA fold change of tlr2 and tlr4 

increased significantly (Figure 7.2g and 7.2h) and upon  HMGB1 neutralization, the expression of 

tlr4  significantly decreased while the expression of tlr2 remained high on ODE exposure.  

  
Figure 7.2 Systemic HMGB1 neutralization decreases HMGB1 expression in the airways and 
serum 
Immunoblot of HMGB1 expression in the lungs from mice after 5 days of saline, or ODE (12.5%) 
exposure with either vehicle or anti-HMGB1 neutralizing antibody treatment (10 µg/mice) (a). 
Immunoblot of HMGB1 expression in the bronchoalveolar lavage (BALF) (b) and serum (c) from 
control and ODE exposed mice after 5 days with or without HMGB1 neutralization. Coomassie 
blue staining for loading control in the BALF (d) and serum (e) from mice after 5 days of saline 
or ODE exposure with or without HMGB1 neutralization. Immunoblot of RAGE protein 
expression in the lungs from control and ODE exposed mice after 5 days with or without HMGB1 
neutralization (f). mRNA fold change of tlr2 (g) and tlr4 (h) expression in the lungs from control 
and ODE exposed mice after 5 days with or without HMGB1 neutralization. Data was analyzed 
using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001) and represented as mean ± SEM with n = 4-6 mice/group (*indicates 
significant difference from control). 
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ODE mediated cellular influx into airways was decreased on HMGB1 neutralization 

Compared to vehicle treated controls, mice exposed to ODE (with vehicle treatment) 

showed significantly higher influx of total leukocytes, neutrophils, and macrophages into the 

airways (Figure 7.3a-c). Following treatment with anti-HMGB1 neutralizing antibodies, there was 

a significant decrease in total leukocytes, neutrophils, and macrophage numbers recruited into the 

airways (Figure 7.3a-c). Following neutralization, only airway neutrophil numbers remained 

higher when compared to controls treated with anti-HMGB1 antibodies (Figure 7.3c).  

The lung wet-to-dry weight ratio was measured 24 hours after the final treatment (Figure 

7.3d). Compared to saline exposed mice, there was a significant increase in the ratio in ODE 

exposed mice without neutralization indicative of increased ODE-mediated edema. The ratio was 

significantly decreased in ODE exposed mice with HMGB1 neutralization which was comparable 

to both saline groups. mRNA fold change of selected proinflammatory cytokines, il1b, and tnfa, 

was measured in the lungs from control and ODE exposed mice after 5 days with or without 

HMGB1 neutralization (Figure 7.3e and 7.3f). Both il1b and tnfa expression was significantly 

increased in ODE exposed mice. While il1b levels significantly decreased in ODE exposed 

animals with HMGB1 neutralization, tnfa levels in this group was similar to ODE exposed mice 

without neutralization. Saline-exposed mice with HMGB1 neutralization had increased tnfa 

expression. Expression of il10 was significantly decreased in ODE exposed mice without 

neutralization when compared to the ones exposed to saline (Figure 7.3g). On HMGB1 

neutralization il10 expression was significantly increased on exposure to both saline and ODE. On 

the other hand, expression of tgfb in ODE exposed mice with and without neutralization was 

significantly higher than saline exposed WT mice (Figure 7.3h). The expression of GP91Phox 

protein, a subunit of NADPH oxidase, was measured to assess superoxide production (Figure 7.3i). 

The expression of GP91Phox was increased in ODE exposed mice without neutralization, while 
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the levels were lower in ODE exposed mice with HMGB1 neutralization. Fold change of nos2 

gene, encoding for inducible nitric oxide synthase (iNOS), significantly increased with ODE 

exposure in mice compared to saline exposed WT mice with and without HMGB1 neutralization 

(Figure 7.3j).  

HMGB1 neutralization decreases ODE mediated lung histopathological changes 

Formalin fixed lung sections were stained with hematoxylin and eosin (H&E) and 

histopathological changes were examined. The changes observed were scored by an experienced 

researcher blinded to the study and the scoring criteria are listed in Table 7.3. There was evidence 

of minimal increase in hyperplasia in the bronchioles of ODE-exposed mice compared to saline 

exposure, with no change on HMGB1 neutralization (Figure 7.4a and 7.4c). There was increased 

peribronchial cellular infiltration in ODE exposed mice without neutralization when compared to 

saline as well as the mice with HMGB1 neutralization (Figure 7.4d). A similar pattern was also 

seen in peribronchial edema, although not significant (Figure 7.4e). Vascular smooth muscle 

thickness was significantly increased in ODE exposed mice, which was significantly decreased on 

HMGB1 neutralization (Figure 7.4b and 7.4f). Increased perivascular cellular infiltration was 

observed in ODE exposed mice when compared to saline and HMGB1 neutralization did not affect 

the perivascular cellular infiltration (Figure 7.4g). Similar to peribronchial edema, perivascular 

edema was increased, although not significantly, in ODE exposed mice which was reduced 

minimally on HMGB1 neutralization (Figure 7.4h). In the distal airways, there was a minimal 

increase in emphysema and alveolar edema on ODE exposure which was not statistically 

significant (Figure 7.5a-7.5c). On the other hand, ODE exposure increased cellular infiltration into 

the alveoli and thickening of the alveolar septa (Figure 7.5d and 7.5e). With HMGB1 

neutralization, ODE-mediated cellular infiltration and septal thickening was decreased. Albeit not 
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significant, saline exposed mice with HMGB1 neutralization showed an increase in cellular 

infiltration and septal thickening. 

 
Figure 7.3 Systemic HMGB1 neutralization decreases cellular influx into the airways in ODE 
mediated airway inflammation 
Bronchoalveolar lavage fluid (BALF) cells obtained from lungs from mice after 5 days of saline, 
or ODE (12.5%) exposure, and vehicle or anti-HMGB1 neutralizing antibody (10 µg/mice), 
stained with Shandon Kwik Diff staining solution. Total leukocyte count (a) and differential cell 
count of alveolar macrophages (b) and neutrophils (c) in BALF. Lung wet to dry weight ratios in 
control and ODE exposed mice after 5 days with or without HMGB1 neutralization (d). mRNA 
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fold change of il1b (e), tnfa (f), il10 (g), tgfb (h) and nos2 (j) expression in the lungs from control 
and ODE exposed mice after 5 days with or without HMGB1 neutralization. Immunoblot of 
GP91Phox protein expression in the lungs from control and ODE exposed mice after 5 days with 
or without HMGB1 neutralization (i). Data was analyzed using one-way ANOVA with Tukey’s 
multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented 
as mean ± SEM with n = 6-10 mice/group (*indicates significant difference from control). 

ODE exposure induced goblet cell metaplasia is decreased with systemic HMGB1 
neutralization 

Lung tissue sections were stained with periodic acid Schiff (PAS) to detect goblet cells 

(Figure 7.6a). The number of goblet (PAS+) cells was manually counted and normalized to the 

length of the basement membrane (Figure 7.6b). A significant increase in the number of goblet 

cells was observed in ODE exposed mice with and without neutralization compared to saline. The 

number of PAS+ cells was significantly decreased in ODE exposed mice with HMGB1 

neutralization when compared to the ones without neutralization. There was also an increase in the 

number of goblet cells in saline exposed mice with HMGB1 neutralization. To corroborate this, 

mRNA fold change of muc5ac was measured by qRT-PCR (Figure 7.6c). A similar pattern of 

expression was observed in muc5asc to that of PAS+ cells. In addition, expression of forkhead box 

protein J1 (FoxJ1), the transcription factor involved in ciliogenesis and a marker for motile cilia, 

was measured in the lungs post-exposure (Figure 7.6d). A decrease in FoxJ1 expression was 

observed in mice exposed to ODE with and without HMGB1 neutralization. On the other hand, 

FoxJ1 expression in saline exposed mice with neutralization was significantly increased when 

compared to the ones without neutralization.  
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Figure 7.4 ODE exposure increases peribronchial edema and smooth muscle thickness 
Formalin fixed lung tissue sections from mice after 5 days of saline, or ODE (12.5%) exposure, 
and vehicle or anti-HMGB1 neutralizing antibody (10 µg/mice) were stained with hematoxylin 
and eosin (H&E). Representative images of H&E stained bronchioles (a) and blood vessels (b) 
were obtained. Insets: images are shown with higher magnification (original magnification, x200). 
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Arrows indicate regions of inflammatory cell infiltrate (a). Semiquantitative histopathology 
scoring of bronchial hyperplasia (c), peribronchial cellular infiltration (d), peribronchial edema 
(e), smooth muscle thickness (f), perivascular cellular infiltration (g) and perivascular edema (h) 
was performed. Data was analyzed using one-way ANOVA with Tukey’s multiple comparison 
test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with 
n = 3-5 fields/ mice and 4 mice/group (*indicates significant difference from control). 

 
Figure 7.5 HMGB1 neutralization does now ameliorate ODE induced alveolar septal 
thickening 
Formalin fixed lung tissues obtained from mice after 5 days of saline, or ODE (12.5%) exposure, 
and vehicle or anti-HMGB1 neutralizing antibody (10 µg/mice) were stained with hematoxylin 
and eosin (H&E). Images of H&E stained alveoli were obtained. Insets: images were shown with 
higher magnification images (original magnification, x200) (a). Semiquantitative histology 
scoring of emphysema (b), alveolar edema (c), cellular infiltration (d) and alveolar septal 
thickening (e) was performed. Data was analyzed using one-way ANOVA with Tukey’s multiple 
comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean 
± SEM with n = 3-5 fields/ mice and 8 mice/group (*indicates significant difference from control). 
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Figure 7.6 HMGB1 neutralization decreases airway periodic acid schiff (PAS) positive cells 
Formalin fixed lung tissues obtained from mice after 5 days of saline, or ODE (12.5%) exposure, 
and vehicle or anti-HMGB1 neutralizing antibody (10 µg/mice) were stained with periodic acid 
schiff (PAS) for detection of goblet cells. Insets: images were shown with higher magnification 
images. Arrows indicate PAS-positive cells. (a). Quantification of the number of PAS-positive 
cells goblet cells per mm of basement membrane (BM) (b). mRNA fold change of muc5ac 
expression in the lungs from control and ODE exposed mice after 5 days with or without HMGB1 
neutralization (c). Immunoblot of FoxJ1 protein expression in the lungs from control and ODE 
exposed mice after 5 days with or without HMGB1 neutralization (d). Data was analyzed using 
one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001) and represented as mean ± SEM with n = 2-4 fields/ mice and 8 mice/group 
(*indicates significant difference from control). 
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HMGB1 neutralization rescues ODE mediated loss of tight junction integrity  

24 h after the final exposure, airway tissue permeability was measured by intranasal 

instillation of FITC-Dextran (10 mg/ kg of body weight) for 1 hour. Compared to saline exposed 

mice, ODE exposed mice without neutralization showed an increase in the fluorescence intensity 

(FI) in the blood serum. (Figure 7.7a). On HMGB1 neutralization, the FI value remained 

comparable to saline exposed mice. To corroborate this, the expression of tight and adherens 

junction markers was measured. Protein expression of zonula occludens-1 (ZO-1) and occludin 

was significantly increased in saline exposed mice with HMGB1 neutralization (Figure 7.7b and 

7.7c). Occludin expression in mice exposed to ODE showed a minimal decrease. ZO-1 protein 

levels were significantly decreased in mice exposed to ODE, while on HMGB1 neutralization the 

levels were significantly increased (Figure 7.7d and 7.7e). Fold change of claudins, cldn1 and 

cldn5 significantly increased in saline and ODE exposed mice with HMGB1 neutralization when 

compared to the saline group, with a more prominent increase in the ODE group. Fold change of 

cldn18 was significantly increased on ODE exposure compared to saline, while HMGB1 

neutralization in saline and ODE mice showed a more prominent increase compared to ODE alone 

(Figure 7.7f). An increase in the expression of cadherins, ecad, and ncad mRNA in mice exposed 

to both saline and ODE with HMGB1 neutralization was observed compared to saline exposed 

mice. Expression of ecad increased significantly in ODE exposed mice without neutralization 

when compared to saline exposed mice (Figure 7.7g). However, expression of ncad in ODE 

exposed mice remained comparable to saline exposed animals (Figure 7.7h).  
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Figure 7.7 Systemic HMGB1 neutralization decreases ODE exposure-induced increase in 
airway epithelium permeability 
Lung permeability assay using 10 mg/kg b.w. of FITC-Dextran via intranasal (i.n.) administration 
in mice after 5 days of saline, or ODE (12.5%) exposure, and vehicle or anti-HMGB1 neutralizing 
antibody (10 µg/mice) (a). Immunoblot of ZO-1 (b) and Occludin (c) protein expression in the 
lungs from control and ODE exposed mice after 5 days with or without HMGB1 neutralization. 
mRNA fold change of cldn1 (d), cldn5 (e), cldn18 (f), ecad (g), and ncad (h) expression in the 
lungs from control and ODE exposed mice after 5 days with or without HMGB1 neutralization. 
Data was analyzed using one-way ANOVA with Tukey’s multiple comparison test (*p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001) and represented as mean ± SEM with n = 4-6 mice/group 
(*indicates significant difference from control). 
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Discussion 

In the present study, using a murine model of OD exposure induced lung inflammation, we 

report a role for HMGB1. Our results describe how systemic neutralization of HMGB1 curtails 

OD-induced lung inflammation through reductions in the expressions of secreted HMGB1, RAGE, 

TLR4, influx of inflammatory cells into airways, and other inflammatory mediators. Repeated 

exposure to OD is known to induce significant changes in innate immune responses through 

activation of PRRs and secretions of proinflammatory mediators (Poole et al. 2008; Sundblad et 

al. 2009). Targeting OD exposure-induced proinflammatory mediators is a potential strategy to 

reduce the manifestation of chronic airway diseases.  

Murine models of intranasal ODE exposure recapitulate many features of airway 

inflammatory disease similar to that observed in exposed agricultural workers (Charavaryamath et 

al. 2005; Poole et al. 2009). Despite the several years of research conducted in understanding the 

OD-induced airway inflammatory disease pathophysiology, the role of extracellularly secreted 

HMGB1 in OD exposure-induced lung inflammation remains mostly unknown. Recently, we used 

a bronchial epithelial cell model of ODE exposure, where we demonstrate how targeting HMGB1 

could abrogate ODE-induced inflammation (Bhat et al. 2019). To translate these results into a pre-

clinical model and to test whether neutralization of extracellular HMGB1 would reduce ODE-

induced inflammation, we chose to use a C57BL/6 mouse model. In our intranasal exposure model, 

mice were intraperitoneally treated with vehicle or anti-HMGB1 neutralizing antibodies. A 

hallmark of OD exposure is the increased influx of neutrophils and macrophages (Poole et al. 2008; 

Sundblad et al. 2009). Consistent with this, we document an increase in total leukocyte influx into 

the airways on exposure to ODE. This increase in total leukocytes was characterized by an increase 

in absolute neutrophil and macrophage numbers. Systemic HMGB1 neutralization significantly 

decreased the ODE-induced increase in total leukocytes, neutrophils, and macrophages in BALF 
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to indicate a prime role for extracellular HMGB1 in decreasing the leukocyte mediated 

inflammation. Our data showed that ODE exposure increases the expression of RAGE whereas 

systemic neutralization of HMGB1 decreases the expression of RAGE as well as expression of 

HMGB1 in the lung, BALF, and serum indicating that, systemic neutralization of HMGB1 would 

reduce inflammation by blocking the signaling via HMGB1-RAGE axis. Our observation of ODE-

induced increases in the expression of tlr2 and tlr4 are in line with our previous published work 

(Bhat et al. 2019). It is interesting to note that, systemic neutralization of HMGB1 reduced the 

ODE exposure induced increases in tlr4 but not tlr2 fold changes. Though our study does not 

explore the underlying mechanisms, it does raise interesting questions about the possibility of 

TLR2 mediated signaling even with HMGB1 neutralization.  

ODE exposure increased the expression of il1b and tnfa and systemic neutralization of 

HMGB1 reduced the levels of il1b but not tnfa levels. It is interesting to note that HMGB1 

neutralization did not decrease the expression of tlr2. Hence it remains to be determined whether 

ODE exposure induces TLR2 mediated signaling to increase the expression of TNFα. Poole et al., 

have shown that TLR2 regulates the OD exposure induced signaling, and the CAFO environment 

is rich in Gram-positive bacteria that are known to induce TLR2-mediated signaling (Poole et al. 

2011; S et al. 2016).  

Another key component associated with inflammation is the generation of reactive species 

(Ahmed 2011; Poole and Romberger 2012). Consistent with previous studies, nos2 expression was 

significantly upregulated in ODE-exposed mice. On neutralization of HMGB1, levels of nos2 

remained significantly higher than controls. Expression of GP91Phox, a subunit of NADPH 

oxidases which is involved in the generation of superoxide anions (O2-) was measured as well 

(Banerjee and Henderson 2012). GP91Phox expression was significantly increased in ODE 
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exposed mice. Although we document a relatively small increase in GP91Phox expression with 

neutralization, the levels are not significantly higher. Studies have shown that a decrease in 

GP91Phox expression decreases superoxide overproduction (Liu et al. 2006a; Banerjee and 

Henderson 2012). The increase in the expression of GP91Phox observed in ODE exposed mice 

could be resulting in overproduction of ROS, implicated in tissue destruction and various disease 

states. Collectively, these data suggest a role for extracellular HMGB1 in exacerbating oxidative 

stress induced following ODE-mediated inflammation. 

Histopathological analysis of the lungs from OD exposed mice showed significant changes 

in the tissues with and without HMGB1 neutralization. ODE exposed mice showed an increase in 

cellular infiltration, smooth muscle thickness, edema, alveolar septal thickening, and emphysema. 

On HMGB1 neutralization, these histopathological changes were decreased. As observed in earlier 

studies, airway mucin (Muc5ac) expression and goblet cell numbers were increased on ODE 

exposure (Dickinson et al. 2018). Interestingly on HMGB1 neutralization, the number of PAS-

positive cells increased as well as muc5ac gene expression with or without exposure to ODE. 

Studies have shown that chronic exposure to OD leads to dysfunctional mucociliary clearance in 

workers  (Wyatt et al. 2008). Consistent with this data, a decrease in the expression of FoxJ1 was 

observed in ODE exposed mice which increased on HMGB1 neutralization. In addition, the 

expression of FoxJ1 was significantly increased in saline exposed mice with HMGB1 

neutralization as well. It is possible that the neutralization of secreted HMGB1 systemically could 

be maintaining the balance between goblet cell numbers and cilia in the airways thus impacting 

the mucociliary clearance. However, further studies may be necessary to mechanistically validate 

our current observation. 
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Increased epithelial permeability is a hallmark of airway inflammation (Grainge and 

Davies 2013; Georas and Rezaee 2014). Epithelial junctional complexes can be disrupted directly 

by inhaled noxious substances that are capable of penetrating the mucus layer or by the release of 

other inflammatory mediators (Grainge and Davies 2013). In line with this, we observed an 

increase in the airway epithelial permeability on exposure to ODE. Neutralization of HMGB1 

maintained the integrity of epithelial permeability even on exposure to ODE. Interestingly, mRNA 

fold change of tight junction markers (claudin 1, claudin 5, and claudin 18) are increased in animals 

administered with neutralization antibody compared to control. Animals exposed to ODE alone 

showed a significant increase in claudin 18, which is indicative of upregulation of alveolar type II 

cell-mediated repair response (Kotton 2018). In addition to claudins, epithelial barrier function is 

also maintained by the occludin proteins anchored to the cytoskeleton by ZO-1 (Georas and Rezaee 

2014). Occludin and ZO-1 proteins form intact intercellular barriers at tight junctions, and 

differences in their expression account for the change in barrier function and paracellular 

permeability in the epithelium (Ye et al. 2003; Ohtake et al. 2003; Raleigh et al. 2011). Our study 

showed a decrease in the expression of both occludin and ZO-1 proteins on exposure to ODE. On 

HMGB1 neutralization, the expression of both markers was increased with or without ODE 

exposure. This pattern of expression of key markers of epithelial barrier integrity paralleled by the 

changes in tissue permeability suggests that secreted HMGB1 has a negative impact on the 

integrity of the epithelium. Neutralization of HMGB1 also significantly increased the fold change 

of ecad and ncad genes with or without ODE, with a significant increase in the ecad expression 

on exposure to ODE. E-cad and N-cad are key regulators of epithelial mesenchymal transition 

(EMT) which is characterized by the loss of E-cad and enhanced expression of N-cad which 

contributes to airway remodeling (Nieto 2011).  
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Collectively, it appears that HMGB1 contributes to the development of tissue changes in 

OD-mediated airway inflammation. The kinetics of HMGB1 release enables the development of 

therapy against the effects of this cytokine to be delayed by as much as 24 h after exposure to a 

noxious stimulus. To date, no other pathogenic mediators of OD-mediated airway inflammation 

have been specifically targeted this late in the course of exposure to rescue animals from airway 

pathology. In the present study, we found that antibody-mediated neutralization of secreted 

HMGB1 assists in downregulating the development of OD-mediated histopathology. Taken 

together, extracellular HMGB1 is a critical mediator of various inflammatory mechanisms in 

airway epithelial cells exposed to organic dust. It will be important to delineate the connection 

between the neutralization of HMGB1 and immune-regulatory mechanisms because these two 

systems occupy a critical final common pathway to tissue injury and airway diseases which will 

be the focus of our future studies. Based on this it should be possible to design clinical studies of 

OD mediated airway inflammation in workers who have elevated HMGB1 levels to assess the 

effects of HMGB1 antagonists. 

Materials and Methods 

Ethics statement 

All animal work and procedures performed were approved by the Institutional Animal Care 

and Use Committee (IACUC) and Institutional Biosafety Committee (IBC) of the Iowa State 

University. Research with the animals were done under the protocol IACUC 19-296 and IBC 19-

188.  NIH guidelines were followed for the care and handling of mice in this study. 

Organic dust extract (ODE) preparation 

Organic dust (OD) samples were collected and an aqueous extract was prepared as 

previously described (Romberger et al. 2002; Bhat et al. 2019). Briefly, the dust settled on the 

surfaces of swine housing facilities was collected and 1 g was mixed into sterile Hank’s Balanced 
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Salt Solution (10 mL; Gibco). The solution was incubated for one hour at room temperature and 

centrifuged for 20 min at 1365 x g. The final supernatant obtained was filter-sterilized (0.22 μm), 

to remove larger coarse particles and microbes. Stock ODE (100%) samples were aliquoted and 

frozen at stored at -20°C until use in experiments. The stock was diluted in sterile phosphate buffer 

saline (PBS) to a final concentration of 12.5% (v/v). The 12.5% concentration used has been 

previously shown to elicit lung inflammation in mice (Poole et al. 2009).  

Endotoxin estimation 

The levels of endotoxin in the ODE samples were quantified using the Pierce Chromogenic 

Endotoxin Quant Kit (Thermofisher Scientific) according to the manufacturer’s instructions. The 

ODE samples were diluted in a ratio of 1:50 in endotoxin-free water. The diluted samples (50 µL) 

along with reconstituted amebocyte lysate reagent, were added into an endotoxin-free 96-well plate 

in a sample to lysate ratio of 1:1, in triplicates. The standard was reconstituted and added to the 

plate in a sample to lysate ratio of 1:1. The plate was incubated at 37°C for 12 to 35 minutes based 

on the range of standards used. Following incubation, 100 µL of chromogenic substrate was added 

and the plate was incubated at 37°C for 6 minutes. 50 µL of stop solution (25% acetic acid) was 

added and absorbance was read at 405 nm using a spectrophotometer reader (SpectraMax M2 

Gemini Microplate Reader, Molecular Devices, San Jose, CA). The average of blank wells was 

deducted from the standards and sample absorbance values. A linear standard graph was plotted, 

and sample concentrations (undiluted) were extrapolated from the equation of the slope using the 

OD values (Table 7.1). 
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Table 7.1 Endotoxin concentrations in ODE samples used in our experiments 

Sample No. Endotoxin (EU/mL) 

8 6.315 ± 0.2 

9 5.20 ± 0.1 

10 10.67 ± 0.3 

11 8.052 ± 0.1 

Animals model and treatment  

Age and sex-matched C57BL/6 mice (6-8 week old) were purchased from The Jackson 

Laboratory (Ann Arbor, MI), allowed to acclimatize for three days before randomly assigning to 

different treatment groups. Mice in all groups were lightly anesthetized by isoflurane (2-3%) 

inhalation, following which saline (PBS), or ODE (12.5%) were intranasally (i.n.; 50 µL/mice) 

instilled. We then assigned mice into 3 major groups for the second treatment: (i) sham (mice 

without any treatment); (ii) control IgG (10 μg/mice; data not shown); (iii) 10 μg anti-HMGB1 

antibody (10 μg/mice). The antibody was administered by intraperitoneal (i.p.) injection every 24 

hours for 5 days (Figure 7.1 and Table 7.2). Approximately 24 h following the final treatment the 

mice were euthanized by intraperitoneal administration of sodium pentobarbital (100 mg/kg b.w.) 

as per the American Veterinary Medical Association (AVMA) Guidelines for Euthanasia of 

Animals. The use of sodium pentobarbital was performed under the approval and licenses from 

the department of drug enforcement agency (DEA) and Iowa Board of Pharmacy. The controlled 

drugs were maintained in the approved safe-lock box with an inventory of the amounts used.  

Table 7.2 Stock and working concentrations of the reagents 

Treatment 
Stock 

concentration 

Working 

concentration  

Organic Dust Extract (ODE) 100% in HBSS 12.5% in PBS 

Anti-HMGB1 neutralizing antibody 1.8 mg/mL 0.5 mg/kg 

Sodium Pentobarbital 390 mg/mL 100 mg/kg 

FITC-Dextran 50 mg/mL 10 mg/kg 
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FITC-Dextran permeability assay 

Permeability alterations after treatment administration were measured by FITC-Dextran 

leakage from the airways into the bloodstream. 50 µL of FITC-Dextran (10 mg/kg b.w., 24 µL per 

nostril; Sigma) dissolved in sterile PBS was introduced intranasally into the airways 24 h after the 

final treatment administration. After instillation, the mouse was set vertically for 2 min until it 

breathed steadily. The mice were sacrificed one hour later, and blood was collected by cardiac 

puncture. Finally, the blood was treated with 10 mL of EDTA (60 mg/mL) and centrifuged at 7000 

rpm for 10 min. The fluorescence intensity (FI value) of the plasma (~200 µL) was determined at 

an excitation/emission wavelength of 485/528 nm using SpectraMax M2 Gemini Microplate 

Reader (Molecular Devices, San Jose, CA)(Chen et al. 2014). 

Lung wet-to-dry weight ratio 

After the final treatment administration and mice were euthanized. The diaphragmatic lobe 

of the right lung was excised separately and rapidly weighed to obtain the “wet” weight. Samples 

were oven-dried (65°C) for 48 h to determine the stable dry weight. The ratio of the wet-to-dry 

(W/D) weight was calculated to assess lung tissue edema (Chen et al. 2014).    

Bronchoalveolar lavage and cytospins 

Post animal euthanasia, the trachea was exposed and cannulated with a 23-gauge needle 

just below the larynx. Bronchoalveolar lavage fluid (BALF) was collected from the lungs by 

instilling 1 ml cold PBS with 0.1 mM EDTA and recovered by aspiration. This was done a total 

of three times and the BALF from each mouse was pooled and was centrifuged at 800 x g for 10 

min to collect cells (Sun et al. 2017). The supernatant from the first milliliter of cell-free BALF 

was recovered and frozen at -80°C for other assays. Cells from the BALF were resuspended, and 

total cell numbers were determined by using a hemacytometer. Differential cell counts were 

determined on cytospins prepared by the Iowa State University clinical pathology laboratory 
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(College of Veterinary Medicine) and stained with Shandon Kwik Diff Staining (Thermofisher 

Scientific). Differential cell counts were determined by manual counting of 500 cells per slide per 

mouse. 

Tissue collection  

After whole lung lavage, lungs were harvested from each treatment group. The right lung 

was tied off at the primary bronchus, excised, flash-frozen in liquid nitrogen, and stored in -80° C. 

The left lung was slowly inflated with ~200-300 µL of 4% paraformaldehyde (PFA; Sigma, St. 

Louis, MO). To obtain uniform lung inflation during fixation, the lungs were fixed at a 25 cm 

height. The inflated lungs were submerged in 4% PFA for 24 h, followed by 70% ethanol. The 

fixed lungs were embedded in paraffin and sectioned into 5-micron slices by the Iowa State 

University histopathology laboratory (College of Veterinary Medicine).  

Histology, mucus staining, and histopathology analysis 

Hematoxylin and eosin (H&E) staining was performed according to standard protocol 

(Fischer et al. 2008). Each slide was entirely reviewed at scanning magnifications (×2, ×10, and 

×20 objectives; Nikon Eclipse TE2000-U microscope; SPOT Advanced imaging software, 

Michigan, USA). The histopathological scores were determined by an experienced researcher 

blinded to the treatment conditions. The scoring system utilized a standardized set of photos 

representing the spectrum of inflammatory changes for each parameter in the bronchioles, blood 

vessels, and alveolar septa (outlined in Table 7.3).  

For mucus staining, Richard-Allan Scientific Chromaview – Advanced Testing Periodic 

Acid-Schiff (PAS) kit (Thermofisher Scientific) was used as per the manufacturer’s instructions. 

PAS-positive cells lining the surface epithelium were counted in 6 to 8 airways per mouse. The 

numbers were normalized to the length of the basement membrane, which was determined using 
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ImageJ (National Institutes of Health) (Shi et al. 2002). Images were obtained using Nikon Eclipse 

TE2000-U microscope and SPOT Advanced imaging software (Michigan, USA). 

Table 7.3 Histology scoring criteria 

qRT-PCR 

Total RNA was isolated from the lung homogenate using TRIzol extraction methods (Seo 

et al. 2014) and RNA concentration was measured using NanoVue Plus spectrophotometer (GE 

Healthcare, UK). 1μg of RNA was used to synthesize cDNA using the High-Capacity cDNA 

Reverse Transcription Kit (ThermoFisher Scientific) according to the manufacturer’s instructions.  

RT-qPCR was performed using 500 ng of template DNA in a 10 μL reaction volume using 

SYBR green master mix and 1 µM of primers for target of interest. The housekeeping gene 18S 

rRNA (ThermoFisher Scientific) was used in all qPCR reactions. No-template controls and 

dissociation curves were run for all reactions to exclude cross-contamination. The primers for 

genes of interest listed in Table 7.4 were synthesized at Iowa State University’s DNA Facility. The 

qRT-PCR reactions were run in a QuantiStudio-3™ (Thermofisher Scientific) detection system 

and the data was analyzed using 2- ΔΔCT  method (Livak and Schmittgen 2001).  

Immunoblot analysis 

The lungs were lysed using RIPA buffer with 1X HALT protease inhibitor and EDTA 

(Thermofisher Scientific). Protein concentration was measured using the Bradford protein assay 

kit (BioRad). Equal amounts of protein (20 μg/sample), along with a molecular weight marker 

(Bio-Rad), were run on 10–12% sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-

Score Peribronchiolar 
edema 

Bronchial 
hyperplasia 
/ club cells 
per 100 µm 

Smooth 
muscle 

Perivascula
r edema Septa Alveolar 

edema Emphysema Cellular 
infiltration 

1 nil <5 <5 µm Up to 50 µm <10 µm 1-100 µm 50-200 µm 1-10 total 
neutrophil 

2 1-100 µm 5-15/100 5-20 µm 50-100 µm 10-15 
µm 101-200 µm 300-400 µm 10-20 total 

neutrophil 

3 100-200 µm 15-25/100 25-100 
µm 100-150 µm 15-20 

µm 201-300 µm 400-500 µm 30-50 

4 >200 µm >25 >100 µm >150 µm >20 µm >301 µm >500 >50 
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PAGE) as previously described (Bhat et al. 2019). Proteins were transferred onto a nitrocellulose 

membrane and nonspecific binding sites were blocked with Intercept® blocking buffer (LI-COR, 

Lincoln, NE). The membranes were then incubated with different primary antibodies and dilutions 

listed in Table 7.5. Next, membranes were incubated with one of the following secondary 

antibodies: Alexa Fluor 680 goat anti-mouse, Alexa Fluor 680 donkey anti-rabbit, or IRDye 

800CW donkey anti-rabbit (1:10,000; LI-COR). To confirm equal protein loading, blots were 

probed with relevant housekeeping proteins listed in Table 7.5. Western blot images were captured 

using Odyssey® CLx IR imaging system (LI-COR Biotechnology) and analysis was performed 

using ImageJ software (National Institutes of Health).  

Statistics 

Data analysis was performed using GraphPad Prism 8.0 software (La Jolla, CA, USA). 

Raw data were analyzed with either Student’s t-test or using one-way ANOVA, and Tukey’s 

posttest was performed to compare all treatment groups. A p-value of < 0.05 was considered 

statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. * indicates different 

from control. For all the assays, samples were derived from the same experiment and were 

processed in parallel to minimize variation. 
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Appendix. Supplementary tables 

Table 7.4 Primer sequences 

Gene symbol Primer Sequence (5’→3’) 

tlr2 
Forward ACAGCAAGGTCTTCCTGGTTCC 
Reverse GCTCCCTTACAGGCTGAGTTCT 

tlr4 
Forward AGCTTCTCCAATTTTTCAGAACTTC 
Reverse TGAGAGGTGGTGTAAGCCATGC 

il1b 
Forward TGGACCTTCCAGGATGAGGACA 
Reverse GTTCATCTCGGAGCCTGTAGTG 

tnfa 
Forward GGTGCCTATGTCTCAGCCTCTT 
Reverse GCCATAGAACTGATGAGAGGGAG 

il10 
Forward CGGGAAGACAATAACTGCACCC 
Reverse CGGTTAGCAGTATGTTGTCCAGC 

tgfb 
Forward TGATACGCCTGAGTGGCTGTCT 
Reverse CACAAGAGCAGTGAGCGCTGAA 

muc5ac 
Forward CCACTTTCTCCTTCTCCACACC 
Reverse GGTTGTCGATGCAGCCTTGCTT 

cldn1 
Forward GGACTGTGGATGTCCTGCGTTT 
Reverse GCCAATTACCATCAAGGCTCGG 

cldn5 
Forward TGACTGCCTTCCTGGACCACAA 
Reverse CATACACCTTGCACTGCATGTGC 

cldn18 
Forward TGGTAGCATGGATGACTCTGCC 
Reverse GCTGTGGACATCCAGAAGTTGG 

ecad 
Forward GGTCATCAGTGTGCTCACCTCT 

Reverse GCTGTTGTGCTCAAGCCTTCAC 

ncad 
Forward CCTCCAGAGTTTACTGCCATGAC 

Reverse CCACCACTGATTCTGTATGCCG 

nos2 
Forward GAGACAGGGAAGTCTGAAGCAC 
Reverse CCAGCAGTAGTTGCTCCTCTTC 
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Table 7.5 Characteristics of primary antibodies 

Epitope Species/Clone Dilution Catalog # Supplier 

β-Actin Mouse Monoclonal 1:10,000 ab6276 AbCama 

HMGB1 Rabbit Polyclonal 1:1000 ab79823 AbCama 

RAGE Rabbit Polyclonal 1:1000 ab3611 AbCama 

Foxj1 Mouse Monoclonal 1:1000 sc-53139 Santa Cruzb 

Occludin Mouse Monoclonal 1:1000 sc-271842 Santa Cruzb 

ZO-1 Mouse Monoclonal 1:1000 sc-33725 Santa Cruzb 
GP91Phox Rabbit Polyclonal 1:1000 ab80508 AbCama 

aCambridge, United Kingdom 
bDallas, Texas, USA 

Table 7.6 Characteristics of secondary antibodies 
Expression 
system Conjugate Species/Clone Dilution Catalog # Supplier 

Donkey/IgG Alexa Fluor® 680 Rabbit Polyclonal 1:10,000 A10043 Invitrogenc 

Rabbit/IgG Alexa Fluor® 680 Mouse Polyclonal 1:10,000 A27031 Invitrogenc 

Donkey/IgG IRDye® 800CW Rabbit Polyclonal 1:10,000 926-32213 LI-CORd 

cThermofisher Scientific, USA 
dNebraska, USA 
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 GENERAL CONCLUSION 

Summary 

Agriculture environmental exposure to organic dust has been linked to increased morbidity 

in exposed individuals (Von Essen and Donham 1999). Individuals exposed to OD are at an 

increased risk of developing significant respiratory diseases, such as chronic obstructive 

pulmonary diseases (COPD) and bronchitis (Von Essen and Romberger 2003; Charavaryamath 

and Singh 2006). Studies employing single and repeated exposure models via intranasal inhalation 

of OD have shown reproducible and activated inflammatory airway responses (Poole et al. 2008; 

Sundblad et al. 2009) recapitulating features of human exposure to work environment rich in OD. 

Although OD-mediated acute inflammatory responses have been well characterized over the years, 

little is known regarding the inflammatory mechanisms underlying the OD exposure-induced 

respiratory disease pathogenesis.  

Studies have examined the role of various pattern recognition receptors (PRRs), most 

notably toll like receptor (TLR) family, in propagating innate responses to OD exposure. These 

receptors can detect a broad range of microbial components, which are also found in OD. In all 

cases, TLRs signal through the same pathway by recruiting the MyD88 protein, which initiates a 

signaling cascade leading to induction of several immune-related pathways such as p38 and NFκB 

(nuclear factor kappa B) (Charavaryamath et al. 2008; Bailey et al. 2008; Poole et al. 2011; 

Schneberger et al. 2016). Studies have identified additional families of innate immune receptors, 

such as NOD-like receptors that mimic some of the binding range of TLRs, signaling to the NFκB 

and mitogen-activated protein (MAP) kinase pathways (Poole et al. 2010). 

The primary focus of the research presented in this dissertation was to investigate the role 

of HMGB1, a ubiquitous signaling molecule, in the lung in response to OD. Because the role of a 
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DAMP in inflammation is largely a function of its cellular expression, we first documented the 

expression and kinetics of HMGB1 in intact lungs of rats exposed to OD and human bronchial 

epithelial cells. Having established the protein expression, we proceeded to examine cytokine and 

cellular changes on exposure to ODE in normal and in models where HMGB1 expression was 

either decreased or inhibited.  

HMGB1 and OD exposure 

Current literature describes the role and kinetics of HMGB1 in various disease states and 

have labeled the HMGB1 protein as a late mediator of sterile inflammation (Wang et al. 1999; 

Andersson and Tracey 2011). Despite significant progress in understanding the structure, 

mechanism of release, and receptors, the intracellular signaling pathways downstream of HMGB1 

remain relatively poorly defined. In chapter 3 we have identified the role HMGB1 plays in the 

induction of inflammation, particularly on OD exposure. Using in vitro OD exposure models with 

or without blocking HMGB1 translocation and secretion, we identified that HMGB1 potentiates a 

majority of the late inflammatory cascades and cytokine production. Using in vivo models, we 

identified how HMGB1 plays a significant role in regulating OD-mediated tissue pathology and 

loss of epithelial junction integrity. Neutralization of extracellular HMGB1 decreased the cellular 

influx into the airways, which is a characteristic pathological feature of OD exposure. With the 

use of our in vitro and in vivo models we highlighted the difference in impact and function of 

intracellular versus extracellular HMGB1 on OD exposure. This work gives us the opportunity to 

consider HMGB1 as a possible therapeutic target for intervention in treating OD-mediated airway 

inflammation. 

Mitochondrial dysfunction in OD mediated inflammation 

Mitochondria (mt) are the essential cellular organelles and are emerging as a possible 

therapeutic target in many inflammatory diseases. Mitochondrial biology has seen a surge in 
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popularity in the past 5 years, however, it is only recently that we are beginning to understand how 

this organelle regulates cellular homeostasis and contributes to disease processes in the lung 

(Aghapour et al. 2019; Cloonan et al. 2020). Previous studies have shown a link between 

mitochondrial dynamics and innate immune signaling (Cloonan and Choi 2012). Based on the 

evidence, we examined whether OD-exposure would induce mitochondrial damage and 

dysfunction. We have described how exposure to OD significantly changed mitochondrial 

dynamics, structural integrity, and function. We identified that OD exposure increases the release 

of mtDAMPs such as mtDNA due to the loss of mitochondrial membrane integrity, and decrease 

in mitochondrial bioenergetics. Our observation of OD exposure induced mitochondrial 

dysfunction was consistent with that identified in various respiratory disorders such as COPD,  and 

cigarette smoke exposure (Prakash et al. 2017).  

HMGB1 and mitochondria 

Recent studies have suggested an essential role for HMGB1 in autophagic surveillance 

with important effects on mitochondrial quality control (Tang et al. 2011). Building on our 

observation that OD exposure induces mitochondrial dysfunction, we hypothesized that HMGB1 

plays a crucial role in promoting OD-mediated mitochondrial dysfunction. In chapter 5, OD-

mediated dysregulation of mitochondrial respiration was rescued using HMGB1 neutralizing 

antibody or knockdown of intracellular HMGB1 in primary human bronchial epithelial cells. In 

addition to this, we also observed a decrease in the release of mtDAMPs and increased metabolism. 

This phenomenon was observed in our in vivo models as well, wherein the lack of intracellular 

HMGB1 increased the expression of markers associated with OXPHOS and glycolytic activity, as 

well as decreased the production of reactive species.  

Thus, in this dissertation, we have identified prospective targets for the development of 

targeted therapies to mitigate OD-mediated airway inflammation. The identification of HMGB1 



257 

provides us with a wider window for intervention against OD-mediated airway inflammation and 

pathogenesis. However, we believe that additional mechanistic data may be required to understand 

the distinctive functions and pathways associated with OD-mediated airway inflammation, 

HMGB1, and mitochondria. Therefore, while we are enthusiastic about our discoveries, we 

exercise caution in recommending these two as therapeutic targets.   

Strengths and limitations 

The primary strength of this dissertation is its cohesive progression of data. Each chapter 

is built on a stand-alone hypothesis driven work and provides essential mechanistic data for the 

following chapter. For example, Chapter 3 introduces the implications of OD mediated HMGB1 

secretion which is presented again in chapters 5 through 7. In another example, Chapter 4 describes 

the OD mediated changes in mitochondrial structure and dynamics, which we expand upon further 

in chapter 5 by focusing on the impact on metabolism and respiration, and its correlation with 

HMGB1, thus helping us in understanding the physiological function and application of HMGB1 

as a potential therapeutic target. Aside from the coordinating themes throughout the dissertation, 

additional strength was the use of both mouse models as well as human cell culture models to 

augment and substantiate the findings.  

The major limitations of this research can be summarized as a partial lack of functional 

assays in our experiments. For example, the question of whether neutralizing HMGB1 would 

rescue OD exposure induced loss of lung function could have been answered if we had used 

invasive or non-invasive lung function assays in our murine models. Further, in addition to the 

mitochondrial respiration/metabolism markers, the use of assays to measure airway epithelial cilia 

beat frequency (CBF) would have been valuable. These additional assays would have added value 

to the translational potential of our findings to human exposure induced lung diseases.  
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Future directions 

To elucidate the importance of HMGB1 in the pathogenesis of OD-mediated airway 

diseases and to plan for future therapeutic intervention, there are several basic questions to resolve. 

However, future research is required to address fundamental questions regarding HMGB1 on OD 

exposure, such as, what is the quantitative relationship between the extracellular HMGB1 from 

necrotic cells versus active secretion from immunocompetent cells, and other putative HMGB1 

sources? Are there other HMGB1 receptors in addition to the ones currently known? What factors 

contribute towards the post-translational modifications (PTMs) of HMGB1 and whether these 

PTMs could be targeted. To what extent are other signaling molecules needed for the 

proinflammatory role of HMGB1? Will HMGB1 be validated as a clinical target to modulate acute 

or chronic airway inflammation, or will it be too dangerous to interfere with a molecule that is so 

central for the interplay between necrotic cell death with subsequent inflammation and repair 

responses? These are indeed very exciting questions that need to be addressed and elucidated in 

the near future. Therefore, targeted pharmacological interventions against HMGB1 using its 

antibodies, inhibitors, or antagonists, would become novel therapeutic approaches for OD-

mediated lung diseases. 
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