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Exposure to agricultural organic dusts have been well-documented to increase the 

risk of acute and chronic lung disease among individuals working in the farming and 

livestock industries. Particulates in organic dust, as well as gaseous compounds in some 

environments, are what contribute to the lung inflammation elicited upon exposure. As 

individuals in these industries are exposed to longer durations of agricultural organic 

dust, the risk increases for the development of chronic lung diseases, such as bronchitis, 

COPD, and cancer. In addition, these food deserts face restricted access to healthier 

dietary selections which can be directly correlated to their occupation and lower 

socioeconomic status. Although the farming industries have access to personal protective 

equipment, such as masks and ventilators to protect against exposures to dust, they are 

not always used and as such, additional intervention strategies to protect against these 

exposures are needed. Omega-3 polyunsaturated fatty acids, such as docosahexaenoic 
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acid (DHA), and their corresponding bioactive-lipid mediators, including resolvin D1 

(RvD1), have been shown in the literature to elicit anti-inflammatory and pro-resolving 

properties making them a unique choice as a therapeutic strategy. The work presented in 

this dissertation identified the use of a DHA-rich diet as an effective intervention strategy 

to preemptively dampen a single dust-induced intranasal challenge in mice, providing 

evidence that dietary supplementation with omega-3 fatty acids is efficient for mitigating 

the acute inflammatory effects associated with agricultural organic dust exposure. 

Furthermore, we present data supporting the hypothesis that chronic exposure to 

agricultural organic dust enhances lung carcinogenesis in mice as well as promotes 

metastatic properties including epithelial to mesenchymal transition within human lung 

adenocarcinoma cells. Moreover, this project provides evidence for the therapeutic use of 

RvD1’s synthetic epimer, aspirin-triggered resolvin D1, for mitigating chronic lung 

inflammatory responses induced by organic dust. These outcomes are evidenced by 

reduced leukocyte recruitment, altered oxylipin levels in the lungs, and dampened lung 

tissue histopathology. Overall, the data presented in this dissertation support the use of 

omega-3 fatty acid dietary supplementation and administration of their bioactive lipid 

mediators as potential therapeutic intervention strategies for alleviating the negative acute 

and chronic lung inflammatory effects of agricultural organic dust exposure among 

livestock and other farming occupations.  
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INTRODUCTION 

 

Occupational Dust Exposure 

Environmental and occupational exposures in livestock and farming industries 

induce a multitude of lung inflammatory responses elicited from inorganic and 

organic agents circulating in these environments such as chemicals, aerosols, and 

dusts [1-3]. The USDA reports that in 2020, agriculture and related industries 

accounted for approximately 10.3% of employment or 19.7 million full- and part-time 

jobs in the U.S. [4]. Additionally, it has been reported that in 2019 roughly 50% of 

individuals worldwide were employed within the agriculture industry, and related 

occupations [5]. Agricultural organic dust exposure has been strongly correlated with 

adverse risk for the development of acute and chronic lung inflammatory diseases 

such as asthma, bronchitis, and chronic obstructive pulmonary disease (COPD) [1,6-

8].  

Epidemiological studies have shown that livestock and other farm workers are 

among the occupational groups most associated with these exposures and face 

increased risk for the development of negative respiratory symptoms and diseases [9-

12]. Swine, poultry, cattle, and cotton textile industry workers are among those most 

negatively impacted by organic dust exposure within their respective industries [13-

16]. Although there is not a single agent responsible for stimulating the inflammatory 

effects these populations endure, the literature has established organic dust as a major 

component of the negative respiratory effects seen in exposed workers [7,17-19]. 
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Epidemiological studies have identified strong correlations between lower 

socioeconomic status (SES), minority populations, and increased risk of lung 

inflammatory diseases (including lung cancer) following repeated exposure to 

particulate matter, which includes organic dust [20-23]. The negative respiratory 

health consequences that workers in these industries experience can be lessened with 

the use of personal protective equipment (PPE) and proper preventative measures 

such as the use of respirators, masks, and indoor ventilation [24,25]. Nonetheless, 

proper PPE is not always attainable or adopted by these industries, especially those 

working in lower income areas [23-25]. Without effective precautionary or 

intervention measures in place to protect against these exposures, the risk for 

developing acute and chronic lung inflammatory diseases rises. 

 

Acute and Chronic Inflammation 

Inflammation is the body’s natural immune response to injury or foreign pathogen 

invasion such as bacterial, viral, and toxin exposure. Upon initial contact to these 

external invaders, our bodies respond by inducing the five cardinal signs of 

inflammation: pain, swelling, redness, fever, and loss of tissue function. The 

induction of these signs is facilitated through the release of chemical and endogenous 

mediators [26]. These mediators work in tandem to rid the body of the foreign 

antigens, repair any tissue damage, and eventually return our bodies back to 

homeostasis [26-28]. The biological and molecular effects of these mediators include 

increased vasodilation to allow for the recruitment of leukocytes including 
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macrophages and polymorphonuclear cells (PMNs), such as neutrophils, to the site of 

inflammation [29,30]. These mediators drive the secretion of pro-inflammatory 

cytokines such as the neutrophil chemoattractant interleukin-8 (IL-8) to assist with 

eliminating the foreign pathogen from our systems [31,32].  Cytokines such as tumor 

necrosis factor-alpha (TNF-α) and transforming growth factor beta-1 (TGFβ-1) are 

also secreted to promote both immune activation as well as tissue repair following 

injury [33,34]. The collection of these biological mechanisms and responses creates 

the acute inflammatory cascade, all of which can be a beneficial aspect of our bodies’ 

innate immune response if undergone in a complete and time efficient manner 

[35,36]. Despite the benefits of our systems’ natural responses, acute lung injury can 

result in negative respiratory symptoms and disorders including coughing, 

pneumonia, acute bronchitis, and acute respiratory distress syndrome (ARDS) 

[18,37]. After the acute inflammatory response is resolved, our bodies can go back to 

their original state; however, if inflammation is unresolved, the responses can worsen 

and become chronic.  

Chronic inflammation is an unresolved or persistent immunological process that 

includes failed resolution of the acute inflammatory response. Properties of chronic 

inflammation include prolonged neutrophil recruitment, persistent (or aggravated) 

tissue damage, reduced clearance of apoptotic cells, and altered macrophage 

polarization from the classically activated (M1) to the alternatively activated (M2) 

phenotype [18,38]. In a chronic setting, an overabundance of either macrophage type 

can drive overactive biological responses such as pro-inflammatory cytokine 
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secretion and tissue-repair pathogenesis that could be avoided if the system was able 

to resolve the acute inflammatory response [39]. Chronic lung inflammation can 

promote increased risk for the development of chronic lung diseases including 

asthma, bronchitis, fibrosis, COPD, and cancer [40,41]. Development of pulmonary 

fibrosis stems from the lengthened chronic inflammatory process after failing to 

resolve the initial inflammatory response. Biological mechanisms for the 

development of fibrosis include increased fibrocyte recruitment, which promotes 

elevated collagen deposition and tissue thickening, persistent neutrophil recruitment, 

and activation of M2 macrophages [42,43]. Prolonged neutrophil recruitment can lead 

to eventual release of ROS and other chemical molecules that may cause further 

tissue damage and injury [42,43]. Overactivation of M2 macrophages, which secrete 

anti-inflammatory cytokines and growth factors, can result in tissue over-remodeling 

and subsequent fibrotic pathogenesis [42,43]. Environmental occupational groups 

such as livestock and other farm workers face increased risk for the development of 

the mentioned chronic lung diseases due to their everyday or repeated exposures to 

organic dust. But what parts of the dust are potent enough to elicit the acute and 

possible chronic inflammatory lung diseases mentioned previously? An important 

facet to understanding how exposure to organic dusts elicits inflammation and 

possible acute and chronic respiratory diseases requires a comprehensive examination 

of the inflammatory components in agricultural dust. 
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Agricultural Organic Dust 

It has been reported that a variety of inorganic and organic components exit 

within agricultural dusts such as trace metals, fungi, bacteria, and gaseous compounds 

[2,3,44]. A previous in-depth assessment of dust from indoor swine feeding facility 

operations classified bacteria, archaebacteria, fungi, and viral components to exist 

within these dust—all of which can contribute to the lung inflammatory responses 

elicited upon exposure [44,45]. Detailed examination of these inflammatory 

components identified proteases, endotoxin, which comprises the outer membrane of 

gram-negative bacteria, and peptidoglycan, which is a major cell wall component of 

gram-positive bacteria, as causative agents for the lung inflammatory effects of the 

dust [45,46]. Proteases in agricultural organic dust have been identified to be one of 

the more significant contributors to the lung inflammatory responses elicited 

following exposure, including inflammatory cytokine and chemokine production and 

airway inflammation [47]. The pro-inflammatory effects of proteases are induced via 

protease-activated receptors (PARs), and in the case of swine dust exposure, PAR-1 

and PAR-2 are the main receptors for proteolytic activation [47]. Endotoxins are 

made up of a combination of lipids, proteins, and lipopolysaccharides (LPS) which 

are released into the environment following bacterial cell lysing and are deposited 

into the airways of our respiratory tracts during inhalation exposure [48,49]. LPS, 

more specifically, the lipid A portion of LPS, are hydrophilic and heat-stable 

molecules that are biologically responsible for the potent inflammatory and 

toxicological effects of endotoxin following exposure [48,50,51]. Mechanistically, 
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these negative health effects are initiated when LPS binds to LPS binding proteins 

(LBP), which are prominent in the fluid of the airway surface, to form a complex that 

is transported to the CD14 activation site expressed on lung macrophages, as seen 

below in Figure 1 [49]. Following activation, the LPS-LBP complex is transferred to 

toll-like receptor 4 (TLR4) via the MD2 accessory protein, initiating a cascade of 

innate immune responses including the downstream activation of NF-κB, and 

subsequent release of pro-inflammatory cytokines, such as IL-6, IL-8, and TNF-α 

[45,49,52].  These cytokines can promote further recruitment of PMNs and 

macrophages to the site of inflammation, continuing the inflammatory response. 

 

Figure 1. Mechanism for The Release of Pro-Inflammatory Mediators Following 

Exposure to Endotoxin.  Agricultural organic dust contains LPS which are 

components of the gram-negative bacteria endotoxin. LPS forms a complex with LBP 

and is transported to the macrophage surface receptor CD14 which becomes activated 

and initiates the transfer of the LPS-LBP complex to TLR4 via the accessory protein 

MD2. Activation of TLR4 initiates the eventual activation of NF-κB and subsequent 

release of pro-inflammatory cytokines. 
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  Several epidemiological studies have evaluated the contents of organic dusts from  

a variety of occupational environments and have characterized LPS as one of the 

minor components that contribute to the inflammatory and systemic effects elicited 

from the dust exposures, whereas other components such as proteases are of the more 

prominent factors contributing to lung inflammation [14,45-47,53]. It is important to 

note that previous examinations of the lung inflammatory effects of swine dust 

exposure are not solely linked to LPS, but a combination of peptidoglycans, bacterial 

proteases, fungal components, and LPS—all of which provide a synergistic role for 

eliciting an inflammatory response [45,47,54]. Despite the vast amount of research 

examining the negative effects induced by LPS exposure, there is still a gap in the 

literature regarding how LPS alters lung carcinogenesis, with some studies suggesting 

it provides a protective role against lung tumorigenesis and others an enhancement 

effect [48,49,55,56].   

 

Endotoxin Hypothesis 

The inflammatory responses elicited from endotoxin exposure have been well 

established in the literature; however, the consensus on the carcinogenic effects 

following acute or chronic exposure have far more disparities. Several 

epidemiological studies examining health outcomes associated with endotoxin 

exposure among agricultural workers reported both deleterious and protective health 

effects [48,56-58]. These disparaging effects can best be explained by first outlining 

the “hygiene hypothesis.” This theory suggests that those who are exposed to a clean 
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environment with minimal environmental or inflammatory agents exhibit a greater 

shift to T-helper 2 (Th2) cell activation, whereas those who experience elevated 

exposure to environmental agents such as endotoxin may experience an increased 

shift to T-helper 1 (Th1) cells [59-61]. Activation of Th1 cells results in increased 

production of pro-inflammatory cytokines, including TNF-α and interferon-gamma 

(IFN-γ), that help initiate the acute inflammatory response needed to rid the body of 

the infection or foreign invaders [60]. Th2 cells regulate eosinophilic cell activation, 

immunoglobulin E (IgE) production, interleukin-4 (IL-4), interleukin-5 (IL-5), and 

interleukin-13 (IL-13) secretion, all of which contribute to an increased allergic 

response [49,59]. It has been speculated that increased exposure to antigenic 

determinants (including pathogen-associated molecular patterns such as LPS) 

promotes an immunostimulatory Th1 response that may result in reduced risk for the 

development of allergic disorders [57,62,63]. Support of this theory has been seen in 

epidemiological studies of younger children and adults that experienced a lower 

prevalence of asthma after being raised in farming environments, which support the 

proposed beneficial immunostimulatory effects of endotoxin [49,64]. Moreover, 

epidemiological studies assessing the impact of endotoxin exposure found that 

following chronic inhalation, individuals experienced several negative respiratory 

health effects including coughing, wheezing, nasal and throat irritation, and shortness 

of breath suggesting there can still be negative effects associated with endotoxin 

exposure [49,65,66]. 
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As mentioned above, there are numerous studies in the literature outlining the 

health effects of endotoxin exposure in relation to inflammatory-related outcomes. 

However, research on the effects of endotoxin exposure and cancer have been 

conflicting. An epidemiological study examining populations exposed to organic dust 

over a 20-year monitoring period found that exposure to occupational organic dusts 

containing endotoxins or LPS was associated with increased risk for the development 

of lung cancer [56]. In a mouse model of lung tumorigenesis, chronic exposure to 

LPS significantly increased lung tumorigenesis compared to non-LPS treated mice, 

further supporting the idea that chronic LPS or endotoxin exposure promotes an 

increased risk for the development of lung cancer [67]. Conversely, other 

epidemiological studies have identified that among individuals in agricultural 

industries, such as dairy farming, reduced odds ratios for lung cancer were observed 

[55,63]. The exact explanation for this proposed mechanistic reduction of lung cancer 

is not known, however, one possible reason is that LPS induces a more Th1 

phenotype which will increase the activation of immune cells such as macrophages, 

which secrete the pro-inflammatory cytokine TNF-α. TNF-α can activate anti-

tumorigenic effects including the activation of cytotoxic T-cells or tumor infiltrating 

macrophages which will promote immunomodulatory effects that suppress 

tumorigenesis [68]. There is a clear gap of understanding for the definitive role of 

endotoxin exposure on carcinogenesis that needs to be addressed. Further human 

epidemiological and long-term animal exposure studies are needed to better 

understand the biological and mechanistic abilities for endotoxin to alter 
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carcinogenesis following chronic exposure, especially since cancer is one of the 

leading causes of mortality worldwide [69]. 

 

Lung Cancer  

 The CDC reports that cancer is the second leading cause of deaths in the United 

States, with lung cancer being the leading cause of cancer-related deaths worldwide 

[70]. Non-small cell lung cancer (NSCLC) is the most prevalent form of lung cancer 

with adenocarcinomas occupying roughly 85% of NSCLCs while squamous cell 

carcinoma and large cell lung cancer make up the other 15% of lung cancers [69,70]. 

There are a multitude of factors that contribute to increased cancer risk including diet, 

physical activity, environmental factors, age,  sex, genetics, and tobacco smoking 

[71,72]. Cigarette smoking is the number one risk factor for lung cancer and has been 

linked to approximately 80% to 90% of lung cancer-related deaths [69,70]. Tobacco 

smoke has over 7000 different toxic and carcinogenic chemicals, including the 

tobacco-specific nitrosamine Methyl[4-oxo-4-(pyridin-3-yl)butyl]nitrous amide 

(NNK).  

NNK is present in unburned tobacco, in cigarette smoke, and is formed during the 

tobacco curing, fermenting, and aging processes when nicotine undergoes nitrosation 

to form NNK [73-75]. It is also present in secondhand tobacco smoke, which also 

increases the risk for developing lung cancer [70,76]. Due to a high incidence of 

smoke-associated lung cancers, and the recognized role of NNK as a carcinogen, 

numerous rodent models use NNK as a model of cigarette smoke-associated lung 
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carcinogenesis [67,77,78]In rodents, NNK is enzymatically activated by cytochrome 

p450 (CYP450) via α-methylene hydroxylation, which results in the formation of O6-

mGu DNA adducts causing G to A transitions in codon 12 of the oncogene KRAS 

[79-81]. NNK can also promote pyridyloxobutylation of DNA, which inhibits the 

DNA repair enzyme O6-alkylguanine-DNA-alkyltransferase (AGT) resulting in even 

greater levels of O6-mGu adducts in the lungs [82,83]. These processes result in 

eventual lung tumor formation since the lung contains an abundance of CYP450 

enzymes within the peripheral and bronchial epithelia, making it a perfect target 

organ for NNK to be bioactivated [80]. A single 100 mg/kg of NNK administered via 

intraperitoneal injection (i.p.) into A/J mice, which contain a polymorphism in intron 

2 of KRAS, allows for the mice to be sensitized to NNK and lung tumor formation—

making it an effective animal model for investigating lung tumorigenesis [84-86]. 

This single dose of NNK is more than enough to induce lung tumorigenesis in mice 

resulting in lung adenomas after 21 weeks and possible adenocarcinomas formed 50 

or more weeks post-injection [77,80]. The consistency and reproducibility of this 

dosing strategy allows for it to be an effective animal model to screen chemical and 

chemo preventative agents such as NNK. Alveolar type II cells, which secrete 

surfactant to reduce alveolar collapse, metabolize xenobiotics, and partake in the 

regeneration of the alveolar epithelium following any damage or injury that it 

endures, are known to be the site of origin for mouse lung adenoma formation [87]. 

About 25-50% of human adenocarcinomas possess mutations in codon 12 of KRAS 

and are more likely to exist among smokers and former smokers than in non-smokers 
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[88,89]. Likewise, the comparisons that can be made between this mouse model of 

lung carcinogenesis and human adenocarcinomas provides further evidence for why 

this model can be used to effectively investigate lung carcinogenic mechanisms, 

including tumor metastasis. 

 

EMT and Metastasis 

 Cancer is best defined as the uncontrolled growth of abnormal cells that lead to 

malignancies in the body. The spread of cancer cells from the localized or primary 

tumor to surrounding tissues and other organs utilizes the invasive process known as 

cancer metastasis [90]. This biological process accounts for approximately 90% of 

cancer-related deaths and can be induced by a variety of system-wide responses 

including epithelial to mesenchymal transition (EMT) [90-92]. EMT, a hallmark of 

cancer metastasis, is the process in which an epithelial cell transforms into an 

elongated-shaped mesenchymal cell that can more easily invade other tissues and 

organs [91,93]. In the context of cancer specifically, EMT is a multi-step biological 

process where cuboidal epithelial tumor cells detach from the primary tumor and 

undergo a physiological change into a more elongated or stretched shaped 

mesenchymal cell that has the ability to invade and inhabit other tissues or organs, 

Figure 2 [90-92].  
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Figure 2. Changes Exhibited During Epithelial to Mesenchymal Transition. 

During EMT, cells undergo morphological changes including loss of tight junctions 

and exhibit increased motility and extracellular matrix dissociation. 

 

Although EMT is a hallmark of cancer metastasis, it can also be a beneficial 

process that is involved with tissue remodeling, embryonic development, and wound 

healing [93]. 

During EMT-driven metastasis, epithelial tumor cells lose their basement 

membrane and cell to cell junctions, such as tight junctions, gap junctions, and 

adherens junctions, are dissociated— all of which leads to a loss of epithelial 

structure [92]. These junctions, including the tight-junction protein e-cadherin, are 

what help provide the cell its cuboidal epithelial structure. Dissociation or loss of e-

cadherin results in the subsequent breakdown of other cell junctions which releases β-

catenin, a transcriptional activator of target genes that promote cell proliferation and 

differentiation [92,94]. Loss of tight junction proteins such as e-cadherin, also allows 

for the cell to become less rigid and more easily detach from the primary tumor and 

adjacent tumor cells [92,93]. The reduction of tight junctions also increases the 

degradation of the extracellular matrix (ECM) and increases the filamentous 
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structures shaping the cell, which allow for greater movement and flexibility [90-92]. 

Notable markers expressed by mesenchymal cells that are responsible for these 

physiological properties of the cell can be seen in Figure 2 and include fibronectin, 

vimentin, MMP-9 and n-cadherin [90-92]. This increase in structural fluidity allows 

for the cell to permeate the lymphatic system more easily, which increases the 

likelihood the cancerous cell will migrate and invade other tissues or organs [92,93]. 

One of the most notable inducers of EMT is the growth factor TGFβ-1, as it plays a 

role in enhancing angiogenesis, while also triggering the series of biological 

processes that are responsible for driving a more invasive mesenchymal phenotype 

[95,96]. These processes occur as TGFβ-1 induces the activation of Smad2 and 

Smad3, which become phosphorylated and form a complex with Smad4 that then 

moves into the nucleus [93,96]. The Smad complex then regulates the activation of 

the transcription factors ZEB1, TWIST1, and SNAI1, all of which promote alterations 

in the EMT biomarkers seen in Figure 2 [93,96]. EMT is a hallmark of cancer 

metastasis, and a thorough understanding of this mechanistic process is important for 

the development of new therapeutic or intervention strategies that may protect against 

or dampen carcinogenesis.  

 

Polyunsaturated Fatty Acids 

 It has generally been accepted that omega-3 polyunsaturated fatty acids (PUFA) 

are anti-inflammatory, whereas omega-6 PUFA are pro-inflammatory. 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are long-chain 
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essential omega-3 PUFA that are naturally occurring in aquatic environments and are 

rich in foods that we eat including plants such as seaweed, fish, nuts, and seeds 

[97,98]. The omega-6 PUFA, arachidonic acid (AA), is also an essential fatty acid 

that exists in foods such as wheat, corn, and fried foods [97,99]. The human body is 

not capable of self-producing the fatty acids linoleic acid (LA), which is the precursor 

to AA, and alpha-linolenic acid (ALA), which serves as the precursor to EPA and 

DHA [97,100]. It is necessary for these essential fatty acids to be incorporated into 

our systems through dietary consumption, to serve a substrates for AA, EPA, and 

DHA. Due to the typical western diet, which is about a 15:1 omega-6 to omega-3 

fatty acid ratio as opposed to the ideal 1:1, the average person’s tissues are at an 

omega-3 PUFA deficit—thus providing a potential intervention target for modulating 

inflammation [97,100]. During the initial inflammatory response, LA is cleaved from 

the phospholipid bilayer by the Ca2+-dependent cytosolic phospholipase A2 (cPLA2) 

enzyme, which subsequently produces AA that can then be metabolized by the body 

Figure 3 [101,102]. AA is enzymatically activated by cyclooxygenase (COX-1 and 

COX-2) as well as 5-lipoxygenase (5-LOX) following acute injury or infection to 

produce the pro-inflammatory eicosanoids prostaglandins, thromboxanes, and 

leukotrienes, Figure 3 [28,103]. These lipid mediators function to promote the acute 

inflammatory response needed to rid the body of the foreign pathogen(s) by 

increasing vasodilation, elevating platelet activation, and increasing neutrophil 

chemotaxis, respectively [28]. This promotes increased vascular permeability and the 

recruitment of PMNs such as neutrophils, to site of inflammation from the bone 
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marrow [29,104]. Neutrophils fight infection by engulfing foreign antigens through 

phagocytosis and releasing pro-inflammatory cytokines including TNF-α, which 

continues the recruitment process of leukocytes to induce inflammation [28,105].  

Following the acute phase inflammatory response, there is a lipid mediator class 

switching mechanism where omega-3 PUFAs such as EPA and DHA begin to get 

cleaved from the lipid membrane by cPLA2 and Ca2+-independent phospholipase A2 

(iPLA2) enzymes, respectively, creating a competitive inhibition of AA cleavage by 

phospholipase A2, Figure 3 [102,106,107]. The complete mechanistic understanding 

of the lipid mediator switching process, is not entirely understood. 

 

Figure 3. Cleavage of Arachidonic acid, EPA, and DHA from the phospholipid 

bilayer. Upon the initial inflammatory response, arachidonic acid is cleaved from the 

phospholipid bilayer by cPLA2 until a lipid mediator class switching mechanism 

occurs, wherein EPA and DHA begin to get cleaved from the lipid bilayer by cPLA2 

and iPLA2, respectively.  
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Upon the increase in omega-3 PUFA synthesis, AA undergoes a lipid mediator 

class switch mechanism and is enzymatically activated by 12-LOX which produce 

lipoxins, the omega-6 PUFA-derived specialized pro-resolving lipid mediator (SPM) 

class, Figure 3 [28,35]. SPMs function as biological anti-inflammatory lipid 

mediators that promote the resolution of inflammation and return our systems back to 

homeostasis [28,35]. Newly synthesized EPA and DHA undergo enzymatic activation 

themselves via LOX, COX, and CYP450 into the SPMs resolvins, protectins, and 

maresins, Figure 3 [29,108-110]. SPMs have been well established in the literature to 

exhibit their anti-inflammatory and pro-resolving effects by reducing neutrophil 

chemotaxis, increasing macrophage phagocytosis and efferocytosis, and promoting 

the repair of damaged tissue through the secretion of growth factors, such as TGFβ-1 

[35,105,111]. Neutrophils undergo apoptosis following phagocytosis and begin to 

express membrane antigens that signal for macrophages to be recruited to the site of 

inflammation, which remove the apoptotic PMNs via phagocytosis [29,33,112]. This 

process promotes further recruitment of macrophages to the site of inflammation and 

reduces the production of pro-inflammatory cytokines while increasing production of 

growth factors [28,35,36]. If uninterrupted, the resolution of the acute inflammatory 

response will occur, and our bodies will return to their initial state. It is clear from the 

literature that diet plays a key role in modulating the inflammatory response, and 

dietary intervention strategies may be utilized to protect against acute or chronic 

injury following exposure to inflammatory agents such as agricultural organic dust.  
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PUFA Therapeutic Strategies 

Fish oil is a widely popular dietary supplement used by individuals as they are 

rich in omega-3 PUFAs such as EPA and DHA. As previously stated, the typical western 

diet is at a significant omega-3 to omega-6 PUFA ratio deficit, which may increase the 

risk for development of inflammatory diseases among individuals who endure exposure 

to inflammatory agents, such as agricultural dust [97,100]. Dietary intervention studies 

have examined the beneficial protective effects of omega-3 PUFA. Several in vivo 

studies have examined the protective effects of administering a DHA-rich diet prior to 

exposing mice to agricultural dust extracts from swine confinement feeding facilities 

[98,113,114]. These studies showed that a DHA-rich diet reduces total cell infiltration in 

the lungs of exposed mice, reduces production of pro-inflammatory cytokines and 

chemokines, reduces neutrophil infiltration in the lung airways, and increases production 

of SPMs, such as resolvin D1 (RvD1) in the lungs of DHA-treated mice [98,113,114]. 

Overall, the literature has well-documented the immunomodulatory effects of elevating 

omega-3 PUFA intake prior to exposing mice to environmental inflammatory agents, 

suggesting dietary supplementation to be an effective strategy for dampening 

inflammation. 

Additionally, dietary intervention studies assessing the beneficial effects of 

omega-3 PUFAs have examined the protective effects of fish oil supplementation against 

carcinogenesis in a mouse model of lung tumorigenesis [115]. A/J mice were 

administered a fish oil-rich diet 3 weeks prior to receiving a single 100 mg/kg of NNK 

and were sacrificed 17 weeks post-injection [115]. Although mice still developed tumors 
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following the NNK injection, mean tumor counts were significantly lower than all other 

dietary groups (soybean, corn oil, and control diet), suggesting that an omega-3 PUFA-

rich diet can serve as a preventative intervention strategy for mitigating lung 

tumorigenesis [115]. From the data reported in the literature, it is evident that increasing 

omega-3 PUFA dietary intake can serve as increased substrate for the production of 

SPMs that can reduce inflammation and, in some instances, carcinogenesis. In addition to 

dietary intervention strategies, therapeutic treatment using SPMs themselves have shown 

promise for alleviating acute and chronic lung inflammation. 

 

SPM Treatment 

Hsiao et. al reported that long-term exposure to cigarette smoke-induced 

emphysema in mice, increased neutrophil recruitment in the lungs, elevated levels of pro-

inflammatory cytokines, and severe alveolar airspace depletion in the lungs [116,117]. 

Mice were exposed to cigarette smoke for 1 hr, twice per day, for 3 consecutive days 

[116]. Following exposures, cigarette smoke-exposed mice were then treated with the 

SPM RvD1 for 3 consecutive days which significantly reduced the aforementioned 

inflammatory outcomes compared to the control mice administered only cigarette smoke 

[116]. To determine if the synthetic epimer version of RvD1, aspirin-triggered resolvin 

D1 (AT-RvD1) would display even greater dampening effects, Hsiao et. Al treated mice 

twice per week for 12 weeks with this epimer [117]. AT-RvD1 is formed endogenously 

when DHA undergoes enzymatic activation via COX-1 or CYP450 in the presence of 

aspirin [118,119]. This synthetic epimer has the same receptor binding and pro-resolving 
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effects as RvD1, however, possesses an approximate one log order of increased potency 

and is more resistant to rapid inactivation by eicosanoid oxidoreductase (EOR) than 

RvD1, allowing it to carry out its effects for a longer duration [118,119]. Long-term 

treatment with AT-RvD1 reduced cigarette smoke-induced emphysema, inhibited 

airspace enlargement, reduced oxidative stress and cell death, and did not promote tissue 

fibrosis [117]. Additional long-term studies examining the beneficial effects of AT-RvD1 

on aerosol allergen-challenged mice were performed and identified similar protective 

outcomes including reduced inflammatory markers, increased macrophage phagocytosis 

of allergens, and reduced alveolar and bronchial inflammation [120]. In addition to 

alleviating inflammatory outcomes, treatment with RvD1 and AT-RvD1 have also been 

shown to inhibit TGFβ-1-induced EMT in human lung adenocarcinoma cells, suggesting 

a possible protective effect against cancer metastasis  [121,122]. Therapeutic effects of 

other SPMs, such as maresin-1 (MaR1), have also been examined in the literature [123-

125] for their anti-inflammatory, pro-resolving, and anti-tumorigenic effects. MaR1 has 

been shown to reduce neutrophil influx and release of pro-inflammatory cytokines in 

mice, following a single or repetitive exposure to organic agricultural dust [123]. In vitro, 

MaR1 has been shown to significantly reduce organic dust-induced pro-inflammatory 

cytokine release in bronchial epithelial cells, as well as inhibit TGFβ-1-induced EMT in 

alveolar epithelial cells [124,125]. Overall, the immunomodulatory effects of SPM 

treatment are well-documented and provide strong evidence that could suggest the 

therapeutic use of these SPMs for alleviating inflammation and carcinogenesis.  
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Rationale of Dissertation Work 

The research presented in this dissertation examines the potential therapeutic 

effects of omega-3 fatty acids and their derived bioactive lipid mediators for alleviating 

acute and chronic lung inflammation. Chapter 1 discusses the proposed use of dietary 

supplementation using a DHA-rich diet, prior to administering a single intranasal 

challenge of hog dust extract (HDE), to protect against acute lung inflammation. We 

hypothesized that pre-treating mice with a high DHA diet 4-weeks before administering a 

single intranasal challenge of HDE, would significantly dampen the dust-induced 

inflammatory response. Through our investigations, we determined that a DHA-rich diet 

can serve as an increased substrate for the biosynthesis of SPMs during the resolution 

phase of inflammation, which may help dampen the acute lung inflammation elicited 

from the agricultural dust exposure. These findings were evidenced by the increase in 

RvD1 levels found in the BALF and reduced AA levels in the blood of DHA+HDE-

exposed mice, compared to the dust-exposed mice fed a control diet. This study provided 

new questions to be answered including how protective can direct use of SPMs be in 

mitigating dust-induced inflammation.  

As mentioned, Chapter 1 demonstrates the acute lung inflammatory effects in 

mice following a single intranasal challenge of hog dust extract (HDE). Other studies 

have even explored the acute inflammatory effects of repetitive dust exposure; however, 

the chronic inflammatory and carcinogenic effects of the dust had not been investigated. 

Chapter 2 addresses this gap of knowledge and explores the chronic inflammatory and 

carcinogenic effects of 24 weeks of HDE exposure in A/J mice. The research provided in 
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Chapter 2 also explore the use of AT-RvD1 as a possible therapeutic strategy for 

alleviating dust-induced chronic inflammation and protecting against dust-enhanced lung 

tumorigenesis. Lastly, Chapter 2 also provides evidence to suggest that chronic exposure 

to agricultural organic dust can induce epithelial to mesenchymal transition in the tumor 

microenvironment, a hallmark of tumor metastasis. Overall, these studies address large 

gaps in the literature and provide convincing evidence for the therapeutic use of omega-3 

fatty acids and their derived bioactive lipid mediators for dampening acute and chronic 

lung inflammatory effects elicited by agricultural organic dust exposure, which can 

benefit the livestock and farming industries. 
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Abstract: Agricultural workers are at risk for the development of acute and chronic lung 

diseases due to their exposure to organic agricultural dusts. A diet intervention using the 

omega-3 fatty acid docosahexaenoic acid (DHA) has been shown to be an effective 

therapeutic approach for alleviating a dust-induced inflammatory response. We thus 

hypothesized a high-DHA diet would alter the dust-induced inflammatory response 

through the increased production of specialized pro-resolving mediators (SPMs). Mice 

were pre-treated with a DHA-rich diet 4 weeks before being intranasally challenged with 

a single dose of an extract made from dust collected from a concentrated swine feeding 

operation (HDE). This omega-3-fatty-acid-rich diet led to reduced arachidonic acid levels 

in the blood, enhanced macrophage recruitment, and increased the production of the 

DHA-derived SPM Resolvin D1 (RvD1) in the lung following HDE exposure. An 

assessment of transcript-level changes in the immune response demonstrated significant 

differences in immune pathway activation and alterations of numerous macrophage-

associated genes among HDE-challenged mice fed a high DHA diet. Our data indicate 

that consuming a DHA-rich diet leads to the enhanced production of SPMs during an 

acute inflammatory challenge to dust, supporting a role for dietary DHA supplementation 

as a potential therapeutic strategy for reducing dust-induced lung inflammation.  
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1. Introduction 

 

Exposure to agricultural organic dusts can lead to the development of acute and 

chronic lung diseases including asthma, bronchitis, and chronic obstructive pulmonary 

disease (COPD) in exposed individuals [1,2,3,4]. Agricultural workers regularly exposed 

to these environmental pollutants are at increased risk of developing respiratory diseases 

[5,6,7,8]. Organic dusts from animal confinement facilities have previously been reported 

to contain a large variety of bacterial components, proteases, and particulates that induce 

a pro-inflammatory response following exposure [9,10,11]. Specifically, acute dust 

exposure from swine confinement facilities has been shown to stimulate the release of 

pro-inflammatory cytokines such as TNF-α and IL-6 [11,12]. There are several well-

established preventative approaches to help minimize the exposure risk for these 

individuals, including the use of respirators or ventilator masks. Unfortunately, 

compliance with the prescribed use of personal protective equipment is not routinely 

followed by the farming community [13,14]. 

A multitude of proteins, mediators, and biological processes aid in the resolution 

of the inflammatory process, including the metabolism of omega-3 polyunsaturated fatty 

acids (omega-3 PUFAs) into specialized pro-resolving mediators (SPMs) [15,16]. 

Research has shown that a traditional Western diet is comprised of about 15:1 omega-6 to 

omega-3 fatty acids as opposed to the ideal 1:1 ratio [17]. Both omega-3 and omega-6 

PUFAs are metabolized by the same enzymes to form bioactive lipids that are primarily 

SPMs or pro-inflammatory lipid mediators, respectively [18,19,20,21,22]. The omega-3 
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PUFA docosahexaenoic acid (DHA) is metabolized by lipoxygenase, cyclooxygenase, 

and epoxygenase enzymes into various SPMs, such as resolvins and maresins, which 

reduce inflammation in the lung [19,23,24,25,26]. During the inflammatory process, 

these SPMs function as anti-inflammatory and pro-resolving mediators by regulating 

various processes including neutrophil and macrophage influx into the lung, and 

promoting tissue repair and immunity [27,28]. Our previous investigations have 

examined the effectiveness of short-term 7-day DHA supplementation in altering the lung 

inflammatory response to organic dust exposure, where we identified DHA-mediated 

reductions in the lung inflammatory response and specific alterations to the airway 

epithelium following acute exposure to extracts of organic agricultural dusts collected 

from hog confinement facilities (HDE) [29]. No significant alterations in the DHA-

derived SPM resolvin D1 (RvD1) were found upon the lavage of DHA-supplemented 

mice. To build on this study, we sought to test whether increasing the duration of dietary 

DHA treatment would lead to alterations in endogenous SPM production during an acute 

inflammatory challenge with environmental dust. Specifically, we tested whether a 4-

week DHA-supplemented diet regimen prior to exposing mice to agricultural dust 

collected from a hog confinement facility would promote the enhanced production of 

SPM and an altered inflammatory response of dust-induced inflammation. To do so, we 

used a well-established mouse model using HDE to induce acute lung inflammation 

[10,30,31,32]. Following exposure, we assessed the lung’s immune response to dust 

exposure, including the NanoString gene expression profiling of 561 genes related to the 

immune response, in addition to assessing alterations in SPM production in DHA-diet- 
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versus control (no DHA)-diet-fed mice. Overall, our findings demonstrate that a high 

DHA diet can enhance the biosynthesis of SPM during acute lung inflammation caused 

by organic dust exposure and alter the transcript-level gene expression changes of pro-

/anti-inflammatory genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 40 

2. Materials and Methods 

 

2.1. Reagents 

Murine tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), chemokine C-X-C 

motif ligand 1 (CXCL1), amphiregulin (AREG), granulocyte-macrophage colony-

stimulating factor (GM-CSF), myeloperoxidase (MPO), monocyte chemoattractant 

protein-1 (MCP-1), and macrophage migration inhibitory factor (MIF), Duoset ELISA 

kits were purchased from R&D Systems (Minneapolis, MN, USA). RvD1 and RvD2 

murine ELISA kits were purchased from Cayman Chemicals (Ann Arbor, MI, USA). 

DHA and standard mouse chow diets were prepared by Envigo (Madison, WI, USA) as 

previously described [30]. 

 

2.2. Preparation of Organic Dust Extract 

Organic agricultural dusts collected from hog confinement facilities were 

prepared into extracts (HDE) as previously described [30]. In short, settled dusts from 

swine confinement facilities were collected from surfaces 1 m above the ground and 

suspended in Hank’s Balanced Salt Solution at a 100 mg/mL concentration. The mixture 

was centrifuged and filtered at 0.22 μm to form the 100% HDE extract, which was stored 

at −20 °C for future use and later diluted to a 12.5% HDE (vol/vol) concentration for 

animal studies, using sterile phosphate-buffered saline (PBS). The characterization of the 

bacterial components in the dust has been previously documented [9]. 
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2.3. Animal Care 

Male wildtype C57BL/6J mice at 5–8 weeks of age were obtained from The 

Jackson Laboratory (Bar Harbor, ME, USA) and housed in the University of Nebraska 

Medical Center (UNMC) Comparative Medicine Facilities. The mice were allowed free 

access to food and water and housed in micro-isolator cages (five per cage). The food 

was changed weekly by the investigators, while the water was changed by UNMC animal 

care staff. Each mouse was weighed weekly (see Figure S1 for initial and final weights) 

and examined for any signs of distress. All related experiments and procedures were 

approved by the UNMC Institutional Animal Care and Use Committee. 

 

2.4. In Vivo Model of Dust Exposure 

We employed a previously established murine model that utilizes an intranasal exposure 

to HDE to induce airway inflammation for our in vivo investigations [30,31]. The studies 

were performed as 3 independent experimental sets, for total of 8 mice for the saline-

treated groups and 12 mice for the HDE-treated groups. The mice were lightly 

anesthetized by isoflurane inhalation prior to receiving a single intranasal challenge of 50 

μL of sterile saline (PBS) or 12.5% HDE. Four weeks prior to receiving the intranasal 

instillation, the mice were initiated on either a DHA-rich diet or control diet containing 

no DHA. The animal chow diets were prepared by Envigo (Madison, WI, USA) using a 

base AIN-93G diet. The DHA diet preparation was the same as that previously described 

[30,33]. Briefly, to prepare the DHA-rich diet, soybean oil from the AIN-93G base diet 

was replaced with DHASCO oil (DSM Nutritional Products, Kingstree, SC, USA), a 
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DHA-based oil containing 39.2% DHA and high-oleic safflower oil. The control diet, 

containing no DHA, modified the same AIN-93G diet by replacing soybean oil with 

high-oleic safflower oil. The newly formulated DHA-rich diet provides the mice with 

approximately 1.4% of their total caloric intake strictly from DHA. Five hours following 

the single HDE intranasal challenge, the mice were euthanized. Blood was collected, 

bronchoalveolar lavage fluid (BALF) retrieval was performed using three 1 mL washes 

with sterile PBS, and the left lungs were collected and stored in RNAlater (Thermo 

Fisher, Waltham, MA, USA). BALF from the first lavage was stored and used to measure 

cytokine and chemokine levels by ELISA. Total cell counts from the BALF were 

obtained, and differential cell counts were determined microscopically on cytocentrifuge 

slides (Cytopro, ELITechGroup, Logan, UT, USA), which were stained using DiffQuick 

(Siemens, Newark, DE, USA). 

 

2.5. Neutrophil Extracellular Trap (NET) Scoring 

Cytospins were prepared from the BALF of each mouse following the administration of 

the diets and exposures. The neutrophil extracellular trap (NET) scoring of the BALF 

cytospins stained with the Diffquick Hema 3 Stat Pack (Fisherbrand, Pittsburg, PA) was 

performed as previously described [34]. In short, the entire periphery of each cytospin 

was divided into twenty-seven regions as this is where NETs are concentrated, and each 

region was assigned a NET score of 0 (no NETs), 1 (rare NETs), 2 (moderate NETs), or 3 

(widely distributed NETs). All 40 cytospins from the mice used across the three separate 

experiments were assessed for NETs. 
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2.6. Analysis of Cytokines and Chemokines 

Cytokine and chemokine levels were measured from the cell-free BALF of the 

first PBS wash using murine-specific ELISAs. We examined the levels of TNF-α, IL-6, 

CXCL1, AREG, GM-CSF, MPO, MCP-1, and MIF using commercially available kits 

(Duoset ELISA development kits, R&D Systems) as well as RvD1 and RvD2 (Cayman 

Chemical) according to the manufacturer’s instructions. 

 

2.7. Fatty Acid Blood Levels 

Whole blood was collected from the axillary artery and placed in BD Microtainer 

Tubes (Becton Dickinson, Franklin Lakes, NJK). Fatty acid analysis was performed by 

direct transesterification using 14% boron-trifluoride methanol and hexane solution with 

an internal standard (17:0 heptadecanoic acid) at 100 °C for 60 min. After cooling, 

HPLC-grade water was added and the sample was vortexed and centrifuged for phase 

separation. Fatty acid methyl-esters in the hexane phase were analyzed by capillary gas 

chromatography (GC) on an Agilent 7890A GC (Agilent Technologies, Santa Clara, CA, 

USA) equipped with an Agilent CP7489 Capillary Column (100 m length × 0.25 mm 

internal diameter × 0.36 mm outer diameter, 0.20 μm film thickness). Hydrogen was the 

carrier gas. Fatty acids of carbon length 10 to 24 were detected with a flame ionization 

detector and recorded using the ChemStation interface system (Agilent Technologies, 

Santa Clara, CA, USA). Peaks were identified using the Open LAB Chromatography 

Data System and corresponding authentic standard, 37 FAME mix (Sigma Aldrich, St. 

Louis, MO, USA). The whole blood composition (wt/wt% of the sample) is reported for 
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individual FAs. The individuals performing the analyses were blinded to the study 

groups. 

 

2.8. NanoString Gene Expression 

Randomly selected left lung tissues (n = 24) out of the possible 40 mice, 

representing tissues collected across three unique experimental trials, were homogenized 

and RNA was extracted using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, 

California, USA). RNA sample quality was quantified using the NanoDrop ND-100 

(NanoDrop Technologies, Inc, Wilmington, DE, USA) and an Agilent 2100 Bioanalyzer 

(UC Riverside Core Facilities, Agilent Technologies, Santa Clara, CA, USA). The 

assessment of transcript-level gene expression changes was performed using the 

NanoString mouse Immunology Panel (NanoString Technologies, Seattle, WA, USA), a 

codeset designed to target 561 genes related to inflammation and the immune response. 

Fifty to one hundred nanograms of total RNA was mixed with the codeset and reporter 

probes and hybridized for 16 h to form a purified target–probe complex that was then 

imaged and quantified with a nCounter Sprint profiler. Gene expression data analysis was 

performed using the nCounter Analysis System, nSolver 4.0 software. The expression 

data were normalized by using the geometric mean of 4 housekeeping genes: OAZ1, 

PPIA, RPL19, and EEF1G. Following normalization, 20 of the samples passed 

normalization and were viable to use for the subsequent analyses, including 4 control diet 

+ saline, 6 control diet + HDE, 3 DHA diet + saline, and 7 DHA + HDE samples. Raw 

and normalized NanoString data are deposited at 
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https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155539. Following initial gene 

expression analysis, the STRING database was used to evaluate protein–protein 

interactions amongst high- or low-expressing genes. 

 

2.9. Statistical Analyses 

Statistical analysis and graphing were performed using the Prism Software by 

GraphPad (San Diego, CA, USA). All reported data are presented as the mean ± standard 

error. Statistical calculations were performed using two-way ANOVA with Tukey’s post 

hoc test for multiple comparisons within the groups, and significance was set at p ≤ 0.05. 

For graphical presentation, the # symbol is used to indicate significant differences in post 

hoc comparisons between the DHA and control diet groups. The * symbol is used to 

indicate significant differences in the post hoc comparisons between saline- and HDE-

treated mice within diet groups. The + symbol is used to indicate significant interactions 

between diet and treatment groups. 

Sample quality control for the NanoString gene expression dataset was performed 

manually by eliminating probes with fewer than 82 counts from the data set. This was 

executed by performing a background subtraction (mean +/− two standard deviations of 

negative controls) to more efficiently differentiate between biological or technical 

variation amongst the samples. Raw p-values from the differential expression analyses 

were used to assess gene expression data. All heat maps and data cluster sets were 

produced using the nCounter Analysis and Advanced Analysis packages in nSolver 4.0 

(NanoString Technologies, Seattle, WA, USA). 
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3. Results 

 

3.1. A High-DHA Diet Alters Blood Omega-3 and Omega-6 PUFA Levels 

Following euthanasia at 5 h post-HDE challenge, whole blood was isolated and 

used to assess the levels of various medium- and long-chain fatty acids (C10–24). Mice 

that were given a high-DHA diet showed significantly increased levels of the omega-3 

PUFAs DHA (Figure 1A, p < 0.0001), eicosapentaenoic acid (EPA; Figure 1B, p = 

0.006), and docosapentaenoic acid (DPA; Figure 1C, p = 0.0009). Conversely, DHA-diet-

fed mice exhibited significantly decreased levels of the omega-6 PUFA arachidonic acid 

(ARA; Figure 1E, p < 0.0001). There was no significant main effect for either the omega-

3 PUFA alpha linolenic acid (ALA; Figure 1D, p = 0.067) or omega-6 PUFA linoleic 

acid (LA; Figure 1F, p = 0.076), as both slightly missed significance. There was, 

however, a significant difference in the LA levels for the control-diet- versus DHA-diet-

fed mice challenged with HDE (LA; Figure 1F). 
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Figure 1. Fatty acid blood levels collected from the docosahexaenoic acid (DHA)- and 

control-diet-fed mice 5 h after the instillation of HDE or saline. Fatty acid blood levels of 

n-3 PUFA DHA (A), eicosapentaenoic acid (EPA) (B), docosapentaenoic acid (DPA) 

(C), alpha-linolenic acid (ALA) (D) and n-6 PUFA arachidonic acid (ARA) (E) and 

linoleic acid (LA) (F), measured in mice following administration of a diet and exposure. 

Significance for the main effect of the DHA diet is shown with the p-values and 

significance bars on top of the DHA, EPA, DPA, and ARA graphs. Tukey post hoc 

comparisons between the DHA- and control-diet-treated conditions are annotated with 

the # symbol. (# p < 0.05; ## p < 0.01; #### p < 0.0001). 

 

The sums of the omega-6 PUFAs (ARA and LA) and omega-3 PUFAs (EPA, 

DPA, DHA, and ALA) were calculated to identify the ratio of omega-6 to omega-3 

PUFAs for the mice that were fed a control diet compared to the DHA diet, as shown in 

Table 1. Mice fed a DHA-rich diet had an approximately 2.3:1 ratio of omega-6 PUFAs 

(ARA and LA) to omega-3 PUFA (EPA, DPA, DHA, and ALA), compared to those fed a 

control diet, which had an approximately 6.8:1 ratio. 
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Table 1. Mean ratio of omega-6 polyunsaturated fatty acids (PUFAs) to omega-3 PUFAs 

in blood of mice fed a high-DHA diet or control (no DHA) diet for 4 weeks and 

challenged with saline or HDE. 

 

Experimental Group 
Omega-6 PUFA/Omega-3 PUFA Ratio  

(95% CI) 
p-Value* 

Control Diet, Saline 6.20: 1 (3.58:1–8.82:1) -- 

Control Diet, HDE 7.38:1 (4.91:1–9.85:1) 0.79 

DHA Diet, Saline 2.34:1 (1.15:1–3.52:1) 0.039 
DHA Diet, HDE 2.36:1 (1.40:1–3.31:1) 0.021 

 

CI: Confidence interval; * p-values based on 2-way ANOVA with Tukey’s multiple 

comparisons post hoc analysis. Main effect of diet, p < 0.0001. 

 

3.2. A High-DHA Diet Impacts Overall Lung Cellular Influx in Mice Following 

Acute HDE Exposure 

 

In our 7-day DHA oral gavage study, we reported that an acute (single) HDE 

challenge elicited a potent lung inflammatory response [29]. Additionally, we identified 

that a 7-day daily-gavage DHA pre-treatment prior to acute HDE challenge was effective 

in reducing the inflammatory effects of HDE [29,30]. To build on these initial findings, 

we opted to administer a DHA-rich diet to C57BL/6J mice 4 weeks prior to a single 50 

µL intranasal challenge of 12.5% HDE to determine if a dietary intervention was 

similarly effective in reducing overall acute HDE-induced inflammation. Through these 

investigations, we identified that HDE exposure as a main effect was associated with 

significant increases in total BALF cellularity (Figure 2A), corresponding with 

significant increases in neutrophils (Figure 2C) and lymphocytes (Figure 2D). 

Of interest, we identified that HDE-exposed mice that were fed a DHA-rich diet 

displayed changes in the types of cells recruited; in DHA diet-fed mice, we identified a 

significant elevation of BALF macrophages following HDE exposure (Figure 2B) that 

was not evident in the control-diet-fed mice. Furthermore, we identified that neutrophil 
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influx was decreased in DHA-diet-fed HDE-challenged mice compared to in control-diet-

fed mice given HDE, although this missed statistical significance (p = 0.070; Figure 2C). 

We also identified a significant interaction (Figure 2B; p = 0.021) between diet and dust 

exposure for macrophage recruitment into the lung. 

 

Figure 2. Effects of a high-DHA diet on total and immune cell lung influx after HDE 

instillation. Control- or DHA-diet-fed mice were challenged with a single intranasal HDE 

exposure. Five hours following exposure, bronchoalveolar lavage fluid (BALF) was 

collected and assessed for cellular influx including total BALF cells (A), BALF 

macrophages (B), BALF neutrophils (C), and BALF lymphocytes (D). The main effects 

of HDE vs. saline are indicated by the top lines with corresponding p-values. The * 

symbol above the HDE bars represents the statistical significance of the difference 

between the HDE- and saline-treated conditions within the same diet group (* p < 0.05; 

** p < 0.01; **** p < 0.0001). Significant interactions between diet and exposure are 

depicted by the + symbol (+ p < 0.05). 
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3.3. A DHA-Rich Diet Alters HDE-Induced Changes in Pro-Inflammatory 

Cytokine/Chemokine Release 

 

Acute HDE exposure leads to the production of pro-inflammatory cytokines and 

chemokines [12,29,30,35]. In our current investigation, we identified that acute HDE 

exposure led to increased levels of TNF-α, IL-6, CXCL1, AREG, GM-CSF, MPO, and 

MCP-1 (Figure 3) within the BALF, when compared to saline treatment. Mice that were 

administered a DHA-rich diet and exposed to HDE had significantly decreased levels of 

BALF AREG (Figure 3D, p = 0.017) and increased MPO levels (Figure 3F, p = 0.016) 

compared to HDE-instilled mice fed the control diet. There was also a significant 

interaction (Figure 3D; p = 0.021) between diet and dust exposure for AREG levels, with 

MPO missing significance (Figure 3F, p = 0.057) for this interaction. When assessing 

NET formation, we identified a significant major effect of HDE exposure on NET 

formation (Figure 3I) that was not impacted by diet. 
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Figure 3. Effects of a DHA-rich diet on inflammatory mediator release and neutrophil 

extracellular trap (NET) formation following acute exposure to HDE. (A–H) BALF was 

collected from mice and screened for various cytokines and chemokines via ELISAs. (I) 

NET formation was assessed by scoring the BALF cytospins across all three 

experimental trials. The top line represents the main effect of HDE vs. saline with 

significance represented by p-values. Tukey post hoc comparisons are provided for DHA- 

vs. control-diet-treated conditions and are annotated by the # symbol (# p < 0.05). 

Significant differences between HDE- and saline-treated conditions within diet groups 

are represented by the * symbol above the HDE bars (* p < 0.05; ** p < 0.01; *** p < 

0.001; **** p < 0.0001). Any significant interactions between diet and exposure are 

depicted by the + symbol (+ p < 0.05). 
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3.4. A High-DHA Diet Is Associated with Increased Production of Resolvin D1 

To assess the impact of a longer-term DHA-rich diet on endogenous SPM 

production, we analyzed the BALF levels of DHA-derived resolvin D1 (RvD1) and 

Resolvin D2 (RvD2). DHA had an overall significant major effect on RvD1 production 

(Figure 4A), while RvD2 production slightly missed significance (Figure 4B). Here, 

DHA-diet-fed mice challenged with HDE exhibited significantly increased levels of the 

DHA-derived SPM RvD1 (Figure 4A, p = 0.011) in the BALF when compared to the 

control-diet-fed mice, with RvD2 levels also trending upward in the DHA-diet-fed mice 

but failing to reach significance (Figure 4B). Of note, RvD1 levels in DHA-diet-fed mice 

that were administered a saline intranasal challenge were also higher than those in 

control-diet-fed mice (Figure 4A, p = 0.027). 

 

Figure 4. A high-DHA diet increases the production of Resolvin D1 in the lung 

following a single intranasal challenge with HDE. BALF levels of the specialized pro-

resolving mediators (SPMs) Resolvin D1 (RvD1) (A) and Resolvin D2 (RvD2) (B) were 

assessed via ELISA following euthanasia. The main significance bars and p-values on the 

top represent the main effects of DHA on SPM production. Tukey post hoc comparisons 

for significant differences between the DHA- and control-diet-treated conditions are 

depicted by the # symbol (# p < 0.05). 
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3.5. In Vivo Gene Expression Changes in DHA-Diet-Fed Mice Following Exposure 

to HDE 

 

To assess the transcript-level gene expression changes in the lungs of HDE-

challenged mice fed a DHA-rich diet, a NanoString Mouse Immunology gene expression 

panel was used. Two separate advanced analyses were performed, one assessing the full 

20-sample data set, and the other analysis assessing the 13 DHA vs. control-diet samples 

with exposure to HDE. All 20 NanoString samples were selected at random (see 

Materials and Methods), with 13 of them being HDE-exposed and seven, saline-exposed. 

Of the 13 HDE samples, six were control-diet-fed and seven were DHA-diet-fed. The full 

20-sample data set showed expression changes for both the DHA diet and dust exposure, 

compared to the controls. After sample normalization, we performed the principal 

component analysis (PCA) of all 20 samples, which showed a clear clustering of 

exposure groups (Figure 5A). Corresponding with the PCA, the differential expression 

for the HDE vs. saline samples provided the greatest number of significantly altered 

genes of all the analysis sets (Figure 5B) 
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Figure 5. Principal component analysis and volcano plot of all 20 normalized samples. 

(A) Principal component analysis (PCA) and PCA scores displaying an overall strong 

clustering of related biological sample replicates for all 20 samples. (B) Volcano plot of 

expressed genes for the interaction between HDE and saline exposure among all 20 

samples. p-value for volcano plot displayed as adjusted p-value. 

 

The numbers of statistically significant (p ≤ 0.05) genes that were differentially regulated 

of the 561 possible genes expressed are summarized in Table 2. As mentioned in the 

methods, genes below the 82-count threshold were removed from the analyses. 

 

Table 2. Breakdown of differential expression for statistically significant genes from 

each experimental group. 

 

Experimental Group 
Number of Samples per 

Group 

Differentially Regulated 

Genes 

Total Number of Differentially Regulated 

Genes 

  Up Down  

DHA vs. Control Diet 20 3 3 6 

HDE vs. Saline 20 94 16 110 
DHA vs. Control Diet  

Exposed to HDE 
13 6 1 7 
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Among the 20 DHA vs. control diet samples, ITGAX, PIGR, and TGFBI were 

significantly up-regulated, while CXCL12, ITGA6, and STAT5B were down-regulated 

(Figure 6A). Of the 110 significantly altered genes for the HDE vs. saline samples, we 

focused on the 20 most differentially expressed genes based on statistical significance (p 

≤ 0.05). These 20 significantly altered genes were input into the STRING database and 

produced a significant protein–protein interaction (p < 1.0 × 10−16). Among the 13 DHA 

vs. control diet samples exposed to HDE, six genes were significantly up-regulated 

(BCL3, CFB, ITGAX, LILRB3, MARCO, and TGFBI) while STAT5B was down-regulated 

(Figure 6B). Three of these differentially expressed genes (BCL3, LILRB3, and MARCO) 

had counts below the 82-count threshold for all the saline-related samples, indicating 

minimal transcriptional expression under baseline conditions. As a result, these three 

genes were only assessed in the expression analysis of the DHA-vs.-control-diet, 

exposed-to-HDE sample set. 
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Figure 6. Box plots representing statistically significant (p ≤ 0.05) alterations in gene 

expression in HDE- or saline-challenged mice fed a high-DHA diet or control diet 

containing no DHA. Normalized Log2 values were exported from nSolver and plotted. 

(A) List of 6 genes that were significantly altered among all 20 DHA vs. control diet 

samples. (B) The 7 differentially regulated genes within the 13 DHA vs. control diet 

samples exposed to HDE. 
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The z-scores produced from the gene expression data were plotted and analyzed 

by two-way ANOVA to identify significant pathway alterations between the diet and 

exposure experimental groups for genes related to immunological pathways. For genes 

related to the inflammatory response, the immune response, the innate immune response, 

cytokine activity, the defense response, and cytokine- and chemokine-mediated signaling 

pathways, HDE exposure was associated with a significant up-regulation of genes related 

to these responses when compared to saline exposure (Figure 7 and Figure 8). A brief 

examination of the sole effect of HDE vs. saline for additional altered pathways revealed 

significant changes in the activation of pathways relating to the cell surface, receptor 

activity, extracellular region, plasma membrane, and signal transduction. 

 

 
 

Figure 7. Expression changes in significantly altered pathways among all 20 DHA- vs. 

control-diet-fed mice. nSolver Advanced Analysis was performed to assess significant 

changes among pathway z-scores for various immunological pathways including 

inflammatory response (A); innate immune response (B); immune response (C); cytokine 

activity (D); defense response (E); and cytokine and chemokine-mediated signaling 

pathway (F). A major effect for HDE vs. saline exposure is indicated by the top 

significance bars and p-values. The * symbol above the HDE bars represents p < 0.05 

versus all saline-treated conditions; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 8. Hierarchal clustering shown by heat maps related to inflammation for all 20 

normalized samples. (A) Heat map showing clustering of genes related to the 

inflammatory response. (B) Immune response heat map showing altered genes among all 

20 samples. 
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4. Discussion 

Acute and chronic dust exposure can lead to a variety of lung inflammatory diseases 

among exposed individuals, especially agricultural workers [1,2,3,36]. The use of omega-

3 PUFAs and their SPM metabolites as a therapeutic approach to reduce dust-induced 

lung inflammation shows promise in reducing the lung’s inflammatory response to 

environmental dust exposure [18,30,35]. We have previously shown that a single HDE 

exposure stimulates a strong inflammatory response that includes the release of pro-

inflammatory cytokines and an increased neutrophil influx in the BALF of exposed mice 

[31]. In this study, we supplemented a standard mouse diet with DHA to assess the 

impact of a high-omega-3-PUFA diet as a preventative approach to mitigate the risk of 

inadvertent exposure by altering the lung inflammatory response. Through these 

investigations, we found that pretreating mice with a DHA-rich diet led to significant 

changes in the lung’s inflammatory response to acute dust exposure. Unlike control-diet-

fed mice, we identified that DHA-diet-fed mice exhibited a significant increase in BALF 

macrophages following HDE challenge (Figure 2C) along with a significant increase in 

BALF SPM RvD1 (Figure 4A). Furthermore, we identified alterations to AREG and 

MPO release in control-diet-fed versus DHA-diet-fed animals exposed to HDE, and 

significant alterations in numerous immune-associated genes. Together, these data 

indicate that a high-DHA diet leads to significant alterations in the lung’s immune 

response to acute agricultural dust exposure, warranting its continued exploration as a 

potential modifier of the pathological inflammation experienced by individuals living or 

working in agricultural settings. 
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An omega-6 fatty acid to omega-3 fatty acid ratio of ~ 1:1 is thought to be 

associated with protective health effects by promoting the resolution of 

inflammation [17,23]. The dietary consumption of supplements high in omega-3 

PUFAs such as fish oil has been shown to be effective in reducing the risk of 

cardiovascular and lung diseases [37,38,39]. In this study, mice fed a DHA-rich 

diet had a roughly three times lower omega-6 to omega-3 PUFA ratio than those 

on a control diet, suggesting that the employment of a high-DHA diet effectively 

increases the overall blood levels of omega-3 PUFAs. A lower dietary intake of 

omega-3 PUFAs in conjunction with the high degree of dust exposure agricultural 

workers experience can amplify their risk of developing acute/chronic lung 

diseases. A recent investigation identified an omega-6 PUFA/omega-3 PUFA 

ratio of over 50:1 in a cohort of COPD patients with agricultural work histories, 

highlighting the opportunity for impact in this population [40]. It is worth noting 

that even in our control-diet-fed mice, we identified an omega-6/omega-3 PUFA 

ratio of approximately 6.8:1, which is substantially lower than the typical Western 

diet ratio [17], suggesting more pronounced responses might have been identified 

in a dietary supplementation scheme yielding a higher omega-6/omega-3 PUFA 

ratio in control-diet-fed mice. In addition, while we identified significant 

elevations in the DHA-derived RvD1 in our DHA-diet-fed mice, a limitation to 

our studies is that we did not assess omega-6-PUFA-derived mediators. Doing so 

would have allowed for a more complete assessment of the ramifications of 
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decreasing the omega-6 fatty acid to omega-3 fatty acid ratio for modifying 

bioactive lipid generation. 

Macrophages are known mediators of both inflammation and 

resolution/repair, and are both responsive to SPM and also generators of SPM 

during an inflammatory response in the lung [41,42]. In our previous 7-day DHA 

oral supplementation study, we found no statistical differences for macrophage 

influx or SPM production in the lungs of DHA-treated mice compared to the 

controls following HDE exposure [29]. We did, however, see that DHA reduced 

HDE-elicited responses in the immortalized monocyte cell line THP-1 [29]. The 

increased macrophage influx into the lungs along with the significant interaction 

between diet and dust exposure that we identified in these current investigations is 

unique to this dietary intervention method and suggests that a high-DHA diet may 

alter macrophage influx or activation kinetics, possibly in part through the 

increased generation of the SPM RvD1. RvD1 is a member of the resolvins family 

of SPMs that are produced during the resolution phase of inflammation [43,44], 

and RvD1 has been previously shown to regulate airway inflammation by 

reducing pro-inflammatory cytokine production and inducing an M2-like 

macrophage polarization phenotype [27,43,44,45,46]. Our 5 h model of acute dust 

exposure has been shown to induce an M1-type macrophage phenotype in 

challenged mice [47], while our NanoString gene expression analyses suggest a 

potential M2-like polarization of the immune response (e.g., increased Marco 

expression). Considered together with our findings of increased blood DHA 
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levels, elevated BALF RvD1, and increased macrophage influx, these outcomes 

suggest that the DHA diet is inducing alterations in the kinetics of the 

inflammatory cascade, possibly promoting the inflammation-resolution response. 

However, a limitation of our current study is the lack of characterization of the 

lung macrophage subsets for activation/polarization profiles. 

Interestingly, we also identified alterations in neutrophil activities when 

comparing control-diet-fed with DHA-diet-fed animals. Here, we saw a trend 

towards reduced neutrophil influx in DHA-diet-fed mice versus control-diet-fed 

mice exposed to HDE that did not reach statistical significance (p = 0.070) yet 

found enhanced levels of MPO in the BALF of DHA-diet-fed mice and similar 

levels of NET formation. These data imply that the entering neutrophils may have 

enhanced antimicrobial activity (based on increased MPO release) in the setting 

of a high-DHA diet or that infiltrating neutrophils were more quickly subsiding or 

being efferocytosed by our five-hour timepoint. Together, these findings warrant 

future studies aimed at identifying the inflammation resolution kinetics following 

acute HDE exposure, including how PUFAs alter these kinetics, particularly in 

neutrophils and macrophages. 

The gene expression analysis performed in this study details some of the 

effects a DHA-rich diet can have on immune-associated networks. We found that 

the main driver for the activation of the lung immune response was the HDE 

exposure itself, as opposed to dietary intervention (Figure 7). The top 20 

significantly altered genes for HDE vs. saline exposure were input into the 
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STRING database and produced a significant interaction (p < 1.0 × 10−16). 

Pathway analysis using nSolver and the STRING database showed that most of 

these 20 genes are involved in a variety of biological processes including cell 

surface receptor signaling and signal transduction. Among the 20 DHA vs. control 

diet samples, ITGAX, PIGR, and TGFBI were up-regulated while CXCL12, 

ITGA6, and STAT5B were down-regulated (Figure 6A). Assessment of the 13 

DHA vs. control diet samples with exposure to HDE identified six genes that 

were significantly upregulated (BCL3, CFB, ITGAX, LILRB3, MARCO, and 

TGFBI), while only STAT5B was down-regulated (Figure 6B). A list of all 

relevant genes and their expression/fold changes are presented for DHA-related 

samples and all other sample groups in Table 3 and Table 4, respectively. The 

genes listed in Table 4 are expressed among all the analysis sets, whereas BCL3, 

LILRB3, and MARCO are unique to the DHA-vs.-control-diet-with-HDE analysis 

(Table 3) because the threshold counts for these three genes were < 82 counts for 

the saline-related samples. 
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Table 3. Fold regulation of expressed genes in DHA-related samples. 

Gene Symbol 
Fold Change 

In Each Data Set 

 DHA vs. Control Diet DHA vs. Control Diet, Exposed to HDE 

BCL3 b Below Threshold   ↑ 2.24 

CFB a ↑ 1.48   ↑ 1.57 

CXCL12   ↓ 1.41 a ↓ 1.37 

ITGA6   ↓ 1.52 a ↓ 1.40 

ITGAX   ↑ 1.31   ↑ 1.47 

LILRB3 b Below Threshold   ↑ 1.59 

MARCO b Below Threshold   ↑ 2.07 

PIGR   ↑ 1.44 a ↑ 1.57 

STAT5B   ↓ 1.45   ↓ 1.61 

TGFBI ↑ 1.2   ↑ 1.31 
aDenotes expression values were not significant (p > 0.05). b Denotes expression was 

below threshold (< 82 counts); could not assess. 

 

 

Table 4. Fold regulation of expressed genes in diet/exposure groups compared to 

control diet + saline exposure group. 

 

Gene Symbol Fold Change/Regulation 

 
Control Diet + 

HDE 

DHA Diet + 

Saline 

DHA 

Diet + 

HDE 

CFB ↑ 3.66 a ↑ 1.32 ↑ 5.77 

CXCL12 a ↓ 1.35 a ↓ 1.47 ↓ 1.83 

ITGA6 a ↓ 1.37 a ↓ 1.74 ↓ 1.93 

ITGAX a ↑ 1.01 a ↑ 1.07 ↑ 1.47 

PIGR ↑ 2.89 a ↑ 1.21 ↑ 4.54 

STAT5B a ↑ 1.03 a ↓ 1.20 ↓ 1.56 

TGFBI a ↓ 1.08 a ↑ 1.02 a ↑ 1.06 
aDenotes expression values were not significant (p > 0.05). 

 

Transforming growth factor-β-induced (TGFBI) is a negative regulator of 

TLR signaling [48,49], and the increased expression of TGFBI has been shown to 

aid in wound healing and increase macrophage endocytosis [50,51]. Integrin α6 
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(ITGA6) is expressed in the epithelia and forms a complex with either β1 or β4 

integrins to function as a receptor for laminin, a basement membrane protein [52]. 

Additionally, studies have shown that during epithelial injury, the expression of 

the integrin α6β4 complex increases, suggesting that the decreased expression of 

ITGA6 we identified could be due to DHA altering dust-induced inflammation 

and lung injury [52,53]. Prior research has shown that organic dusts from swine 

facilities induce CD11c+ macrophages, which can mitigate inflammatory 

responses in the lung [54,55]. The expression of ITGAX (the gene encoding 

CD11c) in both DHA-diet sample sets suggests that in the setting of a high DHA 

diet, alveolar macrophages may be playing a role in altering the inflammatory 

response. This outcome corresponds to the increased BALF macrophages of 

HDE-treated mice fed a DHA-rich diet and collectively suggests that the resulting 

increased omega-3 PUFAs may alter the recruitment and/or activation of 

infiltrating and resident macrophages in the lung following a single dust exposure. 

In addition to our findings of elevated BALF macrophage levels and increased 

CD11c transcripts in the lungs of DHA-diet-fed mice challenged with HDE, we 

also identified significant alterations in MARCO (macrophage receptor with 

collagenous structure). MARCO is known to play a role in M2-like macrophage 

polarization to aid in host pathogen defense with additional known roles in 

inflammation resolution and repair processes [56,57]. In conjunction with our 

findings of increased RvD1 levels, our finding of the increased expression of 

MARCO in our DHA-diet-fed mice further supports the effectiveness of a high-
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DHA diet in promoting a pro-resolution/repair response following inflammatory 

insult in the lung. Leukocyte Immunoglobulin Like Receptor B3 (LILRB3) also 

codes for an anti-inflammatory protein expressed on monocytes, dendritic cells, 

and granulocytes; has been suggested to inhibit stimulated inflammatory 

responses; and is similarly elevated in DHA-related samples [58,59,60]. 

Furthermore, we see increased expression of Polymeric Immunoglobulin 

Receptor (PIGR) in our DHA-diet samples; PIGR serves as a transporter of IgA 

across mucosal epithelial cells to help reduce the inflammation stimulated by 

foreign pathogens [61,62]. The increased expression of this receptor has been 

shown to occur following the release of the pro-inflammatory cytokines TNF-α 

and IFN-γ that are produced in response to viral or bacterial infection [61,62]. As 

previously reported, lipopolysaccharide (LPS) exists within the dusts from swine 

confinement facilities and contributes to the inflammatory response seen in this 

exposure model [9,12]. The inhibition of LPS-induced TNF-α expression in 

macrophages has been shown to be mediated by IL-10, the expression of which is 

promoted by BCL3 (B-Cell Leukemia/Lymphoma) [63]. The expression of BCL3 

in our DHA-diet samples is supported by BCL3′s ability to promote the 

downstream inhibition of the LPS-stimulated TNF-α expression in macrophages. 

Prior research has shown that elevated levels of complement factor B (CFB) are 

associated with inflammation and airway hyperresponsiveness [64]. The up-

regulation of CFB was only seen in our DHA-diet samples that were exposed to 

HDE. Since we only see increased expression of CFB in the DHA samples with 
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HDE exposure, it could be suggested that in addition to altering the effects of 

HDE-induced inflammation, DHA also strengthens overall host immunity to 

bacterial/viral challenge. In this case, DHA would be functioning to promote 

systemic immunity to foreign pathogens—a hypothesis that is also supported by 

the increased levels of MPO release in the DHA-diet- versus control-diet-fed mice 

treated with HDE. In addition to the various receptors and ECM-related genes 

differentially expressed in DHA-related samples, we see significant alterations in 

different cytokine- and chemokine-related genes. The pro-inflammatory 

chemokine ligand 12 (CXCL12) binds to CXCR4 and has previously been shown 

to recruit numerous cell types such as lymphocytes, monocytes, and eosinophils 

into the lung airway fluid (BALF) of asthma patients [65]. The decreased 

expression of CXCL12 in the DHA- vs. control-diet analysis set suggests that a 

high-DHA diet modulates the expression of pro-inflammatory responses at the 

transcriptomic level. Similarly, STAT5B has been shown to be activated by IL-5 

and GM-CSF activation; STAT5B recruits eosinophils into the airways and causes 

a downstream allergic response [66,67,68]. The down-regulation of STAT5B in 

both DHA-diet-related analysis sets demonstrates the impact of omega-3 PUFAs 

in reducing the HDE-stimulated inflammatory response. 
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Abstract: Lung cancer is the leading cause of cancer-related deaths worldwide with 

increased risk being associated with unresolved or chronic inflammation. Agricultural 

and livestock workers endure significant exposures to agricultural dusts on a routine 

basis; however, the chronic inflammatory and carcinogenic effects of these dust 

exposures is unclear. We have developed a chronic dust exposure model of lung 

carcinogenesis in which mice were intranasally challenged three times a week for 24 

weeks, using an aqueous dust extract (HDE) made from dust collected in swine 

confinement facilities. We also treated mice with the omega-3-fatty acid lipid mediator, 

aspirin-triggered resolvin D1 (AT-RvD1) to provide a novel therapeutic strategy for 

mitigating the inflammatory and carcinogenic effects of HDE. Exposure to HDE resulted 

in significant immune cell influx into the lungs, enhanced lung tumorigenesis, severe 

tissue pathogenesis, and a pro-inflammatory and carcinogenic gene signature, relative to 

saline-exposed mice. AT-RvD1 treatment mitigated the dust-induced inflammatory 

response but did not protect against HDE+NNK-enhanced tumorigenesis. Our data 

suggest chronic HDE exposure induces a significant inflammatory and pro-carcinogenic 

response, whereas treatment with AT-RvD1 dampens the inflammatory responses, 

providing a strong argument for the therapeutic use of AT-RvD1 to mitigate chronic 

inflammation. 

 

 

 

 



 77 

1. Introduction 

 

Chronic, unresolved inflammation can lead to an increased risk for the development of 

chronic lung diseases including fibrosis, COPD, and cancer [1,2]. Exposure to organic 

dusts, including those from animal confinement facilities, have been shown to elicit 

potent lung inflammatory responses in exposed individuals, which are attributed to 

proteases, fungal and bacterial components, such as lipopolysaccharides (LPS) or 

endotoxin, that exist within these dusts [3-5]. The current literature reports conflicting 

epidemiological studies examining the association between LPS and cancer, with some 

studies citing an enhancement effect on tumorigenesis whereas others report a protective 

effect against tumorigenesis [6-9]. Acute and repetitive exposure to organic dusts, 

specifically extracts from swine confinement facilities (HDE), have been shown to in-

duce a potent inflammatory response that includes increased immune cell influx in the 

lung, secretion of pro-inflammatory cytokines, and inflammatory lung tissue pathology 

[10,11]. Despite these findings, the chronic effects of these dusts, including the 

carcinogenic properties, have yet to be fully investigated. Agricultural and farm workers 

endure exposure to organic dusts on an everyday basis, and as such, face increased risk 

for the development of chronic lung disease [12-15]. Current preventative measures 

including the use of masks and respirators are available for these occupational groups; 

however, use of these personal protective equipment by these communities is not 

common [16-18]. Moreover, there is a need for innovative and effective therapeutic 

strategies to mitigate or inhibit dust-induced inflammation.  
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The resolution of inflammation is a key step in the immunoregulatory process to ensure 

our bodies avoid unresolved inflammation following acute or chronic injury [19,20]. One 

such way our bodies support this mechanism, is through the metabolism of 

polyunsaturated fatty acids (PUFAs) including the omega-6 PUFA arachidonic acid 

(AA), and omega-3 PUFAs docosahexaenoic acid (DHA) and eicosapentaenoic acid 

(EPA). During the initial inflammatory response, AA is enzymatically activated by 

cyclooxygenase (COX-1 and COX-2) and 5-lipoxygenase (5-LOX) into the pro-

inflammatory eicosanoids, prostaglandins, thromboxanes, and leukotrienes [21,22]. 

During inflammation resolution, there is a lipid mediator class switching mechanism and 

AA becomes activated by 12-LOX and begins to produce lipoxins, which are a group of 

specialized pro-resolving mediators (SPMs) that function as biological anti-inflammatory 

substrates to resolve inflammation cascades and promote a return to tissue homeostasis 

[23,24]. In addition to lipoxin production, EPA and DHA undergo enzymatic activation 

by LOX, COX, and cytochrome P450 into SPMs including the maresins, protectins, and 

resolvins [25-27]. SPMs promote the resolution of inflammation by reducing neutrophil 

influx, increase macrophage recruitment and efferocytosis, and repairing tissue damage at 

the site of inflammation [19,26,28].  

Resolvin D1 and its synthetic epimer, aspirin-triggered resolvin D1 (AT-RvD1), 

are SPMs that have been shown in the literature to possess anti-inflammatory and an-ti-

tumorigenic attributes [28-30]. Previous studies have identified that dietary supple-

mentation with fish oil or omega-3 PUFAs, as well as treatment using SPMs, effectively 

dampen lung inflammatory responses, and in some studies inhibits tumorigenesis [28,31-
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33]. We have previously reported that the use of a DHA-rich diet significantly increases 

RvD1 levels in the lungs of HDE-exposed mice, however use of this SPM or its epimer 

as a therapeutic strategy for alleviating agricultural organic dust-induced inflammation 

have yet to be examined [31]. To build upon our previous investigations and assess the 

carcinogenic effects of HDE, as well as provide a therapeutic strategy for combatting 

HDE-induced chronic inflammation, we established a chronic dust exposure mouse 

model of lung carcinogenesis. A/J mice were exposed to HDE for 24 weeks while 

receiving a weekly i.v. treatment of AT-RvD1. Upon completion of the exposures, we 

assessed lung tumor burden, tissue histopathology, pathway and gene-expression 

alterations, and screened for biomarkers related to carcinogenesis and metastasis using 

the A549 lung adenocarcinoma cell line. Overall, these studies demonstrate the chronic 

lung inflammatory and carcinogenic properties associated with agricultural organic dust 

exposure and highlight the use of AT-RvD1 treatment as an effective therapeutic strategy 

for alleviating dust-induced inflammation. 
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2. Materials and Methods 

 

2.1. Chemicals & Reagents 

4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) was purchased from 

Sigma Aldrich (St. Louis, MO). 17(R)-Resolvin D1 (AT-RvD1) was purchased from 

Cayman Chemicals (Ann Arbor, MI, USA). Interleukin-6 (IL-6), interleukin-10 (IL-10), 

and transforming growth factor beta-1 (TGFβ-1) Duoset ELISA kits were purchased from 

R&D Systems (Minneapolis, MN, USA). 

 

2.2. Preparation of Hog Dust Extract 

Agricultural organic dusts collected from swine confinement facilities were 

collected and prepared into aqueous extracts (HDE) as previously described [10,31]. In 

brief, settled dusts were collected off surfaces 1 m off the ground within indoor swine 

confinement facilities. These dusts were suspended in Hank’s Balanced Salt Solution at a 

100 mg/mL concentration. The aqueous mixture was then centrifuged and sterile filtered 

at 0.22 μm to form a 100% HDE extract (vol/vol) and stored in −20°C for later use. 

Using sterile phosphate-buffered saline (PBS), the 100% HDE was diluted to 12.5% HDE 

for all animal studies, and diluted to 1%, 2.5%, and 5% concentrations in cell culture 

medium for all cell-culture-related experiments. Characterization of the bacterial 

components of these dusts have been previously documented [3]. 
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2.3. Animal Housing & Care 

Male and female A/J mice 8-12 weeks of age were received from The Jackson 

Laboratory (Bar Harbor, ME, USA) and housed in micro-isolator cages (five per cage) at 

the University of California, Riverside animal barrier facilities. Mice were allowed 

unrestricted access to food and water, monitored for any behavioral or physiological 

changes, and weighed weekly (see Figure. S1 for weights at initial and final exposures). 

All experiments and procedures were approved by the University of California River-side 

Institutional Animal Care and Use Committee. 

 

2.4. Chronic Dust Exposure Model 

This study utilized a newly optimized mouse model of chronic lung disease using 

long-term exposure to HDE, which was adapted from prior acute and repetitive murine 

dust exposure models [11,34,35]. We used a total of 20 A/J mice for the preliminary 

study with 10 of them being HDE-treated and the other 10 saline-treated. Each mouse 

was lightly anesthetized by isoflurane inhalation prior to receiving a single intranasal 

challenge of either 50 uL of 12.5% HDE or 1x PBS, thrice weekly for 24 consecutive 

weeks. To study the tumorigenic potential of the dust in a chronic exposure setting, we 

used the tobacco-specific carcinogen NNK to induce lung tumorigenesis in the mice. At 

the start of week 4, we administered a one-time intraperitoneal injection (i.p.) of 100 

mg/kg NNK, which has been well-established to generate lung adenomas in A/J mice 21 

weeks post-injection [36,37]. Of the 20 exposed mice, 5 HDE-exposed and 5 saline-

exposed were administered an i.p injection of NNK while the other 5 from each 
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respective group received 1x PBS via i.p injection as the control. Concluding the 24 

weeks of HDE-exposure, mice were euthanized, blood was collected, and 

bronchoalveolar lavage fluid (BALF) retrieval was performed using three 1 mL washes 

with sterile saline. Each BALF wash was centrifuged, and the first aliquot was saved for 

cytokine analyses, while the pelleted cells from the second and third wash were combined 

with the first wash pellets and used to obtain total and differential immune cell counts 

(see Figure S2 for immune cell differential example). Counts were determined 

microscopically on cyto-centrifuge slides stained with Diff-Quik (Siemens, Newark, DE). 

Murine cytokine levels were measured using the cell-free BALF from the first PBS wash 

using mouse-specific ELISA kits. We examined the levels of IL-6, IL-10, and TGFβ-1 

using commercially available kits (Duoset ELISA development kits, R&D Systems). 

Tumors were counted and excised from the left lungs following collection and half of the 

left lung was then stored in RNA later (Thermo Fisher, Waltham, MA, USA) for gene 

expression analyses while the other half was flash frozen in liquid nitrogen and stored at -

80°C for oxylipin analysis (see Figure S3 for representative images of left and right lungs 

with tumors). Right lungs were inflated in formalin overnight at 25 cm pressure, and 

visible tumors were counted the next day to achieve total lung tumor counts per mouse. 

 

2.5. Lung Histopathology Scoring 

Fixed lungs were paraffin embedded and sectioned at 5 µm in preparation for 

subsequent staining and histological assessment. Slides were stained with hematoxylin 

and eosin (H&E; VWR, Radnor, PA) to visualize tumor and inflammatory pathology 
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such as lymphoid aggregate counts, bronchial and vascular inflammation, and alveolar 

inflammation (see Figure. S4 for bronchial/vascular inflammation and goblet cell 

hyperplasia lung tissue histology). To assess fibrotic changes within the lung tissues, we 

stained slides with Masson’s Trichrome (IHC World, LLC., Ellicott City, MD). Goblet 

cell hyperplasia was determined via Alcian blue staining (IHC World, LLC., Ellicott 

City, MD). Each of these pathological outcomes were determined by blindly scoring each 

slide and collecting five images taken at either 10x or 20x objective, of each sample that 

were then assigned an individual score based on disease severity using an Echo Revolve 

brightfield micro-scope (San Diego, CA, USA). To assess bronchial/vascular 

inflammation, alveolar inflammation, and goblet cell hyperplasia, we assigned each 

image a number on a scale of 0 to 5 with 0 depicting no pathology and 5 representing 

severe pathology. Bronchial and vascular inflammation scoring criteria were determined 

by increased inflammation and cellularity around the lung airways and vasculature, as 

well as airway closure due to significant inflammation. Severe alveolar inflammation 

pathology was depicted by increased cellularity and reduced open area within the alveoli. 

Our criteria for goblet cell hyperplasia were based on how impacted the major airways 

were with goblet cells, with a score of 5 representing an airway fully encapsulated with 

goblet cells. The five images were then averaged to determine the final representative 

score for that respective sample. Lymphoid aggregate scoring was performed by counting 

the total number of lymphoid aggregates (assessed at 4x and 10x) and assigning a score 

of 0-5 based on the number of aggregates formed with 0 being no aggregates and 5 being 

twenty or more. We defined a lymphoid aggregate as a collection of thirty or more 
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closely packed lymphocytes. To assess changes in tissue fibrosis we employed the use of 

the Ashcroft’s score which has been well established [38,39]. Ki-67 (1:200; #12202; Cell 

Signaling Technologies, MA, USA) staining to assess cell proliferation was achieved 

through immunohistochemistry as recommended by cell-signaling procedures (see Figure 

S5 for representative images of lung adenomas and lymphoid aggregates expression Ki-

67). 

 

2.6. AT-RvD1 Treatment Study  

We have previously identified that mice fed a DHA-rich diet for 4 weeks prior to 

receiving a single intranasal dust challenge exhibited significantly elevated levels of the 

SPM, resolvin D1 (RvD1), compared to dust-exposed mice administered a control diet 

containing no DHA [31]. To build upon our previous findings, we opted to utilize a 

synthetic epimer of RvD1, AT-RvD1, as a therapeutic strategy to dampen the lung 

inflammatory and carcinogenic outcomes identified in the HDE-exposed mice from our 

24-week exposure preliminary study. AT-RvD1 carries the same anti-inflammatory and 

pro-resolving properties as RvD1 but has a one-log order of increased potency and is 

much more resistant to rapid inactivation by eicosanoid oxido-reductase (EOR), which 

allows it to have a longer bioactive repair process [22,40]. We utilized the same 24-week 

exposure model as mentioned previously; however, this time incorporated a once weekly 

treatment of 500 ng AT-RvD1 administered by intravenous tail injection (i.v.) beginning 

the start of week 4 and ending on week 24. The AT-RvD1 was prepared into 500 ng/100 

µL solution using a 100 ng/µL stock solution purchased from Cayman Chemicals (Ann 
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Arbor, MI, USA). The control mice received 5 µL of ethanol in 95 µL of sterile saline. 

The dosing and frequency of administration were adapted from previous studies 

[29,30,41]. Other than treatment with AT-RvD1, all animal handling procedures, dosing 

strategies, and major outcomes were the same in this study as the initial chronic exposure 

study mentioned previously, thus all data presented here will be the combination of both 

experimental studies. These studies were performed using male and female A/J mice 

which comprised 8 experimental groups: saline only, n=10; HDE only, n=10; 

saline+NNK, n=9; HDE+NNK, n=9; saline+AT-RvD1, n=8; HDE+AT-RvD1, n=6; 

saline+NNK+AT-RvD1, n=7; and HDE+NNK+AT-RvD1, n=6. 

 

2.7. Oxylipin Analysis 

Frozen left lung tissues were thawed and weighed, then 10 µL of antioxidant 

solution (0.2 mg/mL of Butylated hydroxytoluene (BHT) and Ethylenediaminetetraacetic 

acid (EDTA), 10 µL of internal standard mix, and 400 µL of ice-cold methanol 

containing 0.1 % of acetic acid, were added onto the tissue samples in preparation of 

oxylipin analysis, as previously reported [42]. In brief, tissues were homogenized then 

centrifuged to retrieve the supernatant while the remaining pellets were washed with 100 

µL of ice-cold methanol with 0.1 % of acetic acid and 0.1% of BHT and centrifuged. The 

supernatants of each sample were diluted with 2 mL of H2O and loaded onto Oasis-HLB 

cartridges (Waters Corp., Milford, MA, USA) to be processed via solid-phase extraction 

(SPE). The cartridges (30 mg/30 μm) were washed with ethyl acetate (1 mL), methanol 

(2 × 1 mL), and 95:5 v/v water/methanol with 0.1% acetic acid (1 mL). The extracted 
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supernatant was loaded on the cartridge and washed twice with 20% methanol. The 

cartridges were dried under vacuum and analytes were eluted from SPE cartridges into 

tubes with 250 μL of methanol followed by 1 mL of ethyl acetate into 2 mL tubes 

containing 6 μL of 30% glycerol in MeOH as a trap solution. The eluted fraction was 

dried under nitrogen and the residues reconstitute in 70 μL of methanol containing 20 nM 

1-cyclohexyluriedo-3-dodecanoic acid (CUDA). Samples were vortexed for 5 min, then 

transferred to autosampler vials and stored at -20 °C until analysis. Following SPE, 

targeted oxylipin estimation was performed using a QQQ XEVO TQ-XS (Waters Corp., 

Milford, MA, USA) at the UC Riverside Metabolomics Core. The liquid 

chromatography–mass spectrometry (LC-MS) autosampler was maintained at 4 °C prior 

to analysis. For oxylipins analysis, injection volume of 3 μL of the extract was used. The 

separation was performed on the Ascentis Express column (2.1×150 mm, 2.7 μm 

particles; Sigma-Aldrich Supelco, St. Louis, MO, USA). The flow rate was maintained at 

0.35 mL/min at 40 °C. Solvent A consisted of water with 0.1% acetic acid while solvent 

B was comprised of 90:10 v/v acetonitrile/isopropanol. The gradient separation method 

was used as follows: 26 min (0–3.5 min from 15 % B to 33 % B; 3.5–5.5 min B to 38 %, 

5–7 min to 42 % B; 7–9 min to 48 % B; 9–15 min to 65 % B; 15–17 min to 75 % B; 17–

18.5 min to 85% B; 18.5–19.5 min to 95 % B; from 19.5 to 21 min to 15 % B, 21–26 min 

15 % B).. The MS data was acquired on multiple reaction monitoring (MRM) mode. The 

electrospray ionization was performed in negative ion mode. The source and desolvation 

temperatures were maintained at 150° C and 500° C, respectively. Desolvation gas was 

set to 1000 L/hr and cone gas to 150 L/hr and the collision gas was set to 0.15 mL/min. 
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All gases used were nitrogen other than the collision gas which was argon. The capillary 

voltage was 1 kV. Samples were normalized for relative abundance against the internal 

standards while normalization for absolute quantification was performed in relation to the 

mg of lung tissue used from each sample. Data processing (peak integration) was 

performed with Skyline software (Herndon, VA, USA). 

 

2.8. NanoString Gene Expression Analyses 

Of the 65 total mice used in these studies, 24 left lung tissues were randomly 

selected among the saline-only, HDE-only, saline+NNK, and HDE+NNK-exposed 

groups, for transcript and pathway gene expression analyses using the NanoString 

platform. Left lung tissues were homogenized and RNA was extracted using the 

PureLink RNA Mini Kit (Invitrogen, Carlsbad, California, USA) and sample quality was 

quantified using the NanoDrop ND-100 (NanoDrop Technologies, Inc, Wilmington, DE, 

USA) and an Agilent 2100 Bioanalyzer (UC Riverside Core Facilities, Agilent 

Technologies, Santa Clara, CA, USA). We utilized the mouse PanCancer Immune 

Profiling Panel (NanoString Technologies, Seattle, WA, USA) codeset which is a pre-

designed panel containing 770 target genes related to immune response and 

carcinogenesis. Sample preparation was performed by mixing 50 ng of total RNA with 

the codeset and reporter probes and hybridizing the mixture for 16 hrs to form the desired 

target-probe complex. The hybridized complex was then plated and run on a nCounter 

Sprint profiler to image and quantify the data. Following sample processing, the data 

were downloaded and analyzed using the nSolver software (version 4.0, NanoString 
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Technologies, Seattle, WA, USA). Manual normalization of the expression data was 

performed using the geometric mean of the housekeeping genes EEF1G, OAZ1, RPL19, 

and SDHA. Proceeding sample normalization, 21 of the 24 samples passed the 

normalization parameters and were deemed viable for subsequent analyses. The samples 

breakdown are as follows: 6 sa-line-only, 4 HDE-only, 6 saline+NNK, and 5 

HDE+NNK. Protein-protein interactions of differentially expressed genes were examined 

using the STRING database. Raw NanoString data are deposited at in the GEO database 

[link provided upon publication]. 

 

2.9. Culturing of A549 lung cells 

Human lung adenocarcinoma-derived A549 (CCL-185) cells (ATCC, Manassas, 

VA USA) were grown on non-coated T-75 flasks and cultured using ATCC F-12 K 

medium with 10% fetal bovine serum and 1% penicillin-streptomycin in 5% CO2 at 37 

°C. Cells were grown until at least 75% confluency, then passaged using TrypLE Express 

(Thermo Fisher, Waltham, MA, USA). For all HDE exposure studies, cells were seeded 

then treated 24 hrs later with either 0%, 1%, 2.5%, or 5% (vol/vol) HDE for 48 hrs. All 

preventative studies required cells be pre-treated for 1 hr using 1 ng/mL, 10 ng/mL, 20 

ng/mL or 100 ng/mL of AT-RvD1 24 hrs after seeding, then immediately treated with 5% 

HDE for 48 hrs. Dosing strategies for all HDE and AT-RvD1 experiments were deter-

mined based on investigations from previous in vitro investigations [43-45]. 
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2.10. Western Blotting 

Cell lysates were harvested from A549 cells, and proteins were resolved by SDS-

PAGE and electro transferred to PVDF membranes where primary antibodies against E-

cadherin (1:2000; #610181, BD Biosciences, USA), N-cadherin (1:1000; #610921, BD 

Biosciences, USA), and vimentin (1:500; sc-6260, Santa Cruz Biotechnology, USA) were 

used. Corresponding secondary horseradish peroxidase-conjugated antibodies (1:2000; 

Santa Cruz Biotechnology, USA) were used to detect primary antibodies on the 

membrane. Membranes were developed using BioRad Clarity Western ECL Substrate 

reagent in BioRad ChemiDoc imaging system (BioRad, Carlbad CA, USA). Protein 

levels were quantified by densitometry using Fiji open-source software (Image J version 

1.52p). 

 

2.11. Bioinformatics Data Processing and Analyses 

 A549 cells underwent live cell imaging using a BioStation CT incubator (Nikon 

Instruments, Tokyo, Japan) for 48 hrs after being treated with HDE. We used CL-Quant 

(DR Vision, Seattle, WA) and CellProfiler (open-source) software, to process BioStation 

captured images, and MATLAB (MathWorks Natick, MA, USA) machine learning al-

gorithm to classify cell morphology [44,46]. The time-lapse images were captured in 

phase contrast every 15 minutes for 48 hrs. Time-lapse images were imported into CL-

Quant to segment individual cells and to process phase contrast images into binary 

images of cells’ silhouette. Following segmentation, binary images were imported into 

CellProfiler which assigned object numbers to each cell and extracted morphological 
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features from these cells. We imported these data into MATLAB and used 11 morpho-

logical features (area, major axis length, minor axis length, maximum radius, median 

radius, perimeter, and numbers of nearby cells) to developed machine learning library 

consisted of 300 total sampled cells. The machine learning algorithm used the training 

library to automatically categorize cells into cobblestone (standard A549 morphology) or 

elongated (mesenchymal-shaped). This library allows for a non-biased determination of 

cellular morphology with 97% accuracy in detection of each of the morphology classes. 

Total number of cells in each image was used to normalize the two categories. All data 

presented underwent automatic morphology classification using a combination of these 

softwares.   

 

2.12. Statistical Analyses 

All statistical analyses and graphing were performed using GraphPad Prism 

Software (Version 9.3.1; San Diego, CA, USA). Data are reported as the mean ± standard 

error of the mean for all graphs and figures. All statistical calculations performed for 

animal data are depicted using either two- or three-way ANOVA with Tukey’s post-hoc 

test for multiple comparisons between the groups. Significance for all reported data was 

set at p ≤ 0.05. On all appropriate graphs, the # symbol is used to indicate significant 

differences in post-hoc comparisons between the AT-RvD1 and non-AT-RvD1-treated 

groups. The * symbol is used to indicate significant post-hoc differences between saline 

and HDE-exposed mice within each respective NNK-exposed group. All data presented 

underwent a Grubb’s outlier test to exclude statistical outliers. Western blot data are 
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presented in relation to the 0% HDE-control group and t-tests using hypothetical value of 

1 were used to measure significant fold change relative to normalized 0% HDE-control 

group. Cell morphology changes are analyzed with one-way ANOVA with Dunnett’s 

post-hoc test. Manual sample QC and normalization for the NanoString gene expression 

panels was accomplished by eliminating gene probes with less than 87 counts from the 

data set. The threshold count was determined through background subtraction (mean +/− 

two standard deviations of negative controls) to screen for bio-logical or technical 

variation within the sample sets without bias. All differentially ex-pressed genes were 

assessed using raw p-values. Subsequent clustering figures were produced using 

nCounter Analysis and Advanced Analysis packages in nSolver 4.0 (NanoString 

Technologies, Seattle, WA, USA). 
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3. Results 

3.1. AT-RvD1 Reduces Cellular Recruitment Into the Airways of Dust-Exposed 

Mice 

  

 Our previous single and repetitive (15 instillations over 3 weeks) HDE-exposure 

studies have shown that HDE exposure elicits a significant increase in total and immune 

cell recruitment into the airways of mice [32,34]. No study has yet investigated the 

chronic impact of agricultural dust exposure in mice and thus, this study sought to 

address that gap in knowledge by examining the effects of 24 weeks of HDE exposure. 

Moreover, we have previously identified that both the supplemented use of a DHA-rich 

diet or administration of omega-3 derived SPMs to mice, dampened the dust-induced 

lung inflammatory response within both our single and repetitive dust exposure mouse 

models [31,32,34,47]. To build on our previous investigations, we opted to administer 

500 ng via tail i.v. of the SPM AT-RvD1 once weekly for 21 weeks as a therapeutic 

strategy to mitigate lung inflammation and carcinogenesis associated with 24 weeks of 

HDE exposure in A/J mice (Figure 1). 
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Figure 1. Schematic of our chronic dust exposure mouse model and dosing timeline. 

Male and female A/J mice received 24 weeks of intranasal challenges of 12.5% HDE, a 

single i.p. injection of 100 mg/kg NNK to induce tumorigenesis, and a once weekly tail 

i.v. of 500 ng AT-RvD1 for 21 weeks. 

 

We found that chronic HDE exposure, independent of NNK administration, had a 

significant (p < 0.0001) effect on total cell influx into the lung airways of mice (Figure 

2A). This effect of HDE was also seen with macrophage (Figure 2B), neutrophil (Figure 

2C), lymphocyte (Figure 2D), and eosinophil (Figure 2E) recruitment into the lung 

airways. We also saw a significant main effect of AT-RvD1 treatment within neutrophil 

(Figure 2C; p < 0.0001), lymphocyte (Figure 2D; p = 0.008), and eosinophil (Figure 2E; 

p = 0.0002) immune cells in the BALF. Interestingly, HDE-exposed mice treated with 

AT-RvD1 had significantly reduced levels of neutrophils in the BALF compared to HDE 

only (Figure 2C; p = 0.0003) and HDE+NNK-exposed mice (Figure 2C; p < 0.0001). 

Further assessment identified significant reductions of lymphocyte recruitment in 

HDE+NNK+AT-RvD1-exposed mice (Figure 2D; p = 0.007), compared to HDE+NNK-

exposed mice. We also identified significant reductions in eosinophil cell influx into the 
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lungs of HDE+AT-RvD1-exposed (Figure 2E; p = 0.01) and HDE+NNK+AT-RvD1-

exposed mice (Figure 2E; p = 0.002), compared to their HDE-counterparts.  
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Figure 2. Total and immune cell counts in A/J mice following chronic HDE exposure 

and AT-RvD1 treatment. Following 24 weeks of HDE exposure, mice were euthanized 

and bronchoalveolar lavage fluid was collected and assessed for total (A) macrophage 

(B), neutrophil (C), lymphocyte (D), and eosinophil (E) cell influx into the lung airways 

of the mice. Main significant effects and interactions are presented above each graph as 

depicted from three-way ANOVA analysis. The * symbol above the HDE bars represents 

the statistical post-hoc comparisons between the HDE- and saline-treated conditions 

within each respective NNK-administration groups; (* p < 0.05; ** p < 0.01; **** p < 

0.0001). Post-hoc comparisons between HDE+AT-RvD1-exposed mice and their non-

AT-RvD1 treated counterparts are depicted by the # symbol above each HDE+AT-RvD1 

(control and NNK) bar; (# p < 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001). 

 

 

HDE exposure has been well characterized to elicit a potent pro-inflammatory response 

that includes the secretion of pro-inflammatory cytokines into the lung air-ways of 

exposed mice [4,48]. Alternatively, omega-3 fatty acids and their respective SPMs are 

known to be anti-inflammatory and thus drive an increased release of related anti-



 95 

inflammatory and pro-resolving cytokines [49-51]. We observed a significant main effect 

of HDE for the secretion the pro-inflammatory cytokine IL-6 (Figure 3A; p = 0.01), anti-

inflammatory cytokine IL-10 (Figure 3B; p = 0.01), and pro-EMT cytokine TGFβ-1 

(Figure 3C; p = 0.001), in the BALF of exposed mice. We found a significant main effect 

of AT-RvD1 treatment and increased levels of BALF IL-10 (Figure 3C; p = 0.05) 

detected in exposed mice. Post-hoc comparisons within TGFβ-1 BALF levels identified a 

significant increase in the HDE-exposed mice compared to the saline control mice 

(Figure 3B; p = 0.001).  

 

Figure 3. Effects of chronic HDE exposure and AT-RvD1 treatment on BALF cytokine 

levels after 24 weeks. Bronchoalveolar lavage was performed at the end of the 24 weeks 

and the fluid was collected to assess cytokine levels as described in the methods. For IL-6 

(A), IL-10 (B), and TGFβ-1 (C); n = 5-10 for saline only; n = 7-8 for HDE only; n = 6-7 

for saline+NNK; n = 6-9 for HDE+NNK; n = 5-8 for saline+AT-RvD1; n = 5 for 

HDE+AT-RvD1; n = 5-6 for saline+NNK+AT-RvD1; n = 4-5 for HDE+NNK+AT-

RvD1. Main significant effects and interactions from three-way ANOVA analysis are 

shown above each graph. The * symbol above the HDE bar represents the statistical post-

hoc comparison to the saline control group; (** p < 0.01). 

 

3.2. Fatty Acid Levels in Murine Lung Tissues 

Left lung tissues were harvested and used for oxylipin analysis using a pre-

designed panel of fatty acids and oxylipins, such as eicosanoids and SPMs. Lung tissue 

samples were processed using Triple Quadrupole LC-MS following 24-weeks of 
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exposure to HDE. Samples were normalized to relative and absolute quantification using 

the Skyline data processing software (Herndon, VA, USA). All oxylipins presented in 

Figure 4 had a significant main effect of HDE (p < 0.05) for relative abundance in the 

lung tissues, while prostaglandin D2 (PGD2) and resolvin E1 (RvE1) also had a main 

effect of NNK (Figure 4B; p = 0.02 and Figure 4H; p = 0.006), respectively. There was a 

significant main effect of AT-RvD1 for relative abundance of prostaglandin F1 alpha 

(PGF1a; Figure 4C; p = 0.009), prostaglandin F2 alpha (PGF2a; Figure 4D; p = 0.02), 

and RvE1 (Figure 4H; p = 0.004) in the lungs of exposed mice. Levels of PGD2 were 

significantly elevated in HDE (p < 0.0001) and HDE+AT-RvD1 (p = 0.0005) samples, 

compared to the saline control. We also identified a significant increase in PGD2 levels 

in HDE+AT-RvD1 exposed mice (p = 0.006) versus the saline+AT-RvD1-exposed 

group, Figure 4A. Relative abundance of prostaglandin E2 (PGE2) was significantly 

greater in HDE (p = 0.0002) and HDE+NNK (p = 0.03)-exposed mice, compared to their 

respective saline controls, Figure 4B. Post-hoc comparisons did identify a significant 

increase in PGE2 levels within the HDE+AT-RvD1-exposed mice when compared to 

saline-exposed (p = 0.003) and saline+AT-RvD1-exposed (p = 0.02), Figure 4B. 

Thromboxane B2 (TXB2) was elevated in HDE (p = 0.0007) and HDE+NNK (p = 

0.008), compared to their respective saline controls, Figure 4E. We also saw an increase 

in TXB2 among HDE+AT-RvD1 (p = 0.01) versus saline-exposed samples, Figure 4E. 

The SPM, resolvin E1 (RvE1) was significantly elevated in HDE+AT-RvD1 compared to 

all other experimental groups, Figure 4H. NNK-exposed mice had reduced abundance of 

these oxylipins compared to those not administered NNK, however this trend was not 
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significant. Levels of PGD2, PGE2, PGF2a, TXB2, and LXA4 were all above the limit of 

detection when normalized for absolute quantification in mg of tissue. 

 
Figure 4. Pro-inflammatory eicosanoid and pro-resolving SPM levels in mice lung 

tissues following 24 weeks of HDE exposure. Oxylipin analysis was performed to assess 

the relative abundance of fatty acids and their bioactive mediators in murine lung tissue 

after chronic dust exposure. Three-way ANOVA with Tukey’s post-hoc comparisons 

were performed to examine statistical changes between the experimental groups. 

Significant main effects and interactions of HDE, NNK, and AT-RvD1 are shown above 

each oxylipin. The * above the HDE samples represents significance compared to the 

saline-control in the respective NNK-group; (* p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001). The + symbol above the HDE+AT-RvD1 bar depicts all post-hoc 

comparisons are significant between each other experimental group; (p < 0.05). 

 

 

3.3. Chronic Dust Exposure Enhances Lung Tumorigenesis in Mice 

Male and female A/J mice ages 8-12 weeks of age were intranasally challenged 

with 50 µL of 12.5% HDE three times a week for 24 weeks. To induce lung 

tumorigenesis, we performed a one-time 100 mg/kg i.p. injection of the tobacco-derived 



 98 

carcinogen, NNK, at the start of week 4. Treatment was performed using a once-weekly 

500 ng tail vein injection of AT-RvD1 beginning at the start of week 4 and extending 

until the end of the 24 weeks of HDE exposure. At the conclusion of the 24 weeks, mice 

were euthanized, and total tumor counts were assessed by combining counts from each 

lung. Tumors were determined to be lung adenomas through histopathological 

assessment. Tumor incidence and mean counts for each experimental group can be seen 

on Table 1. Table 1. Lung Tumor Incidence and Multiplicity in A/J Mice Treated with 

NNK, Swine Dust Extract, and AT-RvD1. 

 

Experimental Group 

% Of Mice 

with Lung 

Tumor a 

Lung Tumor/ 

mouse + SE a 

Confidence 

Interval (95%) 

Saline Only 0 0 (0.00 – 0.00) 

Saline + AT-RvD1 0 0 (0.00 – 0.00) 

HDE Only 20 0.20 + 0.13 (0.00 – 0.50) 

HDE + AT-RvD1 0 0 (0.00 – 0.00) 

Saline + NNK 100 2.38 + 0.46 (1.29 – 3.46) 

Saline + NNK + AT-RvD1 100 3.57 + 0.57 (2.17 – 4.97) 

HDE + NNK 100 5.33 + 1.18 (2.62 – 8.054) 

HDE + NNK + AT-RvD1 100 6.33 + 1.15 (3.39 – 9.28) 
aAssessed through macroscopic and microscopic examination for lung adenomas. 

 

We identified two main significant effects for tumor formation including main effects of 

NNK (p < 0.0001) and HDE (p = 0.001), Figure 5. There was also a significant 

interaction for lung tumor formation between HDE and NNK (p = 0.003). Mice exposed 

to HDE+NNK, had significantly elevated tumors (p = 0.02) compared to the saline+NNK 

control for tumorigenesis. HDE+NNK-exposed mice treated with AT-RvD1, had 

significantly greater lung tumors (p = 0.002), compared to the baseline saline+NNK-
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exposed mice. HDE-exposed mice had significantly less tumors than HDE+NNK (p < 

0.0001), saline+NNK+AT-RvD1 (p = 0.005), and HDE+NNK+AT-RvD1 (p < 0.0001)-

exposed mice. There was no significance between HDE and saline+NNK-exposed mice. 
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Figure 5. Mean lung tumor counts in mice following 24 weeks of chronic dust exposure. 

Right and left murine lung tissues were assessed for lung tumors following mouse 

euthanasia. The β symbol above each NNK sample bar represents statistical significance 

versus the HDE-only exposed mice (ββ p < 0.01; ββββ p < 0.0001). The * symbol above 

each of the bars represents statistical significance in relation to the NNK+saline-exposed 

control group; (* p < 0.05; ** p < 0.01). 

 

 

3.4. AT-RvD1 Alters Dust-induced Lung Histopathology Outcomes 

Blinded scoring was performed to evaluate the lung tissues for histopathological 

outcomes including lymphoid aggregates, bronchial and vascular inflammation, goblet 

cell hyperplasia, alveolar inflammation, and tissue fibrosis (Figure 6). We observed a 

significant main effect of HDE exposure (p < 0.0001) for each of these outcomes of 

interest, and a main effect of AT-RvD1 treatment for alveolar inflammation (Figure 
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6E,G; p < 0.0001) and tissue fibrosis (Figure 6F,H; p = 0.0004), with each parameter 

exhibiting significant upregulation in HDE exposed mice vs. saline-treated mice (p < 0.05 

for all features). Alveolar cell hyperplasia (Figure 6E,G) was significantly elevated 

within HDE-exposed (p = 0.01) and HDE+NNK-exposed (p < 0.0001), compared to their 

respective saline conditions. In HDE+NNK-exposed mice treated with AT-RvD1, 

alveolar hyperplasia was significantly worse (Figure 6E,G; p = 0.03) compared to 

saline+NNK-exposed mice treated with AT-RvD1. We did identify that HDE+NNK-

exposed mice had significantly greater (p = 0.03) alveolar inflammation and cellularity 

compared to the HDE-only condition. HDE-exposed mice treated with AT-RvD1 did 

experience reduced inflammation and cellular influx in the alveolar space compared to 

the non-AT-RvD1 treated mice, with significance being greater in NNK-treated (p = 

0.0005) than non NNK-treated groups (p = 0.01). Severe tissue fibrosis (Figure 6F,H) 

was observed in HDE-exposed mice compared to the saline conditions within the no 

NNK (p = 0.002) and NNK-treated conditions (p = 0.003). Increased fibrotic changes 

were also identified in HDE+NNK+AT-RvD1-exposed mice versus the sa-

line+NNK+AT-RvD1-group (Figure 6F,H; p = 0.008). Ki-67 IHC staining showed ex-

pression within lymphoid aggregates of HDE-exposed mice and within lung adenomas of 

NNK-administered mice, Figure S5. 
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Figure 6. Murine lung tissue histopathology and scoring following chronic HDE 

exposure and AT-RvD1 treatment. Left lung tissues of mice were sectioned and blindly 

scored for tissue pathogenesis including (A) lymphoid aggregates (B) bronchial/vascular 

inflammation (C) goblet cell hyperplasia (D) alveolar inflammation (E) fibrosis. Lung 

tissues were stained with H&E to visualize (G) alveolar inflammation (imaged at 20x) 

and Masson’s Trichrome for (H) tissue fibrosis (imaged at 10x). Significant main effects 

and interactions of HDE, NNK, and AT-RvD1 are shown above each histological scoring 

parameter. The * symbol above each of the HDE bars represents statistical significance in 

relation to their respective saline-exposed group; (* p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001). Post-hoc comparisons between HDE+AT-RvD1-exposed mice and 

their non-AT-RvD1 treated counterparts are depicted by the # symbol above each 

HDE+AT-RvD1 bar; (# p < 0.05; ### p < 0.001). Direct post-hoc comparisons between 

HDE and saline AT-RvD1-treated mice are represented by the * symbol and lines 

connecting those graphs. 

 

3.5. HDE Drives Increased Inflammation- and Cancer-related Gene Expression 

Transcript and pathway-level gene expression changes were assessed in the lungs 

of HDE- versus saline-exposed mice using the NanoString mouse PanCancer Immune 
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Profiling Panel. We performed an advanced analysis of the 21-sample data set including 

6 saline-only, 4 HDE-only, 6 saline+NNK, and 5 HDE+NNK-exposed samples, using the 

nSolver software. Following sample normalization, we performed a principal component 

analysis (Figure 7A) which showed a clear separation of HDE and saline samples, as well 

as clustering being driven by HDE exposure, not NNK. Furthermore, the advanced 

analysis identified 129 differentially expressed (p < 0.05) genes between the HDE vs. 

saline samples sets (Figure 7B), and 3 differentially expressed genes between the HDE 

vs. HDE+NNK-exposed mice, Figure 7C.  

 
 

Figure 7. Sample clustering and differential gene expression are driven by HDE 

exposure. (A) Principal component analysis shows a separation of sample association is 

determined by dust, not NNK exposure. (B) Volcano plot of differentially expressed 

genes between HDE- and saline-exposed mice following 24 weeks of exposure (C) 

Volcano plot of differentially expressed genes between HDE- and HDE+NNK-exposed 

mice following 24 weeks of HDE exposure. 

 

Using the STRING database, we input the 129 differentially expressed genes and 

identified significant protein-protein interactions (p < 1.0e-16) for these genes. In-depth 

investigations into the interactions of these 129 differentially expressed genes were 
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performed, and we identified sub-sets of these genes related to immune cell interactions, 

with an emphasis on macrophage functions (Table 2) and cancer progression (Table 3). 

 

Table 2. Dust-induced Differentially Expressed Genes (p < 0.05) Related to Immune Cell 

Interactions. 

Gene Symbol 
Fold Change 

(HDE vs. Saline)  

CCL6 4.43 ↑ 

CCL9 3.37 ↑ 

CCR2 2.30 ↑ 

CD14 3.03 ↑ 

CD68 2.44 ↑ 

CD84 3.08 ↑ 

CHIL3 10.9 ↑ 

CLEC7a 3.95 ↑ 

CSF1R 1.23 ↑ 

CXCR4 1.18 ↑ 

FPR2 1.81 ↑ 

IL13Ra1 1.35 ↑ 

JAK2 1.21 ↑ 

LCN2 4.26 ↑ 

MRC1 1.79 ↑ 

STAT1 1.25 ↓ 

TLR4 1.35 ↑ 
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Table 3. Differential Expression of Cancer Progression Related Genes (p < 0.05) in 

HDE-exposed Mice. 

Gene Symbol 
Fold Change 

(HDE vs. Saline) 

CD274 1.87 ↑ 

CD9 1.14 ↑ 

CDH1 1.12 ↓ 

FN1 1.44 ↑ 

KDR 1.63 ↓ 

LAMP1 1.24 ↑ 

MUC1 1.40 ↑ 

TGFB1 1.38 ↑ 

TGFBR1 1.63 ↑ 

VEGFA 1.68 ↓ 

VIM 1.42 ↑ 

 

Table 4. Differential Expression of Genes (p < 0.05) in HDE vs. HDE+NNK-exposed 

Mice. 

Gene Symbol 

Fold Change 

(HDE vs. 

HDE+NNK) 

C7 1.40 ↓ 

ITGA6 1.31 ↑ 

IRF2 1.20 ↓ 

 

 The advanced analysis generated z-scores produced from the HDE vs. saline gene 

expression data that we then plotted and analyzed by two-way ANOVA to assess for 

significant pathway changes. Genes related to inflammation, cancer progression, innate 

immunity, adaptive immunity, and macrophage cell function pathways (Figures 8A-D,F), 

all generated a mean z-score that was associated with a significant up-regulation driven 

by HDE-exposure, but not NNK administration. Conversely, genes associated with cell 

adhesion (Figure 8E) showed a significant reduction (p < 0.001) in expression within the 

HDE-exposed group compared to the saline control group. Further examination of genes 
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specifically related to cancer progression (Figure 9) showed increased expression changes 

and clustering being driven by HDE samples, independent of NNK. 

 

 

Figure 8. Significantly altered pathway expression changes among the 21 HDE and 

saline- exposed mouse lungs. NanoString Advanced Analysis was performed and the z-

scores for each sample pertaining to generalized cancer and immunological-related 

pathways were assessed including: (A) inflammation (B) cancer progression (C) innate 

immunity (D) adaptive immunity (E) adhesion (F) Macrophage cell functions. The * 

symbol above the HDE bars represents significance against all saline-treated conditions 

within each respective NNK-group; (*** p < 0.001; **** p < 0.0001). 
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Figure 9. Heat map showing hierarchal clustering of cancer progression-related genes 

and expression changes for the 21 HDE and saline murine lung samples used in 

NanoString analysis. 

 

3.6. Agricultural Dust Exposure Induces EMT in Human Lung Adenocarcinoma 

Cells 

 

The results from our chronic in vivo studies suggested that dust exposure 

enhances lung tumorigenesis with alterations in several genes associated with epithelial 

to mesenchymal transition (EMT; e.g. CHD1, FN1, TGFB1, VIM). To confirm these 
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findings, we next assessed the pro-carcinogenic EMT potential of the dust using human 

lung adenocarcinoma cells (A549). We used a Biostation CT Incubator (Nikon 

Instruments, Tokyo, Japan) to capture time-lapse images of A549 cells treated with 0% 

(control), 1%, 2.5%, or 5% HDE over 48 hrs. Time-lapse images were captured in phase 

contrast and imported into CL-Quant software (DR Vision, Seattle, WA) to segment 

individual cells and convert the phase contrast image into binary images, which were 

imported into CellProfiler software to extract morphological features of each segmented 

cell. The morphological data were imported into MATLAB software (MathWorks 

Natick, MA, USA) equipped with a custom machine learning algorithm to classify cells 

based on their morphological data [44,46]. Data processing using these bioinformatic 

softwares identified differences in cell morphology following treatment, including cells 

appearing cobblestone (standard A549 morphology) or elongated (mesenchymal-like). 

Cells treated with 5% HDE had significantly (p = 0.02) greater number of elongated cell 

populations, and significantly fewer number of cobblestone cells (p = 0.02) compared to 

the 0% control-group, Figure 10.  
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Figure 10. A549 cell morphological changes 48 hrs after treatment with HDE. One-way 

ANOVA was performed to assess significance for cobblestone (A) or elongated (B) cell 

morphology counts following 48 hrs of treatment with HDE. Changes in cell phenotype 

was determined using bioinformatic image processing software in A549 cells treated with 

either the 0% HDE- control group (C), 1% HDE (D), 2.5% HDE (E), or 5% HDE (F); (* 

p < 0.05). 
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To build upon our in vivo findings identifying significant gene expression 

changes of CDH1 (E-cadherin), VIM (vimentin), TGFβ1, and TGFβR1 in dust-exposed 

mice compared to the control-exposed (Table 3), we assessed levels of EMT biomarkers 

via Western blotting in A549 cells. Furthermore, to complement our findings of altered 

inflammation and HDE-enhanced carcinogenesis via AT-RvD1 treatment in vivo, we 

assessed the impact of AT-RvD1 treatment on the EMT-associated changes identified in 

HDE-treated human adenocarcinoma lung cells (A549 cells). Evaluation of the 

carcinogenic effects of HDE was performed by treating A549 cells with 0%, 1%, 2.5%, 

or 5% HDE for 48 hrs, while assessment of AT-RvD1 was performed by pre-treating 

cells with 1 ng/mL, 10 ng/mL, 20 ng/mL, or 100 ng/mL of AT-RvD1 for 1 hr prior to 

exposing cells with 5% HDE for 48 hrs. Western blotting was performed to evaluate 

protein levels of vimentin, and the tight-junction proteins E-cadherin and N-cadherin. 

Through these investigations, we detected a significant reduction in E-cadherin (Figure 

11A,D) within the 2.5% HDE (p = 0.01), 5% HDE-treated group (p = 0.009), and 20 

ng/mL AT-RvD1-treated cells (p = 0.004), compared to the 0% HDE control group. 

Expression of N-cadherin (Figure 11B,E) was significantly increased compared to the 0% 

control within the 5% HDE (p = 0.02) and 1 ng/mL AT-RvD1-treated cells (p = 0.04), 

with the 20 ng/mL and 100 ng/mL missing significance (p = 0.09 for both). Changes in 

the mesenchymal cell marker vimentin (Figure 11C,E) was seen within the 2.5% HDE (p 

= 0.03), 5% HDE-treated group (p = 0.04), 1 ng/mL AT-RvD1-treated group (p = 0.03), 

and 100 ng/mL AT-RvD1-treated cells (p = 0.01, compared to the 0% HDE control 
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group. There were no significant differences for the 5% HDE treated cells versus the 5% 

HDE+AT-RvD1 treated cells, regardless of the dose of AT-RvD1. 
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Figure 11. Changes in protein expression of the tight junction proteins E-cadherin (120 

KDa) and N-cadherin (130 KDa), and mesenchymal cell marker vimentin (57 KDa). 

A549 cells were treated for 48 hrs with (A) 0% HDE; (B) 1% HDE; (C) 2.5% HDE; (D) 

5% HDE; (E) 1 ng/mL AT-RvD1; (F) 10 ng/mL AT-RvD1; (G) 20 ng/mL AT-RvD1; (H) 

100 ng/mL AT-RvD1. One-sample t-tests were performed relative to the 0% HDE 

control groups; (* p < 0.05; ** p < 0.01). 
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4. Discussion 

 

The lung inflammatory and immunomodulatory effects of acute and repetitive dust 

exposure have been previously studied; however, the carcinogenic and chronic 

inflammatory damage caused by dust particulates are unclear [35,52,53]. To examine the 

reported anti-inflammatory and anti-tumorigenic properties of AT-RvD1, we utilized this 

SPM in a mouse model of chronic (24-week) dust exposure. Here, we identified a 

significant HDE-induced inflammation including macrophage, neutrophil, lymphocyte, 

and eosinophil cell influx into the lungs of HDE-exposed mice compared to the saline 

controls, while AT-RvD1 treatment significantly reduced immune cell recruitment. 

Significantly higher levels of the pro-resolving SPM RvE1 as well as anti-inflammatory 

cytokine IL-10 were detected in HDE+AT-RvD1-exposed mouse lungs which could be 

contributing factors to the reduced inflammation identified in AT-RvD1-treated mice. 

These observations demonstrate the potential harm chronic HDE exposure may cause, as 

well as the therapeutic benefits of AT-RvD1 treatment, which dampen inflammation 

caused by HDE. 

Our NanoString differential expression assessment identified increased expression 

changes in the chemokine receptor CXCR4 among the HDE-exposed mice. CXCR4 is one 

of the most abundant chemokine receptors expressed on murine and human fibrocytes 

and plays a major role in the recruitment of fibrocytes to the lungs in both species [56-

58]. This finding suggests chronic HDE exposure is directly correlated with in-creased 

tissue damage and as such, recruitment of fibrocytes to the lungs during fibrotic disease 
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progression. In HDE-exposed mice we identified increased expression of MUC1 (mucin-

1), which is associated with over-production of mucin and is a hallmark of goblet cell 

hyperplasia, supporting the histopathology identified in the HDE-exposed lungs [59]. 

Treatment with AT-RvD1 significantly reduced alveolar inflammation and cellularity in 

both NNK and no NNK+HDE-exposed mice. The anti-inflammatory properties of AT-

RvD1 were also observed in the fibrotic lung tissue of HDE-only ex-posed mice 

Treatment with AT-RvD1 alleviated the lung inflammatory responses induced by chronic 

dust exposure, however, it’s role in mitigating the lung tumorigenic response from 

chronic HDE exposure was of interest. Within our HDE are lipopolysaccharides (LPS), 

which comprise the gram-negative bacteria, endotoxin, and have been argued in the 

literature to possess both protective or enhancement effects for lung tumorigenesis 

[6,7,60,61]. Epidemiological studies have identified an inverse association with reduced 

lung cancer risk and long-term exposure to endotoxin in work environments such as 

dairy, cattle, poultry, and swine farms [8,62]. Specifically, these studies found an inverse 

association with endotoxin exposure and risk of developing lung adenocarcinoma, which 

is the most prominent form of non-small cell lung cancers [62,63]. Conversely, other 

studies assessing population risk for lung cancer have reported that exposure to 

occupational organic dusts, which contain endotoxins, are associated with increased risk 

of lung carcinogenesis in exposed individuals [9].  

Following 24 weeks of HDE exposure, we determined NNK-treated mice that 

were exposed to HDE did see significantly increased lung tumor development compared 

to the saline+NNK control group, indicating that HDE exposure provided an 
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enhancement effect in a chronic setting. Interestingly, HDE+NNK-exposed mice that 

were treated with AT-RvD1 did not exhibit altered tumor counts compared to the 

HDE+NNK group. These findings differed from a recent study identifying AT-RvD1 

reduces tumor growth in the lungs of KrasG12D mice, which may suggest this change 

could be model specific [64]. The pro-inflammatory eicosanoids PGD2, PGE2, and 

TXB2 increase vasodilation and vascular permeability, which may not only cause 

increased recruitment of neutrophils and monocytes to the site of inflammation but also 

allow for the tumor to have the oxygen and nutrients needed to grow and survive [65,66]. 

PGE2 is an immunomodulatory agent and has been shown in the literature to suppress 

apoptosis and cytotoxicity of NK cells, which may also facilitate a stronger tumor 

microenvironment [65,67].  

We propose that AT-RvD1 was ineffective at reducing HDE+NNK-enhanced 

tumorigenesis due to activation of a repair process promoting a M2 or tumor-associated 

macrophage (TAM) phenotype in the lungs of these mice. SPMs, including AT-RvD1, 

assist in wound-repair, tissue regeneration, and promote of the resolution of inflammation 

via binding to surface receptors on structural and immune cells [19,24,68]. Many of these 

SPMs, such as RvE1 and LXA4, exhibit anti-inflammatory properties that are facilitated 

by the clearance of neutrophils via macrophage efferocytosis, M2 macrophage 

polarization, and release of anti-inflammatory and tissue-repair cytokines [23,69]. 

Although alternatively activated M2 macrophages are considered anti-inflammatory 

phagocytes, many reports have suggested that these tissue-repairing immune cells can 

also lead to tissue over-remodeling, resulting in disease pathogenesis such as fibrosis, 
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although we did not see enhanced fibrosis in the AT-RvD1-treated mice [70-72]. This can 

be further supported by the elevation of BALF IL-10 levels in HDE+AT-RvD1-treated 

mice, an anti-inflammatory cytokine that has been shown to induce M2 polarization [73-

75]. Transcript level expression of formyl peptide receptor 2 (FPR2), the main re-ceptor 

in mice for RvD1, AT-RvD1, and LXA4 was identified in our dust-exposed mice. 

Expression of this receptor could provide evidence for the how HDE+AT-RvD1-

treatment mediated its protective effects in dust-exposed animals [76,77]. Moreover, 

PGE2 also modulates polarization of TAM’s towards a more M2 phenotype which would 

increase the secretion of growth factors and promote tumor cell proliferation [65,67]. 

Pathway analysis showed significant increases in expression changes related to 

macrophage functions in the HDE-exposed mice versus the saline controls, with 

increased expression changes in receptors and chemokines relating to macrophage 

recruitment, including MRC1 (mannose receptor C, type 1), CSF1R (colony stimulating 

factor 1 receptor), and CCR2 (C-C motif chemokine receptor 2). Several studies have 

showed that increased CCR2 expression in tandem with elevated IL-10 expression is 

correlated with elevated M2 macrophage activity, further suggesting that HDE+AT-

RvD1 exposure promotes M2 macrophage recruitment to the site of inflammation 

[72,78]. Additionally, within dust-exposed mice we identified increased ex-pression 

changes in CHIL3 (chitinase-like protein 3; 10.9-fold increase in HDE vs. saline-treated 

mice) which encodes the protein Ym1, a well-known marker for M2 macrophages [79]. 

In one of our recent studies examining the effects of a DHA-rich diet prior to 

administering 3 weeks of repetitive HDE-exposures in mice, we identified HDE-exposed 
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mice fed a DHA-rich diet displayed significantly elevated Ym1+ macro-phage expression 

in the lungs of exposed mice, further supporting the current findings [32]. 

EMT is a hallmark of cancer metastasis [1,80,81]. In our assessment of gene ex-

pression changes among HDE-exposed mice we identified markers of EMT (Table 3), 

including reduced expression of the tight junction protein CADH1 (E-cadherin), in-

creased expression of the mesenchymal cell markers VIM (vimentin), FN1 (fibronectin), 

growth factor TGFB1 (transforming growth factor beta 1), and TGFBR1 (TGFβ-1 

receptor) [1,80-83]. We also identified reduced pathway expression for genes related to 

adhesion, which can be supported by the down regulation of CDH1 seen within HDE-

exposed mice in Figure 8. We identified significantly elevated levels of TGFβ-1 in the 

BALF of HDE-exposed mice as well, which may provide additional evidence for an 

overactive repair process or serve as evidence for the promotion of EMT, as TGFβ-1 has 

been well-established as an inducer of EMT in various models of carcinogenesis [45,81].  

To complement these observations, we further examined the carcinogenic effects of HDE 

exposure within human lung adenocarcinoma cells. Since the tumors formed in the NNK-

administered mice were pathologically characterized as lung adenomas, we opted to use 

the A549 cell line to confirm the transformative effects of HDE-exposure within the 

tumor microenvironment. HDE-treated cells showed EMT-associated changes (Figure 

10). These expression changes support the visual non-transformed to elongated or 

mesenchymal-like phenotypic changes identified in HDE-treated cells, compared to the 

non-treated, a characteristic of tumor metastasis [1,80,82]. Although AT-RvD1 is better 

known to have a direct effect on immune cells rather than tumor cells, we utilized AT-



 116 

RvD1 to identify if pre-treatment of A549 adenocarcinoma cells with AT-RvD1 would 

dampen or mitigate the HDE-induced EMT response identified in these cells. Several 

investigations have identified that SPMs can be produced by and act on non-immune cell 

populations, thus providing rationale for its investigation in our study [43,44,84]. 

Furthermore, there are multiple documented effects of AT-RvD1 on EMT processes, 

including in the A549 cell line [44,84]. 

The in vitro data presented here accompany our findings that chronic HDE expo-

sure enhances lung tumorigenesis by suggesting that individuals with lung cancer that 

endure long-term exposure to agricultural organic dust, may be at increased risk of cancer 

metastasis. The increase in EMT-biomarkers between both our in vivo and in vitro 

studies provide evidence that exposure to these dusts rather enhance lung tumorigenesis 

and promote a metastatic tumor environment. Our results more closely align with the 

literature that propose LPS enhances lung carcinogenesis, rather than protects against it. 
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Conclusions 

 

Chapter 1 

In conclusion, a high-DHA diet significantly alters the lung’s inflammatory 

response to acute agricultural dust exposure, likely by increasing omega-3 PUFAs, which 

serve as substrates for SPM generation to modify the inflammatory response stimulated 

by HDE exposure. Evidence in support of this hypothesis includes the elevated blood 

levels of omega-3 PUFAs, increased macrophage influx into the lung, increased BALF 

RvD1, and altered gene expression signature associated with macrophage activities in 

DHA-diet-fed mice exposed to dust compared to mice fed a diet without DHA. These 

findings warrant future studies to ascertain the potential preventative or therapeutic roles 

for omega-3 PUFAs in reducing the lung’s inflammatory response to particulate matter 

exposures such as those experienced in agricultural settings 

 

Chapter 2 

Chronic exposure to dust from swine confinement facilities induced severe lung 

inflammatory and carcinogenic responses, including fibrosis, enhanced tumorigenesis, 

and EMT. The anti-inflammatory effects of AT-RvD1 were evidenced by reduced influx 

of neutrophil, lymphocyte, and eosinophils within the BALF of dust-exposed mice, 

increased RvE1 levels, and decreased alveolar inflammation in the lung tissues of mice. 

Despite the therapeutic effects of AT-RvD1 presented in these studies, treatment with this 

SPM reduced inflammation and promoted a repair process in dust-exposed mice, which 
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did not protect against HDE+NNK-enhanced lung tumorigenesis. We propose this 

response is due to an increase in M2 or tumor-associated macrophage populations in the 

lungs of HDE-exposed mice, which can be evidenced by the pathway and transcript 

alterations of prominent macrophage recruitment markers, as well as elevated IL-10 in 

the BALF of dust-exposed mice treated with AT-RvD1.  

Our data provide a murine model that demonstrates the significant inflammatory 

and carcinogenic health implications that chronic agricultural dust exposure can have. 

The results from our studies give new insight to lung disease progression in farm workers 

who endure chronic exposure to agricultural organic dusts, including an increased risk for 

lung carcinogenesis. Furthermore, these studies propose an effective therapeutic strategy 

using AT-RvD1 treatment, for mitigating the negative health impacts of dust exposure 

among individuals in the livestock and farming industries. 
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Appendix 

 

Chapter 1: SUPPLEMENTAL DATA 

 
 

Supplemental Figure 1. Initial and Final weights of mice fed a control diet or high 

DHA diet for 4 weeks. A significant main effect of time was identified (P<0.0001), with 

mice in all experimental groups gaining weight over the 4-week period. There were no 

significant impacts of diet/HDE treatment on animal weights. 
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Chapter 2: Supplementary Data 

 
 

 

Figure S1. Mice initial and final weights following 24-weeks of chronic exposure. Two-

way ANOVA identified a significant main effect of time (p < 0.0001) for weight gain in 

all experimental groups over the 24-week exposure period with HDE, NNK, or AT-RvD1 

administration having no impact. 
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Figure S2. Representative image of BALF immune cell differential analyses. Differential 

analyses allowed for distinction of immune cells recruited including (A) macrophages, 

(B) neutrophils, (C) lymphocytes, (D) eosinophils.  

 

A. B. C.

 

Figure S3. Images of left and right lung tissues with adenomas. (A) Left lung tissue from 

saline+NNK-exposed mouse that was used for NanoString analyses and oxylipin analysis 

(B-C) Right HDE+NNK-exposed mouse lung inflated with formalin and used for 

histopathological analyses. Red arrows point to lung adenomas on the lung tissues.   
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Figure S4. Murine lung tissue histopathology at the conclusion of 24-weeks of chronic 

HDE exposure. H&E staining was used to assess changes in (A) bronchial/vascular 

inflammation while Alcian Blue staining was used to assess (B) goblet cell hyperplasia.  

There was a significant (p < 0.0001) main effect of HDE for each of these pathological 

outcomes. All images were taken using a 10x objective. 
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A. B.

 

Figure S5. Ki-67 immunohistochemistry staining of FFPE lung tissues. Right lung 

tissues were formalin-fixed, and paraffin embedded and stained for the cell proliferation 

marker Ki-67. (A) Staining within lung adenomas of NNK-exposed mice showed Ki-67 

expression. (B) Ki-67 expression was prominent in HDE lymphoid aggregates and along 

the bronchi/ bronchioles of exposed mice. 

 




